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Abstract

The thesis presents results of my research in two related areas of quantum information:
sharing of entanglement in multi-qubit states - analysis of bipartite entanglement structures
carried by quantum states, and the role of entanglement in quantum information processing -
optimal copying and complementing of two entangled qubits.

The thesis is structured as follows. Chapter 1/ and Chapter 2 are intended to summarize
the theory and to introduce basic concepts needed in the subsequent discussions. In Chapter
1 we review the mathematical formalism describing quantum state transformations. Using the
concept of quantum operations we define and discuss LOCC and covariant quantum operations.
We address problems of cloning and complementing of unknown quantum states and propose
a general covariant approach how to optimize this type of state transformations. In Chapter
2, the contemporary state of knowledge on quantum entanglement is presented. We give the
needed notions and definitions, recapitulate accessible tools for detecting bipartite entanglement,
list several bipartite entanglement measures for pure and mixed states and discuss briefly the
problem of multipartite entanglement.

The first topic that will be addressed is bipartite entanglement sharing in multi-qubit states.
In the first part of Chapter 3, the concept of entangled graphs for multi-qubit states is introduced
and it is proved that a broad set of entangled graphs can be represented by pure quantum states.
In the second part we investigate the general structure of entanglement in linear passive optical
networks with one and two excitations and specify the result for Ising-type networks. We show
how to design a network to prepare a prescribed pattern of entanglement for one excitation and
study the maximum attainable entanglement for passive optical networks in general.

Chapter |4/ concerns with the role of entanglement in quantum information processing. The
first part is devoted to the general problem of copying pure two-qubit states of a given degree of
entanglement in an optimal way. Two different figures of merit are considered, local and global
fidelity, and for each of them covariant optimal quantum copying operations are constructed.
The second part of this chapter deals with complementing two-qubit states of a given degree of
entanglement in an optimal way. In the special case of maximally entangled states the general
structure of perfect quantum NOT operations is found and using these perfect NOT operations
a remote state protocol for two-qubit maximally entangled qubits is proposed. In order to solve

the general problem of optimal NOT operations we find the structure of all completely positive



quantum operations which transform two-qubit input states into two-qubit ouptut states in a
prescribed covariant way. Using these results, all covariant optimal quantum NOT operations
for pure two-qubit states with a given degree entanglement are determined. We propose a
physical implementation for all covariant processes, providing the ancillary quantum state and
the global master unitary evolution. Moreover, we design a network of quantum gates which is
capable of implementing a large variety of covariant two-qubit processes.

Finally, the summary and conclusions are given in Chapter [5.
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Introduction

In the beginning was the Word,
and the Word was with God,
and the Word was God.

WAIT! Is not a word a piece of information? And is it possible to treat information in an
abstract way without any reference to a physical object? Can we consider information to be
stand-alone, being completely independent on physical reality? From the physical point of view
to operate information is to operate physical systems, and vice versa. In fact, we realize that any
information is encoded, processed and transmitted by physical means. Information is physical
because it is always encoded on or carried by a physical system. The deep connection between
physics and information is often demonstrated on the paradox often called Maxwell demon.
Maxwell introduced a very small intelligent being to show the limitation of the second law of
thermodynamics [1]. If we admit that the memory content of this being, here an information
about a measurement stored in its memory, is nonphysical, we would be hypothetically able to
design a machine which transforms all delivered heat to work. How to understand this paradox?
The problem really lies in our idea, that information is nonphysical and do not need to be stored
in any physical system. In 1961 Rolf Landauer suggested the idea, that the erasure of one bit of
information always increases the thermodynamical entropy of the world by kIn2 [2]. Applying

Landauer’s principle, Charles Bennett successfully settled the illusive Maxwell paradox [3].

Hence, natural limits for encoding, manipulating and distributing information are given by
the very laws of physics. As a natural consequence it appears, that different laws, which domi-
nate in the classical world and the quantum world, result in different properties of information
carried by classical and by quantum systems. It uncovers the reasons for so huge interest in
the general field of quantum information. Quantum mechanics gives rise to new and often not
yet completely understood advantages and restrictions on information sharing, processing and

distribution compared to classical. Quantum information theory is devoted to the investigation



Introduction

of these theoretical privileges and limits, which quantum mechanics establishes when dealing
with information encoded in quantum systems. We have to be careful in thinking what is in
quantum information possible and what is not. Great effort was invested into understanding
the nature of information carried by quantum objects. The development in this area revealed
us, that the laws of quantum mechanics impose severe conditions on what types of operations
can be realized on unknown quantum states. In other words some common information tasks
cannot be realized perfectly in quantum mechanics. This is very often illustrated on the case
of copying information. Perfect copies of classical bits are our everyday experience. It took
considerable time to find out that this simple operation is impossible in the quantum domain.
The so-called ” No-cloning theorem” first-time mentioned by W. K. Wootters and W. H. Zurek
[4] says that perfect cloning of an unknown single quantum state is forbidden. Similarly, it
was shown that there is no linear trace preserving operation that takes two copies of unknown
qubit and delete one acting jointly on both two copies. It is also well accepted that a quantum
NOT operation, which transform an arbitrary (unknown) pure quantum states into its orthog-
onal complement, cannot be performed perfectly due to its anti-linear character [5]. Suchlike
no-go theorems are also known for other elementary tasks of quantum information processing
[6]. An impossibility to perform quantum-mechanically some common operation does not mean
automatically a disadvantage. For instance, the No-cloning theorem makes secure quantum
communication possible. Moreover from a theoretical point of view, the No-cloning theorem
precludes superluminal communication in the presence of entanglement.

One of the most striking features of quantum formalism is quantum entanglement. This
"main suspect in the cause Quantum information” is a simple consequence of linearity applied
to quantum systems consisting of two and more parts. For example if we let interact two
separate quantum systems, we will not be able after a certain time, in general, to assign a single
state vector to either of the two subsystems. The well-known example of such states is the so

called singlet state of two qubits
) = \2 (10)[1) = [1)[0)) - (1)
This state cannot be written as a tensor product of two individual states describing each of the
two qubits.
For the first time the strange properties of entanglement were recognized by Einstein, Podol-
sky and Rosen [7] and Schrodinger [8] in 1935. Let us focus firstly on the contribution of Einstein,
Podolsky and Rosen (further we use the abbreviation EPR). In their famous and in physics most

cited paper they proposed a thought experiment with the aim to prove that the newborn quan-
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tum mechanics is not a complete theory of Nature. The essential idea of the EPR reasoning
was the concept of ”local realism”. It supposes the validity of two natural principles. The first
is locality, which claims that if we measure two non-interacting subsystems, the measurement
on one subsystem cannot affect the result of measurement on the second system. Hence the
manipulation of one subsystem cannot influence distant subsystem instantly. The second prin-
ciple is reality, which is based on the belief that every measurable observable corresponds to
what they termed ”elements of reality”. Simply expressed, the result of a measurement of any
observable is given in advance. The important message for us is that these elements of reality
exist independently, whether a measurement was performed or not. Applying the test of local
realism on entangled state, EPR demonstrated that quantum mechanics is not, in this sense, a
complete theory.

The biggest contribution in the resolution of this enigma belongs to Bell [9]. He also proposed
a thought experiment, in which each of two participants (usually called as Alice and Bob) receives
a spin particle. Bell showed, that if we apply the requirement of local realism on predictions of
spin correlations between Alice’s and Bob’s particle, we arrive at constraints now well-known as
Bell inequalities. This result is independent on whether the particle is a classical object, quantum
or something else. The only assumptions are that the value of spin corresponds to some element
of reality (result of measurement is given in advance) and that Alice’s measurements cannot
affects Bob’s measurements. The latter assumption can be satisfied by arranging measurements
in a causally disconnected manner.

Also in the year 1935, Schrodinger proposed a different approach to the EPR problem based
on information capacity of quantum states [8]. He showed that entangled states exhibit a strange
information property, namely subsystems of an entangled composite system carry a smaller piece
of information than the whole entangled system. For example, in spite of our small or even no
knowledge about the subsystems we can still have considerable or even complete knowledge
about the whole entangled system.

It was clear that quantum entangled states violate this type of Bell inequalities. The good
news was, that using Bell inequalities we are able to decide experimentally, whether quantum
mechanics is a local realistic theory or not. Indeed, starting from the year 1972, violations of
Bell inequalities were observed in many experimental tests with entangled states [10] [11], 12].
These experiments testified against the general validity of local realism and by contrast brought
to light new striking features of information carried by quantum objects (further in our text we
use a familiar term quantum information).

From a technological point of view, the primary interest of quantum information theory is to

3
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improve algorithms and find more efficient and secure information protocols based on intrinsic
(non-classical) features of quantum mechanics. For a long time it appeared, that entanglement
has been only an interesting mathematical vagary and would have no practical consequences
and applications. But the development of quantum information in current years have infilled us
trust that entanglement can have important practical applications.

One of the first steps on this road and certainly one of the most famous one’s was done by
Bennett et al. [13]. They discovered a remarkable information protocol called quantum tele-
portation. In this protocol a sender (usually called as Alice) transmits in general an unknown
quantum state to a spatially separated receiver (usually refer to Bob) using only a shared pair
of particles in a singlet state (1) and two bits of classical communication. The teleportation
protocol did not remain in this development alone. Entanglement plays a pivotal role in var-
ious types of quantum information processings like quantum data compression and quantum
cryptography. As was already mentioned, most of these theoretical scenarios require the use
of entangled subsystems, which are spatially separated. However, only global operations can
increase entanglement among subsystems, if the subsystems interact directly with one another
or each interacts directly with an intercessory additional party. In either case, to establish
entanglement between spatially separated parties, quantum systems have to physically traverse
the distance between them.

Unfortunately, it is impossible to prevent some interaction with the environment, which is
out of experimenter’s control, during this transmission. The uncontrolled intervention leads to
a change of the quantum system, which is becoming typically more mixed due entanglement
creation with the environment. The state of the system can be viewed as an ensemble of pure
states with definite random probabilities. In consequence, this makes a transmitted entangled
state useless.

Is there any possibility, how to protect against this unpleasant feature of quantum mechanics?
Fortunately, the answer is ”yes”. The solution to this problem was presented by Bennett et al.
[14,15], Deutsch et al. [16] and Gisin [17], who have proposed a procedure to ”distill” maximally
entangled states of two qubits out of a set of qubit pairs in certain mixed entangled states by
using local operations and classical communication (LOCC). A natural question have arisen,
from which types of states are we capable to distill or purify entanglement using only LOCC.

To settle this issue, two kinds of effort have to be made. First, we have to obtain a good
insight into the structure of entangled mixed states to be able to decide which state is entangled
and which is not. In other words we have to be able to detect entanglement in a given state.

The reason is simple, local operations and classical communication cannot turn a non-entangled

4



Introduction

state (called separable state) into entangled (inseparable) ones and therefore these states are
useless. To find the answer is very difficult. Quantum information theory exposes a fruitful
list of methods or criteria. For instance, the Horodecki family proved, that the positive partial
transposition (PPT) of density operator is a necessary and sufficient condition for separability
of 2® 2 and 2 ® 3 systems (so called Peres criterion). However, so far many problems remain
open. Second, we have to solve still whether all states can be distilled. Using the PPT criterion,
the Horodecki family showed that any entangled state of two qubits or a qubit and qutrit can
be distilled into a singlet. Therefore it was supposed and conjectured that all inseparable states
are distillable and the proof would be only question of time. Unexpectedly, it was found out,
that it has been not true. There are entangled states of two qutrits, for instance, which have
positive partial transposition. We call this type of entanglement bound, because in was shown
all PPT states cannot be distilled. With respect to this we can naturally ask, whether all states
with negative partial transposition are distillable. The completely comprehensive answer to this
question is at present unknown.

In spite of these theoretical difficulties, quantum mechanics has offered a new perspective
on efficient and secure communication, storage of information and exploration of new kinds of
algorithms. Entanglement underlies most of these remarkable applications of newborn quantum
information and in itself it has every right to be regard as a physical resource, like for instance
energy. In our effort to understand this resource we have to face many problems like detection
of entanglement, quantification entanglement, general structure of entanglement, sharing entan-
glement among different parties, its role in information processes, tradeoff between the other

information resources.
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Notation

To each quantum system, let say A, a complex separable Hilbert space ¢ is associated,
equipped with the inner product (¢|¢), linear in ¢ and antilinear in . From now on, if not
otherwise specified, we will deal with finite complex Hilbert spaces, for which all linear oper-
ators are everywhere defined, bounded and trace-class, and the self-adjointness coincides with
hermiticity. Moreover, spectral operator resolutions are all discrete, i. e. X =) i l‘jH]X .

The set of linear operators on ¢ will be denoted as L(7). Positive semi-definite trace-one
operator p is called a state. We will denote the set of states of a system .7 as S(.7°). Composite
systems carry a tensor-product Hilbert space, 74 ® 6 ® - - - ® Sy and we will sometimes use
the notation |¢1)|d2)...|oN) = |d1) ® |p2) @ ... ® |pN), where |¢;) € H. Linear operators L()
form themselves a Hilbert space isomorphic to s#%% = J# @ /. If we fix a basis b = {|i)} for

A, we define the following isomorphism between operators in L(.#) and vectors in #?:
X =3 Xyli)(jl — 1X) =D Xyli) @ 1), (2)
ij ]
satisfying
1. {(X|Y) = Tr[XTY], i. e. the Hilbert-Schmidt product;

2. (X®Y)|Z) =|XZYT), where YT denotes the transposition with respect to the fixed
basis b;

3. Trp[|X) (Y]] = XTY™*, where Y* denotes the complex conjugation with respect to b;
4. Tro[| XNV (Y]] = XYT.
In this notation the state |I/v/d)) is the maximally entangled state on 2%
1) = =3 1) o), Q)
v = Vil
In the thesis we will use the following notation:

7



Notation

Ccd = complex vector space with dimension d
H = Hilbert space ¢
S04 = Hilbert space 7 with dimension d

L(sA, 75) = space of all linear operators mapping the Hilbert space .74
into the Hilbert space .73

L(o7) = space of all linear operators mapping the Hilbert space ¢ into ¢
S () = convex set of all density operators acting on Hilbert space ¢
crm = complex space of all complex matrices n x m

R™™ = real space of all real matrices n x m

A = operator A

AT = transposition of operator A with respect to a given basis

At = conjugation of operator A

A* = complex conjugation of operator A with respect to a given basis
Tr, Q = trace of operator () over the system a

(...,...) = inner product

|v) = bra vector

(V| = ket vector



Chapter 1
Quantum processes

This chapter has several goals. First, it summarizes the theory of quantum operations, secondly,
it establishes two particular families of quantum operations: LOCC operations and covariant
quantum channels, thirdly, it introduces two classes of maps, which cannot be realized perfectly:
quantum copying and quantum NOT operation, and finally, we explain the covariant approach

of the optimal approximation of these ”non-physical maps”.

1.1 Quantum evolution of closed systems

Quantum information is encoded into quantum states. Hence arbitrary manipulations with
information are ruled by laws of quantum mechanics. Some counterintuitive features of quan-
tum mechanics can make it difficult to decide what types of information processing may be
performed and what is impossible. In order to understand and solve this type of problems we
have to clarify which types of state evolution or state changes in time are possible in quantum
mechanics. Standard textbooks on quantum mechanics deal mostly with unitary evolution of
states combined eventually with measurements performed on these states in closed systems.
It supposes, that we know the Hamiltonian operator H(t) of the whole system, which implies
complete knowledge of all interactions acting in or on our system. Provided this assumption is
fulfilled, this should be the end of the story. The time evolution of a state |¢)(t)) is given by the

Schrodinger equation

L OY(t
in 0L _ o)y (1.1)
or in the case of mixed state p(t) by the Liouville equation
L Op(t
n%20 _ (rs), pie), (1.2



Chapter 1: Quantum processes

where [.,.] denotes a commutator of two operators A, B defined as [A, B] = AB — BA. The
only nontrivial problem remains to solve these equations for a given initial state.
Unfortunately, any real system suffers from unwanted interactions with the outside world.
Every quantum system is open due to noise. We need to understand and control such noise
processes in order to design efficient quantum information systems. The mathematical concept
of quantum operations is a suitable tool for describing dynamics in open quantum systems.
Further in the text we consider finite dimensional Hilbert spaces, even in cases, in which we

could consider more general Hilbert spaces.

1.2 Quantum operations

Quantum operations have wide use in various branches of quantum physics. This is simply due
to the fact, that this tool can be used to describe systems both weakly and strongly coupled.
In particular, quantum operations are a well adapted tool to describe discrete state changes,
i.e. transformations between an input (initial) state p;, and output (final) state pyy:, without

specific reference to the passage of time

Pout = £ (pzn) ; (13)

where £ denotes a quantum operation. Thus quantum operations serve as a tool to capture the
dynamics of state changes.

There are three different, but mutually complement approaches how to view quantum oper-
ations. The first approach starts from physically motivated axioms which we expect quantum
operations should obey. In this approach, a quantum operation is defined as a map from the set
of density operators of the input Hilbert space .74 to the set of density operators of the output
Hilbert space .74

£:S(s) — S(4), (1.4)

with the following three properties:

al. The term Tr [€(p)] determines the probability that the process represented by the map &
occurs (psy, is the initial state). Hence the condition 0 < Tr [E(pin)] < 1 has to be fulfilled.

a2. The map & should be convex-linear on the set of density operators S (77)

g (ZPsz) < sz'g (pi) , (1.5)

where p; are probabilities summing up to one.

10



1.2 Quantum operations

a3. The map & is completely positive. Each physically allowed transformation has to map
density operators, acting on Hilbert space #, to density operators, acting on Hilbert
space 7%, i.e. the map is positive. Moreover, we require the map £ to be positive with
respect to an arbitrary enlargement of our system. In other words, if we introduce an
additional system with Hilbert space %, of arbitrary dimension, the map £ ® Z has to
be positive on the convex set of density operators S (J ® H#2yira), where Z denotes the
identity map acting on L (##zrq) (space of all linear operators mapping the Hilbert space

Hiztra into Hilbert space Hzirqa)-

If Tr[E(p)] = 1 for all density operators p, we call the quantum operation £ trace-preserving
(deterministic or channel, depending upon context). Conversely, if this condition is not satisfied,
we call the quantum operation non-trace-preserving (probabilistic, stochastic, selective or mea-
suring, also depending upon context). In this case the quantum operation £ does not provide a
complete description of the physical process that may occur. It happens if a measurement with
different results is part of the physical process. Then a quantum operation corresponds to one
output which will occur with certain probability.

A better insight into this problem is given by the second approach, the formalism of Kraus
operators. This approach considers a general setting where our principal system, described again
by the Hilbert space 471, evolves through interactions with other quantum ancillary systems

(described by Hilbert space #5,ci114) in a sequence of three steps:

a) We first add ancillary systems to our system - this ancilla can be environment particles in-
teracting with our system, or additional particles to design some special quantum protocol,

etc. (depending on the physical situation which we model).

b) Then we perform joint unitary transformations and measurements on the composite sys-

tem.

c) Finally, we discard all or some ancillary particles based on the physical situation and the

measurement outcomes. We finish with a system described by Hilbert space 3.

If the ancillary system used in this process is originally uncorrelated with our system then we can
described the physical process by so-called Kraus operators [18]. Suppose that we keep complete
knowledge of outcomes obtained during measurements. Then the state p; corresponding to

measurement outcomes ¢ occurs with probability p; = Tr {Elmej } and reads
EiPmE;r

_ 1.6
Te { Eipin ] } o)

Pi =

11



Chapter 1: Quantum processes

where p;,, is the initial state, i.e. p;, € S(4), and E; are Kraus operators mapping Hilbert
space 7# into Hilbert space #%4. The probabilities have to sum up to one, therefore the Kraus
operators have to fulfil the condition EEJ FE; = I, where I denotes the identity operator on
the input Hilbert space ##. However there is also the possibility that a part or all of the mea-
surement outputs are not accessible. In the most extreme case, which corresponds to physical

situation, where all ancillary particles are traced out, the quantum operation is given by
Pout = Z Ezpanj (17)
i

We have formulated two different approaches, how to describe state changes. The following

important Choi’s theorem [19] shows that both approaches are equivalent.

Theorem 1.2.1 The map € € L (54, 753) salisfies axioms al,a2 and a3 if and only if there is
some set of Kraus operators E; from the input space 6 to the output space F6 such that

E(pm) = EipnE] and > E/E <I. (1.8)

The I again denotes the identity operator on the input Hilbert space J#1. Hence, this theorem
gives us a very useful correspondence between a quantum operation (defined through physically
motivated axioms al,a2, a3) and its Kraus representation. One can easily check, that Kraus
operators of the quantum operation, which occurs with certainty, obey the equation EJ E;, =1
On the contrary if the quantum operation £ occurs with probability 0 < Tr[E(p)] < 1 (the
quantum operation does not provide full description of the physical process and only corresponds
to some measurement outputs), its Kraus representation fulfils the relation ), Ej FE; < I. Here
we should emphasize, that Kraus representation of a given quantum operation is not unique.

The complete answer to the freedom of Kraus representations gives us the following theorem

Theorem 1.2.2 Let {E1,...., B} and {F,....F,} are Kraus operators giving rise to quantum
operations £ and F, respectively. By appending zero operators to the shorter list of Kraus
operators we achieve that m = n. Then & = F if and only if there exists unitary m x m such
that

Ei =) uFj. (1.9)
j=1

As we have already mentioned, Kraus operators describe the combined action of unitary
evolutions and measurements on composite systems. But the converse is also true and it brings

us to the third approach, which reflects our natural requirement, that every state change arises

12



1.3 LOCC operations

from unitary evolutions and measurements of our principal system and additional ancillary
systems, which together form a closed system. The following theorem [20] proves that our

physical intuition is correct.

Theorem 1.2.3 Let 774 be the input Hilbert space and 5% the output Hilbert space with in
general different dimensions. Let € be any quantum operation, mapping an arbitrary input
density operator py, € S () to the output density operator pour € S(H5). Then there exists
a model preparation ancillary system R (with Hilbert space #%R, starting in a pure state |¢r) ),
a model measurement ancillary system L (with Hilbert space 7, fulfilling equation dim(74) X
dim(#%) = dim(J%) x dim(77,) ) and dynamics specified by a unitary operator U (acting on the
composite system with Hilbert space 76 @ #7) and a non-vanishing projector P on the Hilbert

subspace of a measurement ancillary system 7, such that

E(pi) = Trz. | (L © P)U(pin @ |6r) (65U (1.10)

In other words, an arbitrary quantum operation can be implemented in three steps. First, we
add a preparation ancillary system. Then the composite system undergoes an unitary evolution
with a projective measurement on measurement ancillary system at the end. Finally, the mea-
surement ancillary system is traced out to leave the system in the desired output state. This
last approach gives us a physical realization of a given quantum operation. In particular, if the
operation is a channel (trace-preserving operation), no measurement is needed after a unitary
evolution and we call this realization an unitary delation of this quantum operation.

We have summarized the theoretical framework of quantum operations, which describes
the most general state changes subjected to the laws of quantum mechanics. All other state

transformations, which are not in accordance with these laws, we call non-physical maps.

1.3 LOCC operations

An important family of quantum operations are those, which satisfy the so-called LOCC con-
straint - a term which we will briefly explain. There are theoretical and also technological
motivations for this constrain. The latter arises from various quantum communication schemes
over a distance. These communication scenarios typically involve several parties (represented
by quantum subsystems) at disposal of different distant members of quantum communication.
A necessary preparation step in all quantum communications is the distribution of these sub-
systems in desired quantum states (for instance in quantum teleportation [13] the perfect distri-

bution of maximally entangled states is necessary). However, an inevitable environment noise
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Chapter 1: Quantum processes

decreases our ability to perform this task. Is there any chance how to overcome this problem?
One possibility is to employ noisy channel and distribute imperfect quantum states so many
times as we need and then use quantum operations in distant local parties. Under this restric-
tion each member can act only locally on his part - perform only local operations (LO). A very

simple example of such LO operation is provided by
pout = Ua ® Uapin ULy ® UL, (1.11)

where p;, € L(5£3 ® #3) is an input density operator of a bipartite system described by Hilbert
space #y ® A5 and Us(Up) represents a local action (unitary transformation) acting on the
subsystem A (B).

During these local quantum operations classical communication can be exploited (use a
phone to send results of their measurements, etc) performed using standard classical technology.
It gives us the possibility to coordinate the quantum actions of distant parties. We call such
operations LOCC (Local Operations and Classical Communication).

Apart of these technical reasons there is also a fundamental reason why we are interested in
LOCC operations. The LOCC constraint allows us to establish a concept of quantum entangle-
ment (see section 2.1)).

What is the general structure of all LOCC operations? Actually, we do not know their
complete general structure because classical communication makes a complete characterization
of LOCC operations very hard. We know that LOCC operations belong to the bigger set of
separable quantum operations. In the case of two parties, these are the operations, which have

a product Kraus decomposition, i.e.

S Bk ® FrpinBj © F)
T | By ® FypinEf ® F}

Pout = (1.12)

where Kraus operators have to satisfy ) Ej E7;®FZ-TFZ~ = I. Any LOCC operation can be written
in the form (1.12), but surprisingly there are separable operations which cannot be implemented
as LOCC operations [24].

1.4 Choi-Jamiotkowski isomorphism

There are two frequent problems which we face in quantum information processing. First, being
given a transformation of states, we have to decide whether this transformation is a quantum

operation and which are the physical devices that realize it. Provided that the answer to the

14



1.4 Choi-Jamioltkowski isomorphism

first problem is "no” we face the other problem, namely best approximation for a given quantum
information task. In order to solve both these tasks we need to obtain a list of possible quantum
operations. A solution of this very hard problem usually depends on our ability to decide which
map is completely positive and which is not.

A useful tool to characterize quantum trace-preserving operations in finite dimensional sys-
tems is the Choi-Jamiotkowski [19, 21), 22] isomorphism. It is a one-to-one correspondence—
between CP maps & : S(#) — S(#) and positive operators Rg on # ® 7. The definition

reads

Re = (E@ D)) «— & =Trw [(I®p") Re], (1.13)

where 7 is the identity map on S(J¢), |I)) = >, |i) ® |i) is the maximally entangled (non
normalized) vector in # ® #, and OT denotes the transposition with respect to the fixed
basis used to write |I)). This isomorphism allows us to translate some problems of complete
positivity into the language of positive operators. One can easily checks, that trace-preservation
constraint ) EZT E; = I translates as Try [Rg| = I, where I 5 denotes the identity operator
on Hilbert space 7.

A simple consequence of this isomorphism which can help us to answer the question whether
a given linear operation is completely positive or not, is a theorem due to Jamiotkowski and
Choi [19, 21, 23]. This theorem states the following:

Theorem 1.4.1 (Choi, Jamiolkovski) Let {|u;)} be an orthonormal basis in the Hilbert space
JA and Pi; = |u;)(u;| be the corresponding standard orthonormal basis in the Hilbert space
L(#A). Then a linear map & : L(5A) — L(JA) is completely positive if and only if the linear
operator J (&) = >_;; E(Pij) ® Py 1s positive.

To prove this theorem it is sufficient to check the validity of the following equation

Re= €T [ 3 Jus)(us] ® fush | | = 37 E(Jus) (us1) ® Jus) s | (1.14)

1,J 1,

The other interesting feature of this tool is, that different Kraus representations of a quan-
tum operation £(p) = >, EipEiT correspond to different ensemble representations for Re =
> [ Ei) (E;]. Again, if we want to be sure about the correctness of this statement it is sufficient
to realize, that

Ep) =D Trw [T pT|E(E] = Y BipEl. (1.15)

7
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Chapter 1: Quantum processes

It is a one-to-one correspondence between ensemble representations of operator Re and Kraus

decompositions of the map £. Hence to obtain Kraus representation of a quantum operation &,

it is enough to construct the operator Rg and then take one of its ensemble decompositions.
As we will see in the next section, the Choi-Jamiolkowski isomorphism (1.13) can be also a

useful tool for describing covariant channels.

1.5 Covariant trace-preserving operations

Current literature on quantum maps describes a variety of processes. Among them quite a
privileged role is played by so called covariant processes. In this part we introduce this family of
quantum operations. In literature covariance means that the process is required to work equally
well on a set of states which is invariant under a group of transformations.

Let G be a group, U, and V; be its unitary representations. Consider a class of states
Q € S(4), which is invariant under the action of a group G, namely ngUJ eQforallge G
and for all states p € Q. We say that a trace preserving quantum operation & : S(.#°) — S(.%")

is covariant under the action of the group G, if it satisfies the covariance condition
E(VypV,)) = UpE(p)U], (1.16)

for all states p € 2 and all g € G. The requirement ”equally well” is ensured in that the output
state of a group-transformed input state is given as the transformed output (see figure (1.1)).

For instance, if one wants to design quantum operation which should work equally well on all

p - VoV
£ £
Ep) - U, E(p)U] = E(VypV))

Figure 1.1: Graphic representation of covariant condition

pure states of a d-dimensional Hilbert space, then the channel has to be covariant with respect
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1.5 Covariant trace-preserving operations

to the action of the full SU(d) group. These processes are usually called universal. Conversely,
non-universal processes are called state-dependent.
In some cases it can be helpful to know that in the Choi-Jamiotkowski isomorphism, the

covariant condition (1.16) reads [22]
[Re,V, @ Uy =0, Vg € G. (1.17)

The complex conjugate is with respect to the basis in which the operator Rg is defined.

Suppose that the group G is compact. Then the group G is equipped with a Haar measure
(see section B.3). It allows us to define for an arbitrary quantum operation & : S(#) — S(%")
the linear map & : L(#) — L(#) as follows

é(p)E/Gdg USE(VypV U, (1.18)

As we will show, this map is also a quantum operation (a completely positive trace-preserving
map) and moreover fulfils the condition of covariance (1.5). We do the proof in a few steps.
Firstly using the theorem (1.4) we can prove that the map Eis completely positive. We have
to check only whether the operator J(£) = > £(P;;) ® Py is positive, where P;; is given as
P;j = |u;)(u;j| with respect to some orthonormal basis {|u;)} of the Hilbert space 7. A simple

calculation reveals us

JE) = Z(/Gdg UJE(vgij;*>Ug)®aj_

ij

/dg UleVvi | Y ewr)er; | U,eV, (1.19)
G —
ij

with P/, = |u;)(u|, where the basis {|u;)} is defined as a unitary change of our original basis
) ? J 1

u;) = Vy|u;). Let us now take an arbitrary state |1) € S(# ® ) and figure out the fidelity
WITEW) = Wl [ dg VoVl | S er) o Py U0 V)
]
- /G dg (i) izjapgj) ® Pijty), (1.20)
where we have used the notation |1),) = Uy, ® Vy|t)). Because the original quantum operation

& is completely positive, the argument in the integral (1.20) is a nonnegative function for all

elements of the group G. Hence the integral is nonnegative and the map Eis completely positive.

17



Chapter 1: Quantum processes

In the same way we show that the map £ is also a trace-preserving operation, i.e. Tr[é' (p)]=1

for all density operators p € S(7)

TEE) = Sl [ do UIEWoVUolu)

= [ o Sl = [ dg1-1. (121)

Finally, using a left-invariant property of the Haar measure we demonstrate that the map é
is covariant (1.16). Let us consider an arbitrary element of the group h € G, then the term

é(Vth}j) can be rewritten as

E(VipV)) = /Gdg UlE(VVipVi ViU, =

= U { /G dg Ul EWVanpVi)Ugn | Uf = UnE(p)U]! (1.22)

We showed how to construct a covariant quantum operation from an arbitrary one. In the
section 1.8 we will explain, why covariant quantum operations turn out to be very useful in

optimization of non-physical maps by quantum operations.

1.6 No-cloning theorem

We have summarized the theory of quantum operations. In certain cases it helps to decide
which classical operations can be performed ideally also quantum mechanically. One of the
most common classical information tasks forbidden by quantum mechanics is copying. The
impossibility of perfect quantum copying is the content of the famous No-cloning Theorem due
to W. K. Wooters and W. H. Zurek [4]. Suppose a quantum system associated with a Hilbert
space ¢ and a deterministic quantum operation 7 : ## — ¢ ® 2 which copies pure states
perfectly, i.e.

T(6) () = [9) (0] @ |0) (0] (1.23)
for all pure states |1)(¢)| € S(2¢). This is our only requirement on the deterministic copying
quantum operation 7. Let us consider another pure state |¢) and calculate the fidelity F' (for its
definition and its properties see appendix |A) between these states before and after the copying.
Owing to the theorem (A.0.3) we know that any trace-preserving operation cannot decrease

fidelity between two input states, we get

(@l = F()lv),|8)le) = E(T (W) (#]), T(19)(el) = (1.24)
E(ly), 19)) = [($lo)l- (1.25)

v
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1.7 NOT operation

The inequality |(1|#)|? > |(1|¢)] is fulfilled if and only if [(x|¢)| is 0 or 1. We thus have arrived
at a contradiction, in whose heart lies the linearity of quantum mechanics, and we can formulate

the no-cloning theorem as follows

Theorem 1.6.1 Let ) be a set of states from S(H), which contains at least two non-orthogonal

states. It is impossible to make a perfect copy of an unknown state from the set Q) with certainty.

We can think also about cloning mixed states. This generalization of cloning is usually referred to
as the broadcasting of quantum states. For an arbitrary mixed state p € S(), the broadcasting
machine should return a general entangled state po,: € S( ®2), such that Tr; pour = Tro pout =
p. It was shown [25] that it is impossible to broadcast two unknown non-commuting density
operators perfectly.

Thus, perfect copying is impossible: either the copies are not perfect, or they are perfect but
sometimes the copying process gives no outcome (probabilistic cloning [26]). Does the impossi-
bility of perfect quantum state copying invalidate the entire concept of quantum information?
Surprisingly, the drawback can be turned into an advantage. If information encoded into non-
orthogonal states arrives perturbed at a receiver, there is a chance, that information was copied
by any adversary. This makes it possible to establish the idea of quantum cryptography (see
[27], [28], [29]). There is also a deep connection with fundamental laws of theoretical physics.
For instance the impossibility to make perfect copies in connection with the entangled EPR pair
(1) prohibits us to design a process permitting a communication faster then light communication
[30].

1.7 NOT operation

Another non-physical map is the NOT-transformation. Consider a d-dimensional Hilbert space
F€. The NOT transformation is defined as the operation, which maps an arbitrary pure input
state |¢) € S(J#) onto a pure state which is orthogonal to state |@), i.e. |}t € S(J#) that
(¢|¢t) = 0. Suppose that such a quantum operation N exists. Let E; be its Kraus operators
(see theorem (1.4.1)), i.e. E(p) = >, Ez-pE;r for any density operator p € S(#). When N is

indeed a perfect quantum NOT-transformation, all pure states have to be turned into the form

N} () = Z&IW@/}\E} = [y (v, (1.26)

19



Chapter 1: Quantum processes

Using this assumpton it is simple to check that

0 = (WIN (V) W])|w) = (¥l (ZE () (%)) ET> ) = le\Ew (1.27)

The relation (1.27) is fulfilled if and only if all the Kraus operators satisfy F; = 0. Hence the
only map which suits our requirement is the nonphysical null operator.

The key issue of this problem is again linearity of quantum mechanics. Indeed, it is easy to
check that an arbitrary anti-symmetric conjugate anti-linear operator © satisfies the requirement
(¥|O|) = 0 for every state |p) € S(#). Therefore we conclude that it is possible to construct a
NOT-gate for an arbitrary real subspace of 7. This result has some consequences for quantum
information processing. For instance, there are so-called remote state preparation protocols,
in which the NOT-gate plays important role and the existence of perfect NOT-gate allows to

perform perfect remote state preparation. For details see part 4.2.3.

1.8 Covariant optimization of non-physical maps

We have presented two well-known cases of forbidden (non-physical) operations. However the
fact, that certain operations are forbidden by laws of quantum mechanics, is not the end of
the story. On the contrary, ”forbidden” goads our interest. A natural question arises. How
well can we approximate these non-physical transformations by quantum operations and how do
these limits influence quantum information processing? Much work has been devoted to the
copying of pure quantum states [31, 32, 33, 34, 35, 36, 37, 38, 39] and also to the NOT-gate
[5), 140, 141, [42].

Most of these works make a basic assumption, which allows to solve the optimization ex-
plicitly: the apparatus should work equally well on all states of interest. A natural framework,
usually used for work within this assumption, are covariant quantum operations. In this ap-
proach we suppose that the set of input states Q;, = {p} C S(4), for which the process should
work equally well, is invariant under the action of a unitary representation V; on ¢ of a group
G

VepV) € Qin,  VgEG  VpE Qi (1.28)

Moreover, we suppose that transitive action of the group G connects all elements of {;, with

some reference state prer € Qip
(Vp € Qun)(Fg € G)(VypresV) = p)- (1.29)
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1.8 Covariant optimization of non-physical maps

Consider a transformation which ascribes to each input state the output ideal state (our desired
state). But we can assume more general situation, namely that there are more possible ideal
output states. Taking account with this general setting, let us consider a map X, which ascribes
to each state p from the set of input states 2, the set of output states IC(p) C S(#7). Actually,
this set of output states IC(p) represents all possible ideal state transformations. We suppose
that these ideal transformations cannot be performed ideally, i.e. they can be even nonphysical.
Our aim is to find a good approximation of these ideal maps. Let the set Quur = {K(p)|p € Qin}

be invariant under the action of another unitary representation U, of the group G, i.e.
UK(p)U € Qour,  Yg€G  Vp € Q. (1.30)

Suppose also the map K is covariant, i.e. IC(ngUgT) = VglC(p)Vj for all elements g € G and
all states p € ;,. To be able to decide how well a given quantum operation approximates the
set of ideal maps given by the map K, we introduce a merit function. This function, let say
d(o,K(p)) € Ry, defines a distance between a state 0 € S(#") and the set of ideal outputs

K(p) € Qout of an input state p € €;,. We impose two natural requirements

e the merit function 0 is convex (resp. concave) in the first argument and achieves its

minimum (resp. maximum) when o € K(p)

e the merit function § fulfills the invariance property

(0, UK (p)U}) = 6(UioUy, K(p)), Vp € Qun,Vo € S(H),Vg € G. (1.31)

In the following, we will consider the case of a convex function ¢ (our considerations can be
easily reformulated for the case of a concave function §). Let us consider a quantum operation
E :S(A) — S(&). The largest achievable distance Ay (&)

Ac(E) = sup 3(E(p), K(p)) = 5up & (EVypresV) K (VypresVy) ) (1.32)
peQin QEG

is called an error measure characterizing the quality with which the channel £ approximates the
set of ideal outputs given by the K. To find the best performing channel we have to look for
those operations, which minimizes the error measure (1.32)). In many cases covariant channels
allow this maximization problem to be solved analytically. Covariant quantum operations give
the same error measure for all input states p € €;,. Indeed, consider an arbitrary state p € £,

connected with a reference state p,.y € {;, by an element of the unitary representation V.
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From the invariance property (4.8) it follows

(5(8(p),]€(p)) - 5(8(V9prergT)7K:(‘/gpref‘/;)) = 5(S(VgprergT)7 Uglc(pref)Ug)
= 5(UJ€(Vnger;)Ug7 K(pref)) = 5(5(pr6f)7 K(ﬁ?‘ﬁf))' (1.33)

Hence in the case of covariant channels we can omit sup in the definition (1.32) and calculate
the error measure only for an arbitrary chosen state.

Now, the optimization in a covariant setting is based on the fact, that if the optimum
error measure is reached by some channel &, it is always possible to achieve the optimum by a
covariant channel & (1.18). We can show it in the following way. Consider an arbitrary state

p € Qin. We get
(€ Ko =0 ( [ do U@ u, ki)
< /Gdg 5 (U3E W0V Uy, K(0) :/Gdg 6 (EVppVh) K(VypV))

< / dg sup 8(E(p),K(p)) = Ax(E). (134)
G

PEQin

The first inequality is a special form of the so-called Jensen’s operator inequality [43]. Therefore,
we can restrict the optimization procedure to covariant channels, which form a convex set.
Moreover, we can search for the optimal quantum operation within the boundary of the convex
set of covariant processes, since a convex function defined on a convex set achieves its extremal

values on the boundary.
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Chapter 2
Quantum entanglement

In this chapter we take a tour across contemporary state-of-the-art of entanglement. We discuss
differences between classical and quantum correlations and using the notion of separability we
define entangled states. We summarize mathematical tools how to detect and quantify bipartite

entanglement. Finally, we give a brief description of multi-partite correlations.

2.1 Separability versus Entanglement

To give a comprehensive answer to the fundamental question, what is the physical meaning of
entanglement itself, is a very hard task. Entanglement is loosely characterized as the quantum
correlation that can occur in many-party quantum states. But how can we define quantum
correlations, and what separates them from classical correlations? Here we give the most con-
venient definition using the concept of separable states. This approach is motivated by the idea
that classical correlations among quantum states are those which can be prepared in a classical
way using only local operations acting on individual subsystems and classical communication
among these parties (see section [1.3). Such states can embody only classical correlations. Al-
lowing classical communication in the set of LOCC operations means that they are not just
local anymore and therefore the structure of quantum states embodying classical correlation
(separable states) can be quite complicated.

Suppose we have a quantum system formed by N subsystems (parties), each with Hilbert
space %, i € N. Hence the Hilbert state of the whole system is given as 77 = A RIBQ...QHY .
We say, that a state is separable if it can be represented as a convex linear combination (a

statistical mixture) of product states. In other words, the density matrix p acting on the whole
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Chapter 2: Quantum entanglement

Hilbert space H represents a separable state if it can be expressed as

k k k
p=>n? @ @ .0, (2.1)

k

with pék) density operator acting only on the Hilbert space ¢, and positive py fulfilling the

normalization ), pr = 1. These states can be prepared by LOCC operations and all their
correlations can be described classically. Hence we conclude that separable states contain no
entanglement.

All states which cannot be written as a convex decomposition (2.1)) are called entangled. In
this way entanglement is defined as quantum correlation which cannot be prepared by LOCC. To
implement quantum entanglement nonlocal quantum operations, acting on two or more parties,
are required. Here it is necessary to emphasize that separability (or conversely entanglement)
strongly depends on the chosen structure of parties. In other words: a separable state with
respect to a given structure of parties may not be separable with respect to different one.

Separable states form a convex set, but entangled states do not. If we consider, for example,
maximally entangled states |¢1) = % (]0)[1) £ [1)]0)), then the state % (|o=) (=] + g ) (W4 ])
is separable. The basic question is whether a given state is entangled or separable. In practice
it is often an impossible task to decide it due to infinitely many ways of decomposing a state
p. Of course, the task is the harder the bigger a number of subsystems is. Therefore most of
work dealing with entanglement detection focuses on entanglement between two parties. This is
the reason why we often characterize a multipartite entanglement structure using only bipartite
entanglement. Of course, it is not a full-featured description of multipartite entanglement but
we do not have yet anything better. Although some results can be extended to analyze certain
features of multipartite entanglement, there are still many problems under investigation or
remain open often because they were not solved even in the bipartite case yet. This was also
one of the reasons, which led us to characterized entanglement in our work purely with the help
of bipartite entanglement. Let us briefly review the tools which are on display to characterize

bipartite entanglement.

2.1.1 Pure states, Schmidt coefficients

If a density operator p describes a pure state, i. e. p = |p)(¢|, it is easy to check whether the
state is separable or not. The state is separable (within this context we say also factorizable), if
and only if both subsystems are also in a pure state, i. e. |¢) = |¢4) ® |¢5). In this connection

we introduce the so-called Schmidt decomposition of the state [44, [45]. For any pure state
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2.1 Separability versus Entanglement

|¢p) € Sy @ H#p there are orthonormal basis {|ef!)} and {|eZ)} in the Hilbert spaces 4 and

3, that the state can be written as a sum of products of orthogonal states

k
|0) = > ailef') @ |ef), (2.2)
i=1

with & < min{dim(7#4),dim(.#%)}. The state is entangled iff at least two coefficients in the
Schmidt decomposition (2.2) do not vanish. Among the consequences of the Schmidt decomposi-
tion is, if the whole system is in a pure state, eigenvalues of density operators of both subsystems
are the same. Many important properties of quantum systems are completely determined by the
eigenvalues of density matrices. Hence for a pure states of a composite system such properties
will be the same for both subsystems.

A technique related to Schmidt decomposition is purification. Consider a state p? of a
quantum system A. It is possible to introduce another reference system, which we denote R,
and define a pure state |AR) for the joint system AR such that p?* = Trr(JAR)(AR|). Let us
explain how to construct a system R and purification |AR) for a given state p. Suppose p“ has
orthonormal decomposition p4 = 37, p;i4)(i4|. To purify p* we introduce a system R which
has the same state space as system A, with orthonormal basis states i), and define a pure
state for the combined system |[AR) = >, \/p;|i})|iff). Now it is simple to verify, that this state

is the purification of the state p?.

2.1.2 Entanglement witness

As we have already mentioned, separable states form a convex set. Thus we can apply the
Hahn-Banach theorem [46], which says that two convex and compact sets can be separated by

a hyperplane. Using this fact, the Horodecki family proved the following theorem [47]:

Theorem 2.1.1 For any entangled state represented by density operator p acting on Hilbert
space I Q@ Hp there exists Hermitian operator V. such that

Tr{Vp} <0 and Tr{Ve} >0 (2.3)

for all separable states o.

The operator V is called entanglement witness. The expression Tr{Vp} represents an inner
product for operators on . and therefore can be regarded as a scalar product of two vectors,

where the orientation of the hyperplane is determined in such a way, that separable states lie
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unentangled
states

Ps

entanglement
witness W

Figure 2.1: Hyperplane described by the entanglement witness operator W separates the en-

tangled state p from the set of separable states

always on the positive side, whereas on negative side remain only entangled states. This fact is
illustrated in the picture (2.1).

This rather abstract theorem gives us the possibility to construct criteria for detecting
entanglement. Every such entanglement witness generates a sufficient condition for states to
be entangled. Contrary, if we have such entanglement witness W then an arbitrary separable
state has necessary to fulfil the condition Tr{Ve} > 0. The natural task arises: design a set
of entanglement witness operators which is optimal, i.e. a minimal number of entanglement
witnesses, which completely specify the convex set of separable states.

Using the Jamiotkowski isomorphism [21] between the positive maps and operators which

are positive on the product projectors we can reformulate the theorem (2.1.1) as follows:

Theorem 2.1.2 Let p act on the Hilbert space 74 @ #5. Then p is separable if and only if
for any positive map A : L(94) — L(HB) the operator (I @ A) p is positive.

One good example of entanglement witness is the flip operator V' [48]. The flip operator is
defined on 1@ by V (|¢) @ |4)) = |¢) @ |). Tt is easy to verify Tr {V(P @ Q)} = Tr (PQ)
for all operators P,Q acting on . The flip operator corresponds to the operation of partial

transposition in the Jamiotkowski isomorphism.
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2.1.3 PPT

The criterium of positive partial transposition was found by Peres [49]. So far it appears to be
the strongest available criterium. It is convenient to define the partial transposition in matrix
elements. Let p be a state of a bipartite Hilbert space %4 ® 5 with matrix elements in some

product basis

Py = (m| @ (plpln) @ [0), (2.4)

where the kets with Latin (resp. Greek) letters form an orthonormal basis in the Hilbert space
describing the first (resp. second) subsystem. Hence the partial transposition of p with respect

to the subsystem B is defined as
T
me:L,nﬂ = Pmd,np- (25)
We say that a state p is PPT if p'8 > 0, otherwise we say that a state is NPT. The partial
transposition has a simple operational form

PT=I1,®T, (2.6)

where 1,4 is identity operator on the subsystem A and 7 is the transposition on the subsystem

B. Consider a general separable state on the Hilbert space ) ® 3
k k
Psep = Zpkpfq) 02 p(B) (2'7)
k
Applying the partial transposition on (2.7) we obtain from (2.6)

12 =" et @ (o)) (2.8)
k

The outcome is again a density operator and therefore all separable states are PPT states. We
conclude that a positive partial transposition is a necessary condition for separability. It was
shown by the Horodecki family [47] using positive maps, that in bipartite systems of dimensions
2 x 2 and 2 x 3 the PPT is not only necessary but also sufficient condition. Unfortunately, we

cannot generalize this theorem to cases of Hilbert spaces with higher dimensions.

2.1.4 Reduction criterion

Suppose A is a positive map on L(53) (space of linear operators acting on #3). Then for any
separable state (2.7) we have
(1 A) poey > 0. (2.9)
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However in general, for all mixed states, it is not true. Provided the map A is not completely
positive, there are entangled states which do not satisfy the inequality (2.9). If we define the
map A as A(A) = Tr(A)I — A, we can easily check that the eigenvalues of this map are given
by \i = Tr(A) — a;, where a; are eigenvalues of the operator A and Tr(A) = )", a;. Thus the
map A is positive.

Now let find out, into what form the formula (2.9) and the dual formula (A ® I) psep > 0

will convert. A simple calculation gives us the so-called reduction criterium [50]
I®pa—p>0, pa®l—p=>0, (2.10)

where py (resp. pp) is the reduced density operator with respect to subsystem A (resp. subsys-
tem B). What relation is between PPT criterium and the reduction criterium? The reduction
criterium is weaker then PPT, but for 2 x 2 and 2 x 3 systems they are equivalent.

In context of the reduction criterium we introduce also the fully entangled fraction F(p) of

a state p (acting on ¢ @ ) defined as
Flp) = max(@lpl). (2.11)

The maximum is taken over all maximally entangled states of the Hilbert space #?®.7#%. From
the reduction criterium we can derive simply, that an arbitrary state p satisfying F(p) > 1/d

has to be entangled.

2.1.5 Majorization criterion

Consider a d-dimensional vector space V. A vector with decreasing coefficients we will denote

xt, ie. x; > x4 fori € {1,2,...,d —1}. A vector z! is majorized by a vector y!, denoted as

zt < y!, when Z?:l zj < Z?:l y;j holds for k =1,...,d — 1 and the equality holds for k& = d.
The majorization criterion [54] says that if a state p € S(#) ® #3) is separable, then

1 1
Ab<Ab o and A <AL (2.12)

have to be fulfilled. Here )\,l, denotes the vector consisting of the eigenvalues of p, in decreasing
order. Zeros are appended to the vectors )\}) . (resp. )\i ) in order to make their dimension
equal to the one of /\i. Hence for separable states the ordered vector of eigenvalues for the whole
density operator is mojorized by the ones of the reduced density operator. The majorization

criterion is only a necessary, not a sufficient condition for separability.
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2.2 Entanglement measures

The detection of entanglement is only the first step in our aim to understand this phenomenon.
We have already mentioned that separable states contain no entanglement. The natural question
raises, whether there is a maximally entangled state, i.e. one that is more entangled then all
others. Indeed, at least in bipartite systems consisting of two fixed d-dimensional sub-systems
(usually referred as qudits), such states exist. We say a state |¢)) € 4 ® H#5 to be mazimally
entangled, whenever both of its restrictions (reduced density operators) are maximally mixed.

The Schmidt decomposition for an arbitrary maximally entangled vector |¢y/g) reads

L
[YnmE) = N ; lei) @1 fi), (2.13)

where {|e;)} and {|f;)} are suitable orthonormal basis in the Hilbert space 4 and .#3. For
bipartite systems we have defined a concept of maximally entangled states, which is independent
of the specific quantification of entanglement. This independent definition is based on the fact
that using only LOCC operations any bipartite mixed state can be created from an arbitrary
maximally entangled state. Examples of maximally entangled states are the Bell states of

2-dimensional subsystems

1
54 = = (000 £ i) (2.14)
wE = (o)) = 1)) (2.15)

V2

The next question is, how can we quantify the amount of entanglement in a given state? It
is not surprising that there is no simple answer to this. There are in principle two ways how to
quantify the entanglement in a quantum state. First, operational measures are based on how
well a certain task can be performed with the aid of an entangled state. Given a state and a
task that consumes entanglement, how much can we achieve? In this sense, different tasks can
generate different types of measures and hence different orderings of quantum states. The other
way, which gives rise to abstract measures, is to work from a set of natural axioms we believe
an entanglement measure should satisfy, and look for functionals that satisfy these axioms.

In general, an entanglement measure E(.) is a real-valued positive functional defined on the

set of all quantum states. We focus our attention on bipartite systems, hence
E:S() @ #5) — R, (2.16)

We will summarize the requirements for a well defined bipartite entanglement measure, and

introduce the reader to some important entanglement measures. We do not make any attempt
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to discuss all existing measures and related quantities. At the end of the chapter we give some

remarks on the case of multipartite measures.

2.2.1 Requirements for entanglement measures

A good entanglement measure should satisfy several requirements. However, it is still an open
question whether all of these conditions are indeed necessary. In fact, some of the entanglement

measures we introduce below do not fulfill the complete list of properties

(POa) E(p) = 0 if and only if p is separable. This is a useful property, but it is too strict in

general.
(POb) If p € S(#4 ® H#%5) is separable then E(p) = 0.

(P1) Normalization: the entanglement of a maximally entangled state of two d-dimensional
systems is given by
E(|vme)(YmEe|) = logd. (2.17)

(P2a) No increase under LOCC: local operations and classical communication cannot increase

the entanglement of a given state p, i.e.
EQrocc(p)) < E(p). (2.18)

(P2b) Invariance under local unitary operators: local unitary operations do not change the degree

of entanglement of a given state
E(Uy @ UpypU] @ Ul = E(p), (2.19)
where U; (resp. Us) is an arbitrary unitary operator on .7, (resp. J#3).

(P3) Continuity: Let {p,} and {0, } be sequence of bipartite states living on the Hilbert space
A, For all sequences ||p, — op||l1 — 0, where ||.||1 is the trace norm [|A||; = Tr(V/AfA),
the limit

E(pn) — E(on) — 0 (2.20)

should be valid.

(P4a) Aditivity: n identical copies of the state p should contain n times the entanglement of one

copy, i.e.
B(p™") = nB(p) (2:21)

for all states p and n > 1.
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(P4b) Ezistence of a regularization: For all bipartite states p, the limit

E*®(p) = lim B

n—00 n

(2.22)

exists. E°° is a measure which automatically satisfies aditivity.

(P5) Subadditivity: The entanglement of the tensor product of two states p and o should not

be larger than the sum of the entanglement of each of the states

E(p®o) < E(p)+ E(0). (2.23)

(P6) Convezity: The entanglement measure should be a convex function, i.e.
EMAp+ (1 =MXo) <AE(p) + (1 —XN)E(0) (2.24)
for0 < A<1.

We have already mentioned that it is an open question, whether all these conditions are necessary
for a good measure. However, the first three properties are accepted to be the denominator in
the axiomatic approach and any function F satisfying the first three properties is called an

entanglement monotone.

2.2.2 Pure states

Before treating the general case of mixed states we consider the simpler case of entanglement
measures of pure states. The treatment is facilitated by the fact that a pure state contains
no classical correlations between the subsystems. Hence, any correlation contained in a pure
state must be of quantum origin. If an entangled state is pure, the states of the subsystems -
described locally by the reduced density operator - are mixed. The amount of "mixing” of a
pure state turns out to be the only source of quantum correlations and therefore a good measure
of entanglement. How mixed is a quantum state p is given by the well-known von Neumann

entropy, defined as
S(p) = —Tr(plogp), (2.25)

where we take the logarithm with the base 2 as is the custom in information theory. Its value

is easily calculated from eigenvalues \; of p as
S(p) == Nilog ;. (2.26)
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The von Neumann entropy describes the uncertainty in a quantum state. It is minimal (zero)
for pure states and maximal (equal with logy d, where d is min{dim.J#4, dim.#3}).
A good measure of entanglement of bipartite pure states, the so called entropy of entangle-

ment Eg [15], is defined by the von Neumann entropy

Eg(|¥)) = S(pa) (2.27)

of the reduced density matrix p4 of the subsystem A, i.e. pa = Trp(|1)(¥|). In general, the von
Neumann entropy depends only on the eigenvalues of the density matrix. Eigenvalues of both
reduced density operators of a pure bipartite state are the same, as was mentioned in section
(2.1.1). Thus the reduced von Neumann entropy is equal for both density matrices. The entropy
of entanglement has some properties we find natural. (i) It is zero for any product states, (ii)
it is maximal when the reduced density matrix is completely mixed, e.g. when the subsystems
have no individual properties and (iii) it is invariant under local unitary transformations.

The entropy of entanglement was first introduced as a measure of entanglement in [55]. It
is an abstract measure in the sense that it satisfies some requirements, and it does not have an
immediate operational interpretation. Moreover if an arbitrary bipartite entanglement measure
E satisfies properties (P0), (P1b), (P2a), (P3) and (P4a) for all pure states, then E coincides
with the entropy of entanglement F = Eg. This is the content of the so-called uniqueness
theorem for entanglement measures [56, 57].

In the following section we will discuss several bipartite entanglement measures that have

been proposed in the literature. All the following quantities are entanglement monotones.

2.2.3 Mixed states

For mixed states the situation is much more involved, because there are both classical and
quantum correlations that have to be discriminated by the entanglement measure. Therefore
the definition of an entanglement measure for mixed states is more complicated and there is no
unique entanglement measure.

First of all we have to mention that there is one special generalization that applies to any
entanglement measure for pure states [58], and therefore is the most commonly used. Any mixed

state can be expressed as a convex sum of pure states:
p=">_ pilt) (Wi, (2.28)
%
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where p; are positive and sum to one. The generalization of an entanglement measure F for
pure states uses the infimum over all decompositions into pure states - the so called convex roof:

E(,)):{p.irlgv}zpm(w), with p;>0 and p=Y pilehi)(il. (2.29)

% %
However, an explicit evaluation of this quantity for a specific state implies a high dimensional
optimization problem and therefore is in general a very hard computational task.

Let us start a short review of entanglement measures by two operational measures: entan-

glement cost and distillable entanglement.

Entanglement cost and distillable entanglement

The entanglement cost quantifies, how expensive it is to create an entangled state p, i.e. the
minimal rate r at which one converts (using only LOCC operations) blocks of  x n 2-qubit
maximally entangled states (2.13) into output states that approximate n copies p®", such that
the approximations become vanishingly small in the limit of large block sizes n. To be precise

we denote a general LOCC operation by A. Then the entanglement cost can be defined as
Ec(p) = inf {7" : lim [i%f |[p®™ — A(((I)Jr)@m)Hl] = 0} . (2.30)

Hence the entanglement of cost compares all quantum states with the ”golded standard cur-
rency” - the maximally entangled Bell states.

Just as E¢(p) measures how many maximally entangled states are required to create copies of
p by LOCC alone, we can ask about the reverse process: at what rate may we extract maximally
entangled two-qubit states from an input supply of states of the form p. This process is usually
called entanglement distillation. The maximum yield which we can achieve in this process
defines another asymptotic entanglement measure which is the distillable entanglement, Ep(p).

In analogy to the definition of E¢(p) we give the precise mathematical definition of Ep(p) as
Ep(p) = sup {r : lim [ir&f [|A(p®™) — (<P+)®m\|1] = O} . (2.31)
n—oo

In two party quantum information protocols entanglement is usually required in the form of
maximally entangled states. So Ep(p) tells us the rate at which noisy mixed states may be
converted back into the ”golden standard” Bell state by LOCC.

Obviously, the computation of either, the entanglement cost and the distillable entanglement

are extraordinarily difficult tasks. However, it was shown in [59] that both the distillable
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entanglement and entanglement cost are equal to the entropy of entanglement for pure states,

Ep([¥)(]) = Ec([¥){¥]) = Er(l¢)). (2.32)

Indeed, if two states [¢)1) and [i3) have the same entropy of entanglement, then one can be
converted into the other with efficiency approaching unity as n — oo. If they do not have
the same entropy of entanglement, |1);) can be converted into |¢)2) with an asymptotic yield of
Ep(41))/Ep(|v2))-

The other remarkable feature is, that Fp and E¢ can be viewed as extreme measures in the
sense that under certain conditions Ep is a lower bound and E¢ is an upper bound for other
entanglement measures. In fact, in [56] it was proved that if an entanglement measure satisfies

requirements (Pla), (P2a), (P3) and (P4b) then the reqularized version E*° fulfills the relation

Ep(p) < E*(p) < Ec(p) (2.33)

for all states p. These conditions are satisfied by the well-known measure: Entanglement of

formation.

Entanglement of formation, Concurrence

The entanglement of formation is a straightforward generalization of the entropy of entanglement
to mixed states. Any state p € S(¢4 ® #3) can be decomposed as a convex combination of
projectors onto pure states, p = Y . p;|¢;)(¢s| with >, p; = 1 and |[¢;) € 4 @ H#p. The
entanglement of formation is defined as the averaged von Neumann entropy of the reduced

density matrices of the pure states |1;), minimized over all possible decompositions
Er(p) = ldfelg ZPiEE(|¢i><¢i|)- (2.34)
i

From the definition of E, it is easy to see that it satisfies (P0Oa), normalization (Pla), LOCC
monotonicity (P2a) and continuity (P3). It is not known whether the entanglement of formation
is additive, but in all surveyed cases it was confirmed. We can be sure that subadditivity (P5)
is fulfilled and convexity (P6) is a direct consequence of the definition (2.34).

A serious drawback of this measure is that we do not know in general, how to minimize
analytically over all decompositions. It makes the calculation and hence the use of this measure
very problematic. One must either resort to numerical techniques for general states [60], or
restrict attention to cases with high symmetry (e.g. [61}, 62, [63]), or consider only cases of low

dimensionality. A closed form solution is known for bipartite qubit states [64, [65]. This exact
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formula is based on the often used two-qubit entanglement measure: concurrence. To introduce

this measure we have to define for every bipartite qubit state p a conjugate density matrix
p=(oy®oy)p*(oy ®oy), (2.35)

where oy, is the Pauli spin operator and the star-symbol (*) denotes complex conjugation. Let

A1, A2, Az, A\q are eigenvalues of the matrix
R = R(p) = pp (2.36)

sequenced in decreasing order. In terms of these eigenvalues the concurrence of the quantum

state p is defined by the relation

C(p) = max{O, VA = VA2 — Vs — \/)\:} (2.37)

In particular, for pure state p = |¢))(¢)| the concurrence can be written as

C(|9)) = 2¢/det(pa), (2.38)

where p4 is the density matrix of the first subsystem, i.e. pa = Trp(|v)(¢|). According to
this definition the values of the concurrence are confined to the interval [0,1] with C(p) = 0
and C(p) = 1 corresponding to a separable and a maximally entangled two-qubit state. The
concurrence is monotonous under LOCC, and can thus be used as an entanglement measure for
two qubits. The great advantage is that it is easily computable. However more important is

that it is directly related to the entanglement of formation. For general bipartite qubit state it

has been shown [66] that
1—4/1-C?
Eﬂm=h< <m> (2.39)

2
with
h(z) = —zlogyx — (1 — z)logy(1 — x). (2.40)

With respect to the equation (2.39) the two-qubit Er(p) and the two-qubit concurrence are
equivalent because these measures are monotonically related. This explains why most of authors
use the concurrence to characterize entanglement of a two-qubit state rather then the Ep.
Here we have to emphasize that the concurrence obtains its meaning via its connection to the
entanglement of formation and not vice versa. For higher dimensional systems we do not have
any such similar connection. There have been various attempts to generalize the concept of
concurrence (see e.g. [40, 58, 60, 67, 68]).
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Negativity

The entanglement measures, which we have discussed so far, have a serious drawback. In their
definition some kind of optimization is included, which make their evaluation very difficult. The
only exception is the concurrence, but it works well only for two entangled qubits. With the aim
of introducing a computable measure of entanglement Vidal and Werner proposed a quantity
called negativity [69]. This entanglement measure is defined as

[lp™2]l1 — 1

N(p) = SR (2.41)

where ||pT2||; = Tr(\/(pT)TpTE) is the trace norm of the partial transpose of a state p (see
sction (2.1.3)). The trace norm of any hermitian operator A is equal to the sum of the absolute
values of the eigenvalues of A. Density matrices have all their eigenvalues positive and thus
l|p1]l1 = Tr(p) = 1. The partial transpose p’® has also its trace equal one, but since it may
have negative eigenvalues p < 0, its trace norm reads in general

167411 = 14203 il = 1+ 2N(p). (2.42)

]

Therefore the negativity N(p), the sum | >, u;| of the negative eigenvalues y; of p?®, measures
by how much p’B fails to be positive definite. In other words, the negativity quantifies how
much the state p violates the PPT criterion.

As we have already discussed in section (2.1.3), for any separable state ps, its partial trans-
position is also a separable state and therefore || prﬂl =1 and N(p) = 0. The opposite is not
true because the negativity is zero also for PPT entangled states. It is equal to % for Bell states,
thus the negativity does not satisfy the normalization (P1). It is monotonic under LOCC (P2a),
convex (P6), and subadditive (P5), satisfying N(p ® o) = N(p) + N(o) + 2N (p)N (o).

There are many other proposed measures like relative entropy of entanglement[70], logarith-
mic negativity[69], robustness of entanglement [71], squashed entanglement [72] and so on. All

of them have the same serious drawback, namely we do not know how to evaluate them for

general mixed states.

2.2.4 Multipartite entanglement

We have dealt so far with the bipartite entanglement and its quantification. In this section we
would like to give some remarks on multipartite entanglement.
If we consider a system with more then two parties we face states which involve various

types of entanglement. Let us exemplify this complex situation considering only three particles,
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let say Alice, Bob, and Carol, in a state p. We say that a state describing particles Alice and

Bob is bipartite (or two-way) entangled if their reduced density matrix is not separable, i.e. if

pap =Trcp (2.43)

is not separable. In this way we could describe the entanglement in a given three-particle state
using three bipartite entanglements. Unfortunately it is not a complete description, because
there are states which exhibit only entanglement of higher order than bipartite. Indeed, suppose
that our three particles are in the |GHZ) state

1
V2

where individual qubits subsequently belong to Alice, Bob and Carol. This state is called the

|GHZ) = —=(10)]0)|0) + [1)[1)]1)), (2.44)

Greenberger-Horne-Zeileinger state (GHZ state). One can check that all two-particle density
matrix are the same and equal to pap = ppc = pac = 5(]00)(00] + |11)(11]). This state is
mixed, classically correlated but also separable. All pairs are unentangled. The GHZ state can
be rewritten as the following superposition
1 1 1
GHZ)=— ||®T)ap ® —= —
| ) 7 [®T)an 7 %

where |®%) 45 represent particles Alice and Bob in the Bell states. Now we can ask Carol

(10)c + 1)) + 127 )ap @ —=(|0)c — [1)e) | (2.45)

to perform the measurement on her particle in the base %(|O>C + [De), %(|O>C — |De).
Independently of how Carol is far away from Alice and Bob, particles Alice and Bob will collapse
into one of maximally entangled Bell states |®1) 45 or |®7)4p, which is separated from the
particle of Carol. Hence using only LOCC operation we are able to prepare an entangled pair.
But we have already mentioned that LOCC operations cannot increase entanglement between
parties. A solution of this disagreement comes from the fact, that the |GHZ) state contains
three-way (or three-partite) entanglement.

In a straightforward way we can extend these considerations to multi-partite systems. We
define a multi-partite GHZ state

By = jﬁ (102 + [0)®N) (2.46)

This state contains only N-way (or N-partite) entanglement. So N-partite entanglement is a
type of entanglement which critically involves all N particles. A general state of IV particles
can contain various types of entanglement as 2-way, 3-way, 4-way entanglement and so on.

The complex structure of entanglement makes the investigation of this phenomenon difficult.
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So far we do not have neither any reasonable and reputable criterion for separability of N
particles nor computable multipartite entanglement measure for general mixed states. There
have been several proposal made for entanglement measures of multipartite states (see e.g.
[68, [73, [74), 75, 76, [77]). However each of them is very hard to evaluate for mixed states.

Despite of this drawback, searching for multipartite entanglement measures shed new light
and boots our understanding of the structure of multipartite entanglement. The story was
started in the year 2000, when Valerie Coffman, Joydip Kundu and William K. Wootters dis-
covered an interesting quantity for a tripartite two-level (qubit) system, referred to as the
residual entanglement.

Consider three qubits, let say A, B and C, in a state papc [73]. The residual entanglement
is defined by

TABC = Ci(BC) —Cip - Cic, (2.47)

where C'4p and C 4o are the bipartite concurrences of the original state p4pc with traces taken
over qubits C' and B, respectively. Cy(pc) is the concurrence of the bipartite state p4(pc)
with qubits B and C regarded as a single object. The latter subsystem (BC') consists of two
qubits and therefore one could be surprised, because the concurrence was originally defined for
bipartite system of two qubits. Let us explain it. For subsystems of one and two qubits the
bipartite concurrence is defined as follows. Let first consider that the original three-qubit state
is pure. Then the reduced density matrices py = Trpc papc and ppc = Tra papc have the
same nonzero eigenvalues (see section 2.1.1). The first reduced density matrix p4 has only two
eigenvalues and therefore also the second two-qubit density matrix ppc has at the most two
nonzero eigenvalues. Hence we can regard the second two-qubit subsystem as one qubit and

define the concurrence C ¢y for the pure state papc as (2.38)

Casey(papc) = 2+/det(pa). (2.48)

The generalization of the concurrence Cypc) for a mixed state p is given by the convex roof
(2.29)

Casey(p) = {p_if‘quﬂzpic(!%))a with p; >0 and p=) pilvs) {3l (2.49)

The residual entanglement (2.47) is a well defined measure for three-way entanglement of
three qubits, unfortunately very bad computable for mixed states. The values of the residual
entanglement 7 are confined to the interval [0, 1]. Therefore for three qubits the CKW (Coffman-
Kundu-Wootters) inequality is fulfilled

Cis + Chc < Cizoy: (2.50)
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The right side of the inequality (2.50) is bound by 1, whilst the left side can achieve at the first
sight even number 2. The important message extracted from CKW inequality is that bipartite
entanglement in a three-qubit system cannot be shared freely.

The question, whether the generalized CKW inequality
Ch+Cfy+ .. +CF, < Cip <1 (2.51)

is also valid for a system of n qubits, was remaining long time unanswered. This longstanding
inequality was testified by all examined cases but proved only recently by Tobias J. Osborne
and Frank Verstraete in 2006 [78]. Again, this CKW inequality tells us that the sum of squares
of bipartite concurrencies between first qubit and the others is bounded above by one.

Here we have to emphasize that we have spoken first about sharing of bipartite quantum
correlations in multi-qubit systems and thus this limitation is related just to bipartite entangle-
ment. One can expect that similar restrictions of sharing entanglement will be found for various
type of entanglement structures. A hopeful progress in this direction was done by Chang-shui
Yu and He-shan Song [75, [77].
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Chapter 3

Sharing of bipartite entanglement in

multi-qubit systems

As we have already discussed in the previous part, bi-partite entanglement in multi-qubit sys-
tems cannot be shared freely. The rules of quantum mechanics impose severe restrictions on how
multi-qubit systems can be entangled. This observation induces a new question, namely, which
types of entanglement structures are carried by quantum states. First works, which focused
on this problem, have studied special states of multi-qubit systems that maximize bi-partite

entanglement between selected pairs of qubits in the system [79, 80, 81), 82].

The entanglement properties of a multi-qubit system may be represented mathematically
in several ways. Diir [82], for instance, has introduced entanglement molecules: mathemati-
cal objects representing distributions of bi-partite entanglement in a multi-qubit system. He
has shown that given an entanglement molecule, relevant mized states with the corresponding

entanglement properties can be found.

An alternative possibility for representing the entanglement relations of a multi-qubit system
is the application of entangled graphs. The entanglement properties of a system of N qubits
are represented by a graph of N vertexes. The vertexes refer to qubits, while the edges of the
graph represent the presence of entanglement between the corresponding pair of qubits. It was
shown that for every possible graph one can find a pure state, which would be represented by

that graph [83]. The amount of pairwise entanglement was however not taken into account.
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3.1 Sharing of entanglement in entangled graphs

In the present chapter we extend the concept of entangled graphs to describe the amount of
pairwise entanglement in the system as well. We present a complete analysis of existence of
quantum states of multi-qubit systems with entanglement properties represented by a given
particular graph. We prove in the following, that if an additional criterion is fulfilled, namely
that the weight of each edge is bounded from above by a certain value, a pure state corresponding
to the given graph can be found. This bound on the weights depends only on the number of

qubits in the system. We also propose a constructive method, how to find these states.

3.1.1 Entangled graphs

Let us consider a system of N qubits, labeled 1,2, ...n, in a state p. As we have already
mentioned, we represent the entanglement properties of the system with a weighted graph
with NV vertexes. Every qubit is identified with one of the vertexes, whereas the entanglement
(quantified by the concurrence) between a pair of qubits is identified with a weighted edge,
connecting relevant vertexes. If a pair of qubits is not entangled at all, there is no edge present
in the graph between the relevant vertexes (thus, the edge with a zero weight is equivalent to
no edge). Thus the graph itself is defined by the number of qubits N and a set of real numbers
Cij, giving the concurrencies between relevant pairs of qubits.

Having a pure or mixed state, it is always possible to determine the graph, corresponding
to the state. To find the graph one has to calculate concurrencies of all pairs of qubits. In
contrast, the opposite question, turns out to be much more difficult. For a given graph, many
quantum states may be appropriate. The graph itself is not, for instance, sensitive to local
unitary operations on the qubits. On the other hand, there exist graphs for which no suitable
state can be found. The reason behind this is that bi-partite entanglement cannot be shared
freely: e.g. the CKW inequalities (2.51) form an obstacle. So, for instance, we cannot have an
entangled graph of three qubits such that each pair is maximally entangled with the value of
concurrence equal to unity.

Thus the question of interest is: Given a graph, does there exist a state of the whole system
having the desired graph as its bipartite entanglement representation?

The question of existence of states with specific distribution of bi-partite entanglement have
been studied by several authors. In particular, Diir [82] studied a distribution of bipartite
entanglement between every pair of qubits that are prepared in a mized state. He showed that

it is possible to construct a corresponding mixed state for every entangled graph with the total
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concurrence (given as a simple sum of concurrencies over all pairs in the graph) equal with one.

In the work of Koashi et. all. [81], the authors have studied fully symmetric states (with
respect to all permutation of qubits) of N qubits such that all N(N — 1)/2 pairs of qubits in
the system are entangled with the same degree of entanglement, i.e. all edges have the same

weight. They have shown that under these conditions the maximal concurrence takes the value

2
Clroax = ¥ (3.1)

A state satisfying this condition is the well known W-state defined as
(W) = [N;1), (3.2)

where |N; k) is a totally symmetric state of N qubits, with & qubits in the state |1) and all the
others in the state |0).

As we have mentioned earlier, it has been proved, that all N-qubit states have to fulfil
the CKW inequalities (2.51). Any violation of this inequality means that the corresponding
entangled graph cannot be represented by a physical state. Under the assumption that all
concurrencies Cy; in (2.51) are mutually equal, i.e. C = Cy;, we obtain from the CKW inequality

the bound
1

c<—.
VN

which is not achievable. To see this we remind ourselves, that in the case of the entangled web
(all qubits are mutually entangled) the maximal value of the concurrence is given by equation
(3.1), which is much lower than the bound that following from the CKW inequality.

One may proceed by deriving tighter CKW-type inequalities that can be saturated by phys-
ical states (graphs). Alternatively, one can consider only entangled graphs with specifically
bounded weights on their edges. The following two parts deal with results obtained by following
the second approach. For better lucidity, the first part is intended for the formulation of our

main results and the second part contains all necessary proofs.

3.1.2 Theorem for graphs with bounded edges

We restrict our following considerations to those graphs in which the concurrence is smaller
than a certain value. Then it is possible to show that there exists a nonzero bound on the
concurrence such that all graphs with weighted edges that satisfy this additional condition can

be realized by pure states. These states are of the form

U) = afA) + > 7i;|Bij), (3.3)
{i.j}
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Chapter 3: Sharing of bipartite entanglement in multi-qubit systems

where

1Bi;) = (|11..0,..0,..1) + [00..1;..1,..0)) ; (3.4)
|A) (100...0) + |11...1)) | (3.5)

o and 7;; are real positive coefficients that satisfy the normalization condition

207 +2) 7 =1. (3.6)

{i.g}
The sums in equations (3.3) and (3.6) go through all pairs i < j, i,5 € N (or, equivalently,
the sums can be extended for all pairs 7,7 € N with the restriction 7;; = 0 for j <i). Due to
the high (permutational) symmetry of the state one can calculate directly the concurrence (see

section [3.1.3))
C;j = max {2 (205%-]- — Z’yﬁz — Z 7,%]) ,O} , (3.7)
k k
which is valid under the condition
> 29max VN — 2, (3.8)

where Ymax = max; ;(7ij)-

Notice, that the concurrence between every pair of qubits of this rather complicated system
is expressed as an analytic function of input parameters, utilizing just a single condition (3.8).

The set of w non-linear equations (3.7) connects parameters of the state ~;; (the pa-
rameter « is specified by gammas via the normalization condition) with the concurrencies of
different pairs of qubits. This set of equations is strongly coupled in a sense that in order to
calculate one concurrence one needs to use approximately 2N gammas. The task now is to
invert this set of equations, i.e. to find the set of equation defining the gammas via the set
of concurrencies that are given (these concurrencies do specify the character of the entangled
graph). Not for every possible choice of concurrencies there exist parameters ;; satisfying the
normalization condition X ; |vi;/* < 1 and (3.8), as concurrencies have to fulfil the CKW in-
equalities and one also knows, that this condition is not sufficient. Hence, it is also an interesting
question, for which set of concurrencies one can find solutions of the reversed equations (3.7).

We have found the solution for the parameters «;; as functions of the concurrencies Cj;
(weights on the edges of the entangled graph) that specify the state (3.3), providing all concur-

rencies are smaller than a certain maximal value
Cij < CmaXa (39)
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3.1 Sharing of entanglement in entangled graphs

where Chax is a given constant. The upper bound for Cp,ax is obtained from conditions for the
iteration procedure as defined in section 3.1.3. There is also a precise formula for Cpax (3.20),

for which Cpax > 0.45N 1 holds.

Now we can formulate a theorem dealing with entangled graphs with weighted edges:

Theorem 3.1.1 FEvery entangled graph with weighted edges specified by the set of concurrencies
{Ci;}, that fulfil the condition (3.9), can be represented by a pure state given by equation (3.3).

The complete proof of this Theorem is given in section [3.1.3. Here we just sketch how the
relevant parameters ;; can be obtained via an iteration algorithm, where one starts from a

specific state (3.3) corresponding to the situation when
Cij = Chax

for all 4,7 and then adjusts iteratively the parameters 7;; to fit the concurrencies. We can

summarize the iteration process in the followings main points:

e After each step, all the concurrencies that are evaluated for the state (3.3) are greater

than or equal to the desired set of concurrencies Cj;.

e After each step, all gammas are smaller than or equal to their values at the previous step;

they do not change only if (for a specific i, j the relevant concurrence is reached.

e The iteration limit, when all gammas are zero, leads to zero concurrencies, too. Therefore,
one has to cross the searched state during the iteration procedure (for a finite precision

this stage can be achieved after a finite number of iteration steps)

The existence of the state itself is proved by showing, that the iteration process has a proper
limit. Also, to ensure the validity of the proposed process, we made numerical tests, with varying
number of qubits and the strength of entanglement. In all tested examples that satisfied the
condition (3.9), a fast convergence was observed. A precision of about 107% of the maximal

permitted concurrence was achieved after nine to twelve steps (changing all gammas at once).

3.1.3 Proofs of theorems
First of all we prove the validity of the formula for the concurrence (3.7).
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Chapter 3: Sharing of bipartite entanglement in multi-qubit systems

Formula for concurrence

In what follows we will evaluate the concurrence for an arbitrary pair of qubits given by the
state (3.3), i.e.

|¥) = «(|00...00) + |11...11)) + Z Yij (|11>Z‘j|00...00>ﬁ+ |00)¢j|11...11>ﬁ> , (3.10)
{ig}
where the real positive amplitudes o and ~;; satisfy the normalization condition
207 +2) =1 (3.11)
{i.g}

The sums in equations (3.10) and (3.11) go through all pairs i # j, 4,5 € N, so {i,5} = {j,i}
and thus 7;; = 0 for 4 < j. The special form of the state (3.10) leads to a rather compact form
of the density matrix for an arbitrary two-qubit operator that is obtained by tracing over the

rest of the graph qubits:

A 0 0 F

0 B E 0
pij = : (3.12)

0O F B 0

F 0 0 A

where we have used the notation

A = vizj+oz2+ Z'y,fl, (3.13)

{k,1}

k
E = 2> Wik,
k
F = 20[’)/1']' .
All sums in equations (3.13) are running through free parameters k and [, whereas i and j do
denote a specific pair of qubits in the graph. In addition, the condition 7 # k # [ # j has to be
fulfilled.

The convenient form of the matrix (3.12)) allows us to calculate square roots of the eigenvalues

of the matrix R given by equation (2.36):

N = A+F, (3.14)
No = A-F,
X3 = B+E,
M = B-E.

46



3.1 Sharing of entanglement in entangled graphs

Because the coefficients A, B, F, F' are positive, the only candidates for the largest eigenvalue

are A1 and A3. Let us further define
Ymax = H}EJ@X(%‘]‘) : (3.15)

Using the condition
a > 29maxVIN — 2 (3.16)

we find Ay > A3 and the general expression for the concurrence associated with edges of the

entangled graph prepared in the state (3.10) reads

Cij = max { 2| 200y, — Z N2 — Z 7]%;‘ ,0 0. (3.17)
{ki} {k.j}

In the next part we give the proof of the theorem (3.1.1).

Proof of theorem

Let us first label the set of concurrencies that determine a given entangled graph by C;;. We will
use a bold C in order to distinguish these concurrencies from any intermediate concurrencies,
obtained by the iteration process.

We will start the iteration procedure which allows us to find a pure state that corresponds
to a given entangled graph with weighted edges that is specified by a set of concurrencies {Cj;}
with an initial state of the entangled graph given by equation (3.3). The amplitudes v;; are

specified by the relation
4O A
Y24 N(N —1)A2

that is, the initial state is completely permutation symmetric. The parameter A is defined as

(3.18)

\ VA(N —2)2 +2N(N — 1) — 2(N —2))

1
NN —1) (3.19)
The corresponding bi-partite concurrencies can be evaluated straightforwardly
0 0 0
CY = Crax =2l = 2(N = 2)(5(")?)
6N2 — 18N + 16 — 2N + 4
= v il i . (3.20)

N(N —1)

The parameters o9 and 'y-((-)) are mutually connected via the normalization condition (3.6).

ij
Therefore a is always implicitly defined by ~;;. It is also clear that for the state under consid-

eration the condition (3.8) is fulfilled as well.
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Chapter 3: Sharing of bipartite entanglement in multi-qubit systems

Before we describe the iteration procedure itself we introduce the following notation: we
enumerate all pairs of qubits in the entangled graph. All pairs of qubits (i.e. the edges of the
graph) are listed in the set of pairs just once. At each iteration step one parameter vy for a
selected pair of indices {k,1} is changed, whereas all others gammas will stay unchanged. Let
us now suppose, that the n-th step of the iteration is done and both conditions (3.8) and (3.9)

are still fulfilled. Moreover a("),*y(m

i are positive. Hence we find

o >y, (3.21)
o > 20N 21, (3.22)
0<a<1  0<A™ <1, (3.23)

(n)

for all pairs of indices 7,j. The parameter ymax is defined in the same way as in equation (3.15),
ie.

(n) — max('y(r-l)). (3.24)

Ymax — M 7]
Z7J

In the following iteration step we take a next pair of qubits (the edge) in the list. Let us
denote this pair with indices {7, j}. Then, in the (n + 1) — st iteration step, we will change the

parameters of the state in the following way:

(n41) ) _y(n)

g = (3.25)

(n) (n)
ntl) _ w) (3.26)

(
@ 2

where

(n) ) L (M2, L NS
Un:[(an+7ij)+2(cij_0ij )} ;

n n n 1 . 1/2
Vi = (@ <52 - (e -]

i 7,

All other gammas remain unchanged at this step. The conditions (3.21) and (3.22) guarantee
that this iteration step is well defined. Now we will discuss several important properties of the

iteration process:

(1) a™t) and ’yi(;-lﬂ) are solutions of the equation

ij ij ij

n n 1 n
a0 (D) () () ; (Cu _ >) (3.27)
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3.1 Sharing of entanglement in entangled graphs

and thus according to equation (3.7)

Ci(;H_l) — max {2 (2a(n+1)7§;+1) _ Z(%(C?H))z . Z (%(;H))g) ,O}
{ki} {k.g}
= mnax {Cij, 0} = C” (3.28)

(2) a1 and le) fulfil the normalization condition (3.6).

ij

(3) ’yl-(;lﬂ) and o1 are positive and satisfy the relations

0 < 7£;+1)<7§7‘) (3.29)
o™ < o) <, (3.30)

(4) From equations (3.29) and (3.30) it follows that
ot > o) > 2 /N =240 > 9\/N =241 (3.31)
Therefore the condition (3.22) is valid also for the (n + 1) — st iteration step.
(5) Let us now show, how concurrencies change in the iteration step. For k,[ # i,j we find

ALY PROSNCEDIE S (%ﬁﬁ# ”)2_ 3 <7§Z+1))2) (3.32)

{k,m} {l,m}

2 - £ () £ ()

{k,m} {l,m}

> 222y - 3 (7,&’2)2— > (%(Z))Z>

{k,m} {l,m}
- of
and for k =1

AR ] P AR SR C ) NS <7l(:1+1)>2> (3.33)
{i,m} {l,;m}

{i,m} {l,m}

— 9 QQ(nH)’Yi(ln) _ Z (71(;11+1))2 B Z (fyl(;;)y)

> 2 2a(")7,(€7) — Z (71-(:1))2 - Z (7;2)2)

{i,m} {l,m}
~ o
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Chapter 3: Sharing of bipartite entanglement in multi-qubit systems

The same is valid also for k = j.

We have shown, that after this iteration step the concurrence for fixed i, j (i.e. for the given
edge) will be C’Z(jn ) = C;; and all other concurrencies of the entangled graph will become larger.

Thus, the condition for all 4, j o+ > C;; will be fulfilled. Therefore, the state defined by

ij
equation (3.3) with the parameters ’yi(nﬂ) can be used for the next (n + 2)-nd iteration step.

Hence, the whole iteration is well defined and we obtain an infinite sequence of parameters
e}

{a(”) }20:0 and {’yl(]n)} . for each pair of indices 4,5 (i.e. for each edge of the entangled graph).
n=

All sequences are monotonous and bounded, and therefore they have proper limits. Let us

denote these limits as a and ;;

a = lim o™ =  ac(0,1) (3.34)
v = lim A = e (00). (3.35)

Now we choose and fix one pair of indices 7,5 and we show, that
Tim_ o = cy. (3.36)

0o
n=0

{i,7} in the order of pairs of indices, and k(n) = p + w Then

First we define a sequence {k(n)} _, in the following way: k(1) = p, where p is the rank of

cm) = g, (3.37)
The equation (3.36)) is equivalent to the definition
(Ve € Ry,e > 0)(3ng € N) (Yn € N,n > ng) (ycf? —Cyl < s) . (3.38)

Let us choose and fix the small parameter €. Our task is to find ng, that satisfies the property
o0

(3.38)). Because all sequences {a(”)}zo:o and {'71?;)} o have a proper limit, they are Cauchy
n=

sequences and therefore

la™ —am)| < 7
(Vr eRy,7>0)(3mg € N) (Vn,m € N,n,m > my) (V{k,1}) (n) (m) , (3.39)
Ve = I <7

where
€

TAN(N—1)°
For this 7 there exists such my, that the property (3.39) is fulfilled and we can define ng as

T (3.40)

no = k(mog) > mo (3.41)
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3.1 Sharing of entanglement in entangled graphs

Further we will calculate the difference \Ci(;-lﬂ) ] for n+1 > ngand n+1 ¢ {k(n)}, 2.

The last condition means, that the (n + 1) — st 1terat10n step did not change ’yi(j).

equations (3.89) and (3.92)) we obtain two options for the difference under consideration, either

From

5D — | = afatmth) — a®| |y < 4r < 57, (3.42)
or
CF =) = |4 — aly () — 23D 4 242
< 4‘a(n+1) a™ ’YU ‘+2 A (n+1) 7Z(ln) 7£7+1)+7§f)‘

8T,

where ’yl(ln ) is the parameter, which was changed in the (n + 1) — st iteration step.

)

Finally, we can say for n > ng, if n € {k(n)},~, then |C;.” — C;;| = 0. In the opposite case

there exists such u € Ny, that

n € (k(mo + u), k(mo +u+ 1)). (3.43)
Thus
n n n— n—1 n—2 k(mo+u
‘Ci(j) Cij| = (Ci(j) - Ci(j 1)) + (Ci(j ) Cz'(j )) +ooet (Ci(j( o)) _ Cij)
-0
8N(N —1)r
< =€
2
But then it must hold
Ciy = lim OV = lim 2{ 22055 = 3™ ()2 = 3 (1)’
{k,i} {k,5}
= 2| 2av; — Z Vii — Z 71%]'
{k,i} {k.j}

All other conditions remain fulfilled in the limit form as well. Because this is valid for all pairs
of indices, we have found the parameters +;;, that define the state (3.3) which corresponds to a

given entangled graph.
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3.1.4 Conclusion

We have introduced a concept of entangled graphs with weighted edges. We have proved, that
a whole class of entangled graphs with the concurrence between an arbitrary pair of qubits
(vertexes) weaker than a certain value does exist in a sense that corresponding pure states of NV

qubits can be found that satisfy the constraints imposed by weights on the edges of the graph.

Here we would like to recall that the proof of theorem (3.1.1)) involves an iteration procedure
and is in a certain sense constructive. Based on this iteration procedure included in the proof,
in the paper [84] a quantum network for preparation of states of entangled graphs was proposed.
This network is composed of a number of elementary quantum gates that is quadratic in the
number of vertexes (qubits) in the graph. Here we do not go into details as the network

construction was not the primarily task of the author.

3.2 Sharing of entanglement in linear passive networks with one

and two excitations

The previous section dealt with the general problem of sharing bipartite entanglement in qubit
systems. In this part we focus on the study of quantum interference effects in passive optical
networks for single and two photon inputs. We focus primarily on the analysis of the behavior
of entanglement between the output modes of the network. We also study the inverse problem,
i. e. to determine what type of bipartite entanglement structure (entangled graphs) can be
prepared by a passive network. We specify the general results for the particular case of Ising-

type networks with balanced beam-splitters.

3.2.1 Single photon entanglement distribution in linear passive networks

The propagation of the probability distribution of a single-particle state (probability that we
find the state in a given mode) in linear passive networks (including as a special case Ising-
type networks) is closely linked to the distribution of entanglement in these networks [85, [86].
Entanglement refers to the quantum correlations between the particular output modes. We
demonstrate this fact for a general one particle state and a general passive network. We consider

a general linear passive network characterized by the unitary transformation matrix U between
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the input and the output modes creation operators

bl al Un Ui ... Uw

bl ab Uy Uy ... U

Plev| Py ou=| TR T (3.44)
bl al Uvi U U

N N N1 N2 .- NN

Let us choose an arbitrary one-particle input state

N N N
(i) = Y aills) =D aiall0), Y Jail* =1, (3.45)
=1 =1 =1

where the state |1;) denotes the state with zeros in all modes, except the i-th mode with a single

photon (excitation). Then the output state has the form
[Yout) = Ulin) = Z aillal|0) = Z aiUalt/U)0) = Z (Z Uklaz> I1k), (3.46)
i=1 k=1

where U denotes the propagator of the network. The probability to find a photon in the n-th

output mode is

P(n) = [(Ln|thour)|* = (3.47)

niQYj

In the following we will investigate the evolution of bipartite quantum correlations (entanglement
between two modes) using the concurrence (2.37) as the entanglement measure.
To proceed we need to calculate the entanglement between two chosen arbitrary modes i, j of

the output state |1)yy:). At first we have to determine the density operator of the two particular

modes
pij = Trrestzij(|Yout) (Yout|) =
0 0 0 0
_ |0 |32k U] Xk Uineok) (3og, Ujaur)® 0 d48)
0 () Uimaw)™ (3k Ujkow) 325 Uk 0
0 0 0 S iig | Ukl

The simple form of the matrix (3.48) gives us the possibility to express the eigenvalues of the

53



Chapter 3: Sharing of bipartite entanglement in multi-qubit systems

matrix R(p;;) analytically (see (2.36))). We obtain the following expressions for the eigenvalues

2 2
Moo= 4D Upar| D Uiko]
k k
AQ = 0)
A3 = 0,
Moo= 0. (3.49)

From (2.37) follows that the concurrence reads

> Uinow| Y Ujpag
k k
Due to the equation for the photon number distribution (3.47) we get

Clpij) = 2/ P(i)P(5). (3.51)

Let us emphasize that the obtained result is completely independent on the chosen type of

Clpyj) =2 . (3.50)

the passive network and is valid for all one-particle input states. The structure of bipartite
entanglement of the output state has taken a simple form., i.e. it is completely determined
by the mode population probabilities. All modes with non-zero probability P(n) are mutually
entangled. The remaining unpopulated modes stay unentangled. The degree of entanglement

is independent of the relative phases between the populated modes.

3.2.2 Controlling entanglement in passive networks with one excitation

In the previous section we have settled the question how entanglement depends on the prescribed
form of the passive network. Next we will reverse the task. We will determine what type of
bipartite entanglement structure can be prepared by passive network and how to obtain the
prescribed entanglement structure. We formulate this problem in terms of concurrence.

From the previous section we know that only such entanglement structures can be realized
in which populated modes are entangled with each other. Without loss of generality, suppose
we have the first n (where n < N) modes populated with a prescribed set of concurrences Cj;
(Cyj # 0) for each pair of modes ¢ and j. Using C;; we will always assume that i # j (note that
C;j = Cj;). Generally, all states with one excitation generated by a passive network have the

form
n

Wy => " AlL), Y INP=1 (3.52)
=1

=1
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In the same way as in the previous section we obtain the relation for concurrence between modes
1 and j
Cij = 2| Al Al (3.53)

From the set of equations (3.53) we can express the probabilities

C’ijij

AP =

ik 7. (3.54)
Therefore the concurrencies Cj; have to fulfill the equation

Gl = TE (3.55)

which has to be valid for all ¢, j, k, a,b € n. Now we fix three indices (modes) i, j and k (naturally
i # j # k). Therefore all the concurrencies Cy, (where a,b # i) can be expressed as a function

of concurrencies Cj, and the concurrence Cjy,

CiaCip
Cop = —22Cp, 3.56
"7 CyCy " (3.56)
and for b = j we have
s = Cig S (3.57)
aj — zaCj . .

Moreover, the coefficients \; defined by (3.54) have to fulfill the normalization condition (3.52).

If we use the set of equations (3.54) the normalization condition takes the form

. CijCik CijCjk " Ciacja
2 = Cr T Cn T > o (3.58)

a=1l,a#i,j

which, with the help of equation (3.57), results in

_ GiCir G -

2
Cj CiiCik

Cc2. (3.59)

a=1,a#1
Now, it is useful to rewrite the equation (3.59) in the form
K C..C. n
2=+ —, where z=—2"% and K= Z C2. (3.60)
x Ci .
a=1,a#i
The direct consequence of the equation (3.60) is the inequality
n
0<K= ) C,<1 (3.61)
a=1,a#1
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with two possible solutions of x

z=1+VI-K. (3.62)

The two possible solutions of Cj;, follow from the equations (3.62) and (3.60)
C::Cp

Cjp = —2=——= 3.63

K14 VI-K (3.63)

or

CiiCik
1-V1I-K
Both solutions are physical because they fulfill the condition 0 < Cj;, < 1. With the help of
(3.63)) (resp. (3.64)) the equation (3.56) reads

Cjr = (3.64)

Ciaci
Co = TTviT (3.65)
(resp. Coap CiaCit ). (3.66)

1-V1-K
and a,b # i. Finally we can express the absolute values of the coefficients \; in terms of
concurrencies Cj,. From equations (3.54), (3.57) and (3.63) (resp. (3.64)) we get
Cc%
NP —— for j #1i;
Al 21+ v1_K) j#

1
N2 = S+ V1-K). (3.67)
Let us now summarize the obtained results into the following theorem.

Theorem 3.2.1 Ewvery bipartite entanglement structure {Cjy;}, where Ci; # 0 for all pair of
indices (1,7), can be represented by a pure state (3.52) if and only if for an arbitrary chosen and
fized index (mode) i the condition (3.61) is fulfilled and for all indices a and b (where a,b # i) the
condition (3.65) (resp. (5.66)) is fulfilled. If both conditions are fulfilled we can represent this
C?,
bipartite entanglement structure by a pure state (3.52), where |\j|*> = 2(1+7\/ZL7K)’ for all j #i
c2 .
and | N> = 3(1+ V1= K), (resp. |\j|? = 2(1_7\/{_7@, for all j #i and |\|? = 3(1 — V1 —K)
).

Let us point out two important features. First, it is clear that this bipartite entanglement
structure is generated by the set of concurrencies {Cj;} between the one chosen mode ¢ and
the rest of the populated modes. Second, these concurrencies must be chosen in accordance
with the restriction rule (3.61). But these restrictions are actually the well known conjectured

generalized CKW inequalities (see section 2.2.4).
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It should be emphasized that the form of the entangled state is not unique due to the
fact that only the absolute values of the expansion coefficients A; are determined. Also the
optical network generating such a state is not unique. For example, if we want to construct
a network which generates the desired state when we send a single photon into one particular
mode, then we have defined just one row of the transfer matrix of the optical network, while
the others remain unspecified. The only additional restriction we impose on the form of the
transfer matrix is that it should form a unitary matrix. This freedom of choice of the rest of
the transfer matrix can be used to simplify the construction (using additional constrains) of the
optical network with beam-splitters and phase-shifters using for instance the Zeilinger method
[87].

3.2.3 Optimization of entanglement distribution in passive networks with

one excitation

In the following we will denote C;; = C(p;j) for i # j and C; = 0. For the purpose of

optimization we define a function of the total value of the bipartite entanglement for a system

Z 2, (3.68)

where we sum over all pairs of indices. In the followmg we will understand under the problem

described by its density matrix p

of optimizing the entanglement distribution the maximization of the function (3.68).
From (3.51)) follows, after the summation over the index j, the relation (using the normal-

ization condition)

Z )1 — P(i)]. (3.69)
After the second summation over the index ¢ we get

Z Cl=4(1— ZP(@')Q), (3.70)

and all pairs of indices (i,7) appeared in the sum twice. Therefore we take only one half to

§ Ch=2(1- § P(i)%). (3.71)
o :
1,7 7

We have to maximize (3.71) with the additional condition ), P(i) = 1. It is not difficult to
show that

arrive finally at

0<ZCQ<21—]1[)—N(]\;_1)<]2V)2. (3.72)
(4.5)
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Thus the maximum attainable value of 7(p) is
1
Tmaz(N) = 2 <1 - N) , (3.73)

and is achieved for P(i) = % In this case all pairs of qubits are entangled alike and the single

pair entanglement has the value

Cij = % (3.74)

Hence the optimization of the function 7 (3.68) for one-photon states leads us to the same value
achieved by Koashi et al. [81] (see section [3.1).

It is important to realize that the identification of an optimal network is closely related to
the given input state. For example, we wish to construct a network which distributes in the
optimal way entanglement for the case, when we send a single excitation into one mode (no
superposition between the input modes). In this case the condition P(i) = 4 for all i € N is
equivalent to the condition |Up,,|* = 3 for all m,n € N. This condition fulfils for example the

discrete Fourier transform in all its possible forms [88 89].

3.2.4 Entanglement distribution in passive networks with two photon input

The quantification of entanglement in the case of two excitations in the network is a bit more
involved than in the case of a single excitation. A closed expression for the concurrence quantify-
ing the amount of entanglement can be derived for the particular case when the total probability
of detecting two photons at any of the outputs goes to zero for large network (large number of
output parts). In this case we can limit ourselves to the description of quantum state propaga-
tion for states having the form [0;)|1;)...|1%)...|0;), (j # k), i.e. in each of the modes at most
one excitation is present. In this case the application of the concurrence concept is completely
legitime and reflects properly the entanglement distribution within the network.

The requirement on the extinction of the two photon probabilities is for instance satisfied
for the nearest neighbour Ising model (or the Fourier transform acting on all the inputs) for
two photon inputs via one input mode. When all the single photon output probabilities scale
typically as 1/N the individual two photon probabilities at one output will scale as 1/N2. From
this follows that the total probability that two photons emerge from the network via any of the
outputs scales as 1/N and hence tends to zero for large enough networks. In the following, we

will neglect the probability of the double excitations in one mode.
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Let us choose an arbitrary two-particle input state
) N
|thin) = az alal|o) + ozl al 10y = 3 ay]1515) o] 2), (3.75)
I g J
(i5) i=1

where in the first term the summation is done over all (3) pairs of different indexes 7, 7. Then

the output state has the form

N
Wout) = > 8 > Unilljjai; +Z fU,ﬂU,ZaZ bl b |0). (3.76)
kJl=1 \ (ij)

To simplify the lengthy notation we denote

B = ZQUszl]azj+ZkazUlzaz
(i7)

Br = Z\kazngOém +ZUlmUkzau (3.77)
(i7)

using these coeflicients we can rewrite the output state in the form
N
Yout) = Z BralLilr) + Zﬂk’2k>- (3.78)
k=1

To fulfill the condition that the two-photon excitations must vanish we have to put G, = 0 for

all modes k. The renormalized output state then has the form

[tout) = Z Bral1k11), (3.79)

(kl

where K is determined by

= 1Bul* (3.80)

(kL)
The reduced density operator of two fixed modes a and b is easily evaluated, the result is given
by

‘ﬁabP 0 0 0
0 a /Bak 2 ﬁakﬂ* 0
Pab = 2k ’b|* " 2kan o . (3.81)
0 D kzap BBk Dkrzap | Bokl 0
0 0 0 > (k) (a) 1Bt

and the normalization constant was absorbed into the definition of Jj;.
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To evaluate the degree of entanglement between two chosen modes we have to determine
the eigenvalues of the matrix (2.36) associated with the reduced density matrix (3.81). For the

eigenvalues we obtain the following expressions

2
A2 = (\/Z Barl® > 1Buw2 £ > 5ak5§k|> (3.82)

k#a,b k#a,b k#mm

2
A3,4=<\5ab 3 wmz) (3.83)

(k,l)#a,b
A necessary condition for the existence of entanglement between the modes a,b is that the
eigenvalue A1 is larger than the eigenvalues A3 4. Using these eigenvalues and the expression for

the concurrence (2.37) we obtain

Cap = 2maz(] Y BarBil — 18l | Y 18ul?0). (3.84)
k+#a,b (k,))#a,b

Let us emphasize that the obtained result holds generally for any two particle state superposi-
tions of the form (4.20). The expressions for the concurrence differs in their characters from the
simpler type valid for single photon concurrence. First of all the concurrence depends not only
on the absolute value of the expansion coefficients but also on their relative phases. The single
photon concurrence was dependent only on the absolute value of the amplitudes.

The expression for the concurrence can be written for the special type of state with two
photons in the same input mode

Yin) = 12&}2|0> (3.85)

in a simplified way. With the help of the definition (3.77) and the fact that 3; = 0 for all modes

i we obtain the following form of the eigenvalues

M= 2\/@ 1Bat2)( 3 1ul?),

k#a,b l#a,b
Nog = 1Bwl | D 1Bul?
(kl)#(ab)
Moo= 0. (3.86)

We now define the following probabilities of detecting the photons:
° P(ij ) - the probability of detecting a photon in each of the modes i and j,
. P(ij) - the probability that no photons will be detected in modes ¢ and 7,
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° P(;) - the probability of detecting one photon in mode ¢ and no photon in mode 7,

P<ij> = [{LiLj[tpour) |* = (11]py5[11) = |83
P(,) = X M0l = 0lplo0) = 3 ol

(kD)#(i5) (kD#(15)
)
P() = 3 Iitalvon) = 0lp10) = 3 16l (3.87)
J ki ki
,J ,J

With the help of these probabilities we can rewrite the eigenvalues (3.86) and express the

concurrence of modes a and b in a simple form

() () -yl ()]

3.2.5 Balanced Ising-type network

Caop =2

In the previous sections we have derived results on entanglement which are valid for all passive
networks. In the following we use these results to describe the spreading of entanglement in
the balanced Ising network with one photon. Let us first of all give a small introduction to

Ising-type networks.

Ising-type networks

One of the advantages of optical networks is the simplicity of its mathematical description. The
basic element of the whole network is the beam splitter [90] described by the transfer matrix A

having the form (we do not consider the most general form)

Ao ( C(.)Sﬁ sin 6 > ‘ (3.89)

—sinf cosf

The angle 6 determines the transmittivity and reflectivity of the beam splitter. The network
with nearest neighbour coupling is now formed by repeating a sequence of beam splitters with

two different transmittivities specified by angles 6, ¢ as illustrated in Fig. [3.1. The transfer
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matrix U is determined as a product of two block diagonal matrices

[ By 00 --- By 11 00 |
A
0 0 0
0 b 0 0
U=| A : (3.90)
: B 0 0
| B2 Bu | | A |

The matrix B is defined as

B ( cos¢ sing > . (3.91)

—sin¢g cos¢
Defining the network transform we used periodic boundary condition (elements Bja, Bo;). This

fact will not play any role in the following considerations. The action of the whole network on

the input creation operators is defined by the application of the product of the two matrices
wW(M)=UM (3.92)

The matrix U will be called the motif (see Figl3.1)), the application of one of the block diagonal
matrices will represent one layer. The properties of the network are determined by the eigen-
values of the matrix U. It was shown [91], 2] that the eigenvalues exp(+i\,) of the matrix U

can be determined from the equation
2tn\ | .
cos A, = cos # cos ¢ + cos <N> sin 0 sin @, (3.93)

where N is the number of beam splitters in one layer. For balanced beam splitters ¢ = 6§ = /4,

we will consider in the following, the equation (3.93) reduces to

1 2
cos Ay, = 5 [1 + cos (;{n)] . (3.94)

Using these eigenvalues many of the simpler properties of finite networks (finite system
of beam splitters with periodic boundary conditions) like recurrences in the mode population
for a single photon input can be understood. The propagation of the photon number density
was studied in great detail and became known as the quantum random walk [93]. The basic
difference in this respect is that the actual single photon distribution across the output modes
differs significantly from the classical random walk analogue. The maximum of the probability

is not centered close to the input channel but is located at the outer wings of the distribution.
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> > [>
=] [o] [=]

U motif

Figure 3.1: Ising-type network with two types of transformations repeated successively. The

two layers of beam-splitters of type A and B form the motif U.

The width of the distribution in the quantum case is much larger than in the classical case. The
variance of the probability distribution grows quadratically with time (i.e. motifs passed), in

contrast with the linear dependence for the classical random walk.

One photon in the balanced network

Let us study the case, when we are sending one excitation into one of the modes (no superposition
between the modes at the input) to the infinite network. Because the network is infinite and
translation invariant with respect to the inputs it does not matter through which of the inputs
the excitation is entering the network.

The propagation of the probability distribution of a single excitation in the network in
dependence on the traversed motifs is shown in Fig/3.2. The plot clearly illustrates the well-
known unusual behavior, when one of the direction of spreading is preferred. In the next graph
Fig.3.3l the propagation of bipartite entanglement along particular motifs is shown.

In agreement with (3.51) we observe that also the propagation of bipartite entanglement
prefers the same direction, the concurrence exhibits similar oscillatory behavior like the photon

number distribution.

Two photon in the balanced network

Consider two photons entering into the balanced Ising-type network. The way how the entan-
glement evolves in the Ising-type network is shown in Figl3.4. The plot starts after the photons

have passed through 30 motifs and shows the evolution up to 100 motifs. This is due to the fact
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Probability

100

40

Mode

Motives

Figure 3.2: The probability of finding the excitation in an arbitrary mode and motif. The
excitation starts its propagation in the input state |1999) and is numerically evaluated for 100

motifs.

that for small number of motifs passed we cannot omit the two-photon excitations. After the
photons pass through 30 motifs the total probability of detecting two excitations in one mode
is smaller than 5 % so we can neglect the two-photon contributions.

Let us analyze the total amount of entanglement in the network, which we measure by the
function (3.68). In contrast to the single photon case we cannot give a simple formula for this
function due to the complicated form of the bipartite concurrence (3.84). Thus the maximization
of the overall entanglement in the two photon case is much more difficult compared to the single
photon case. We evaluated numerically the function 7(V) for the case of balanced Ising network
with two photons entering in the state (3.85). We compare this value with the value for the
even distribution (note that we have 4N modes populated after N motifs applied), for which

we obtain

(4N —2 — /(2N — 1)(4N - 3))
N(4N —1)

i. e. all populated modes are equally entangled. The overall entanglement has the value

) - - 2
Tl(N):2(4N 2 N\/(Eiifv_ 11))(4N ) (3.96)
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0.8

Concurrence

400

100

40

Mode 0 o

Motives

Figure 3.3: Graph of the concurrence between mode 200 and the others in dependence on the
number of motifs traversed. The excitation starts its propagation in the input state |1209) and

is numerically simulated up to 100 motifs.

The limit value of this function is

lim 71(N) =12 — 8v/2 ~ 0.686, (3.97)
N——+o0

thus we can see that the overall entanglement in the network with two excitations is reduced
dramatically compared to the network with single excitation, where the limit value was 2.
Figure [3.5 illustrates how the total concurrences evolve with the number of motifs passed N.
The numerical simulations suggest that they converge, similar to the case of the single photon
initial state.

For the case of the single photon input the uniform distribution was the optimal one con-
cerning the overall entanglement. To show that this is no more valid for the case of two photons,

we consider the following factorized two photon state of the form
2N—1

1 X 1
) = oI ; 12:) ® Wor ; [12i41)- (3.98)

In this case the two photons are completely independent, one is uniformly distributed over odd

modes and the second one over even modes. The bipartite entanglement structure has the
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Motifs Modes

Figure 3.4: Graph of the concurrence between mode 200 and the others in dependence on the
number of motifs traversed. The two excitations start the propagation in the input state |2200)

and are numerically simulated up to 100 motifs.

following form

Coi2j41 = Cj412; = 0, i1=1,...N, 5=0,..., N — 1,

Coin; = Coyi12j41 = i # 7, (3.99)

1
N b
i. e. only odd or even modes are equally entangled together, odd modes stay unentangled with

the even modes and vice versa. Thus the sum of squared concurrences can be decomposed into

the sum over odd and even pairs of indexes and equals to

1
m(N) = Zc(zab) =4 <1 - 2N> ) (3.100)
kl

which reaches asymptotically the value 4. Compared to this value the value for the uniformly
distributed states (3.96) is very moderate.

The very moderate amount of entanglement for the even distributed state is a price that has
to be paid to the additional high symmetry of the bipartite entanglement between the modes.
For the uniformly distributed state with the distribution (3.96) all the bipartite concurrences
are the same. When we relax this condition states can be found for which the total amount of

entanglement will increase.
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0.68

— even distribution

Sum of sguares of concurencies

0.65 V i * balanced Ising network

Motifs

Figure 3.5: Graph of sum of squared concurrencies in dependence on the number of motifs
traversed. The two excitations start the propagation in the input state |2999) and are numerically

simulated up to 100 motifs.

3.2.6 Conclusion

We studied the evolution of single and two photon states in passive optical network, in par-
ticular in passive networks realizing nearest neighbour interaction (Ising model). We derived
closed form expression for the degree of entanglement for general passive networks, found the
general structure of bipartite entanglement and proved what the maximum entanglement for
single photon input is. In addition, we have shown that for special initial states the maximum
attainable entanglement can be almost reached with the Ising-type passive network. For two
photon inputs we derived closed form expressions for bipartite entanglement for a broad class of
states (realized for instance by the Ising-type networks). We have shown that the total amount
of entanglement reached in Ising-type networks is rather moderate compared to the maximum

obtainable value for special (exhibiting a certain symmetry) two photon states.
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Chapter 4
Entanglement in quantum processing

In chapter [1l we have shown that two important quantum information processes: quantum
copying and quantum complementing (NOT operation) of an arbitrary unknown state, cannot
be done perfectly. These observations have stimulated fresh interest in studying both processes.
This chapter deals with results which we have obtained while studying the role of entanglement
in quantum processing. The chapter is divided into two main parts. The first part is devoted to
cloning of pure two-qubit states with a given degree entanglement. In the second part we study
how quantum entanglement influences our ability to perform the quantum NOT operation on
pure two-qubit entangled states.

In both cases the system of our interest are two qubits. Our motivation for restricting our
investigation to two-qubit input states is threefold. Firstly, qubit states still play a dominant
role in the area of quantum information processing. Secondly, it is expected that in this simplest
case the intricate relations between entanglement and fundamental limits imposed on quantum
copying processes by the fundamental laws of quantum theory are exposed in a particularly
transparent way. Thirdly, we can treat the problem analytically. In order to put the problem
into perspective let us consider two distinguishable spin-1/2 particles (qubits). Their associated
four dimensional Hilbert space ¢ can be decomposed into classes of pure two-qubit states Q,

with the same degree of entanglement. These classes are represented by the sets

Q={(Tret)(anel1)+8 el )|t esue)}. (4.1)

Thereby the parameter o (0 < o < 1) with 8 = v/1 — a2 characterizes the degree of entangle-
ment of the pure states in a given class €, and the kets | T) and | |) constitute an orthonormal

basis of the two-dimensional single-qubit Hilbert spaces of each of the qubits. Relation (4.1)
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takes into account that local unitary operations of the form U; ® Us are the most general trans-
formations which leave the degree of entanglement of a bipartite quantum state invariant. Our
further investigation is based on the fact that each set of entangled states {2, is invariant under
the unitary group SU(2) ® SU(2). It allows us to use the covariant approach for studying of
optimal quantum maps proposed in section [1.8.

Due to the symmetry relation 2o = Q q—;z we can restrict our further considerations
to the parameter range 0 < a < 1/ /2. Note that in the special case @ = 0 the two-qubit
state is separable whereas in the opposite extreme case o« = 1/ V2 it is maximally entangled.

Furthermore, it should be noted that each class 2, contains an orthonormal basis of 7.

4.1 Optimal copying of entangled two-qubit states

Because, as a matter of principle, it is impossible to design a perfect cloning machine we are
looking for the best possible approximates. The best possible approximates are called optimal
copying machines or optimal copying processes. The definition of the needed process involves
several ingredients. It should reflect certain symmetries. The formulation of the problem involves
and its output depends on the quantification criteria we impose on the output. The imposed
criteria induce an optimization procedure on the output states. In principle, the optimization
procedure depends on many factors, like e.g. set of cloned states, asymmetric versus symmetric
copying machines (cloner), the chosen figure of merit. The result of the optimization with
respect to these factors could be generally different.

Most of previous work [31} 132, 33, 134, 35] focused on so called universal cloning machine
(UCM), when the set of the states to be cloned is the whole Hilbert space. One of the simplest
problems of UCM, the so called m-to-n cloner (a machine producing n imperfect copies from
m identical input quantum systems in a pure state) was completely settled. It was found that
the result does not depend on which figure of merit we choose. It was shown that the ideal
processes are the same whether we try to optimize the quality of a single copy or the quality of
the whole (m-copy) output state with respect to the idealized (m-copy) output state.

First investigations addressing the problem of copying entanglement have been performed
recently [39]. In this latter work it was demonstrated that entanglement cannot be copied
perfectly. Thus, if one can find a quantum operation which perfectly duplicates entanglement,
it necessarily does not preserve separability. Furthermore, for the special case of maximally
entangled two-qubit states first copying processes were constructed which maximize the fidelity

of each two-qubit copy separately.
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In this part we address the general problem of copying pure two-qubit states of an arbitrar-
ily given degree of entanglement in an optimal way. Thus, we are interested in constructing
quantum processes T, which copy an arbitrary pure two-qubit state, say qubit one and two in

the state [¢)) € Qq, in an optimal way, i.e.

To : po = pin @ Pref — Pout (4'2)

with p;, = [¥) (1| denoting the density operator of the input state. The resulting four-qubit
output state is denoted by pyu¢. The appropriately chosen two-qubit quantum state p,.; char-
acterizes the state of the copying device and we denote these qubits as qubit three and four.
According to the fundamental laws of quantum theory the quantum map T, has to be a linear

and completely positive.

4.1.1 Figures of merit

To be able to decide which process is better we have to use a figure function. We define two

measures, quantitative expressions, of how the real output is close to the ideal one. Both

definitions arise from the fidelity (see Appendix A)), which is well applicable for pure states.
Let us consider two states of a physical system described by density operators, one in a pure

state o = |¢)(¢| and the second with a general density operator p. The fidelity reads

F(p,0) = Tr(po) = (¢lpld). (4.3)

Now we have two possibilities. The first one, we can quantify the quality of the whole output

Pout; the global fidelity between the real output p,,: and the ideal output |¢)(p| ® |¢) (|

(2@l pout|P)|¢) (4.4)

and as the figure of merit F5(7T,) we take the worst case

Fy(To) = l&ga {(@(lpout|#)|d) } = \¢§Ielga {(ol{o|Ta(lD)9)} - (4.5)

In the following we will call this measure the four-particle test and its optimum, optimal four-
particle copying process.

The second possibility is to gauge each copy separately. We can express the density operators
for both subsystems (first subsystem formed by qubits one and two and the second subsystem
formed by qubits three and four) and evaluate the single (individual) fidelities between the input

pure state and these subsystem density operators

(Blpr2ld),  (dlpsald), (4.6)
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where pia34) = Trasi2) pour are density operator of the first (second) copy. Remember that
generally, the fidelities between the subsystem density operators and the input state are different
and in this case we talk about asymmetric cloners. In this text we are interested in and we limit
oneself to the study of so called symmetric cloners, where both copies are identical p1s = p34
and thus both quantities in (4.6) are equal. Again, we define as the figure of merit the worst

case, which can happen
Fi(To) = inf {(¢p12|¢)} - (4.7)
|$)EQa

In the following this measure of quality will be called the two-particle test and the optimal
process, which maximizes the two-particle test, we will call the optimal two-particle copying
process (or machine).

Thus, constructing an optimal four-particle (resp. two-particle) copying process is equivalent
to maximizing F5(7T,) (resp. Fi(Ty)) over all possible quantum processes. Let us denote these
optimal fidelities by F§* = supy, F5(Ty) and F{* = supy, Fi(T,). At this point we would like
to emphasize that both figures of merit: two-particle and four-particle test are based on merit
functions, which fulfill the requirements of covariant optimization introduced in section [1.8.
Indeed, both merit functions d2(p,0) = Tr(po) and 61(p,0) = Tr(Trss p Trzg o) (with p and o
being four-qubit density operators) :

e are linear in both arguments and thus concave in the first argument
e reach their maximum for p = o
e fulfil the invariance property
81(2)(ps UUT) = 810y U pU, 0) (4.8)
for = Uy ® Uz ® Uy @ Uy (Uy(g) are arbitrary elements of the group SU(2)).

Now, it is simple to check, that the ideal (quantum mechanically non-achievable) copying
map K : S(°) — S(H° ® ) defined as K(p) = p ® p, fulfills the covariance condition

K(UpUT =U @ UK(p)UT @ UT, (4.9)

where p is an arbitrary density operator acting on the Hilbert space 5 and U any element of
SU(A). In particular, the equation (4.9) is valid for U = U; @ U with Uy gy € SU(2). Therefore

all conditions of the covariant approach proposed in section 1.8 are fulfilled:

e an arbitrary set €2, of two-qubit states with the same degree entanglement are invariant

under a transformation U = Uy ® Us, where Uy gy € SU(2),
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e the ideal copying process is covariant (4.9),

e both merit functions d1(p, o) and d2(p, o) are concave with maximum for p = ¢ and fulfil
the invariance property (4.8)).

)

Hence we know that for any optimal two-particle (resp. four-particle) copying process T;@

2 1(2) .
) D Pin @ Pref — pogt) with the

. . ~1
one can always find an equivalent covariant quantum process T3,
characteristic covariant property

PO (UpUY) = UeUpLD (pim)UT @ U (4.10)

ut

with U = Uy ® Us. These equivalent covariant quantum processes yield the same optimal fidelity
(@p12]®) (resp. (&|(P|pout|P)|®)) for all possible two-qubit input states |¢) € Q. Thereby,
Uy,Uy € SU4 are arbitrary unitary one-qubit transformations. The proof of this statement was
given in section [1.8. This observation allows us to restrict our further search for optimal two-
particle (resp. four-particle) copying processes of entangled pure two-qubit states to covariant

quantum processes which maximize the corresponding figures of merit 4.7 (resp. 4.5)).

4.1.2 Covariant linear quantum processes

In this section all possible covariant copying processes are constructed which are consistent with
the linear character of general quantum maps of the form of Eq.(4.64).

In view of the covariance condition (4.10) all possible quantum maps of the form (4.64) can
be characterized by the output states pout(pin) which originate from one arbitrarily chosen pure
input state, say [¢) = a| 17 ) ++v1—a?| ||) with 0 < a < 1/v/2. In order to fulfill Eq.(4.10)
the two-qubit reference state p,.r of Eq.(4.64) has to be invariant under arbitrary local unitary
transformations of the form U; ® Us. Therefore, we may choose the initial state of the covariant

quantum map in the form [34]

1. 1
PO = pin ® 1= WJ><¢|®11- (4.11)

In order to implement the covariance condition of Eq.(4.10), it is convenient to decom-
pose this quantum state into irreducible two-qubit tensor operators [94] 95] T(l’?’)(J ', J)kq and
TCHT ) K@ with respect to qubits one and three on the one hand and qubits two and four on
the other hand. Performing an arbitrary unitary transformation of the form U; ® Us ® U1 ® Us

with Uy, Us € SU(2), for example, a product of such tensor operators transforms according to
U T () kg © T (S ) raqat! =
K K
> DU D) S T () gy © T (J52) K (4.12)

91,92
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withid = U1 @Us®@U; ®Us. Thereby, D(Uj) (j = 1,2) denote the relevant rotation operators and
D(Uj)éféj_ are their associated rotation matrices [95]. The quantum numbers J;, J; denote the
total angular momenta of the relevant two-qubit quantum states and the parameters K; indicate
the irreducible subspaces of the relevant representations. For the sake of convenience some basic
relations of these irreducible two-qubit tensor operators are summarized in Appendix [C. Tt is
apparent from Eq.(4.12) that an arbitrary unitary transformation of the form U; ® Us @ Uy ® Us
with Uy, Uy € SU(2) mixes the parameters ¢ amd ¢o within each irreducible represenation
separately.

In terms of these irreducible tensor operators an arbitrary initial state pg of the form of

Eq.(4.11) can be decomposed according to

po = > T3 (31, j3) g ® TP (2, ja) kv
jlv"'?j47K7Q7K/7Q/
(T3 (1, 43) kT (2, ja) o) (4.13)

with the expansion coefficients

(TE 1, d3) kT AV (2, ) ) =
Tr{(TY3 (1, j3) g © TV (2, ja) ki )po }- (4.14)

In view of the basic transformation property of Eq.(4.12) the most general output state resulting

from a linear and covariant quantum map is given by

Pout (Pin) = > a(jr, s, o, a) ki TP (G, 53) kTP (s Ga) kv %
J1sensda, K,Q, K, Q!
<T(1’3)T(j1,jg)KQT(QA)T(jQ,j4)K’Q’>- (4.15)

The yet unknown coefficients «(j1, js, j2, j4) K k7 have to be determined by the restrictions im-
posed by quantum theory, namely p,,; has to be a non-negativ operator. In particular, being a

Hermitian operator the output state pyy: has to fulfill the relations

a(J1, 335 J25 J4) g = (J35 15 Jas 32) g’ - (4.16)

Further restrictions on these unknown coefficients are obtained from the explicit form of the
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input state po, i.e.

‘ 2

po = ’i{iT(lﬁ)(l’ 1)10 + gT(173)(17 1)00 +

4 L2

1 1 1
iT(l"g) (0,0)00 — iT(l’S) (0,1)1,0 + §T(1’3)(1a 0)10} ®

[ S5TN (1, 1)10 -+ STCA(L, oo +

V2

1 1 1
§T(2’4) (0,0)00 — §T(2’4) (0, )10+ §T(2’4)(1’ 0)10} +

2
i

-1
T3 (1,1)10 + gT(l’?’)(L L)oo +

1 1 1
§T(1’3) (0,0)00 + §T(1’3) (0,1)10 — iT(m)(l, 0)10} ®

-1 3
(2,4) 2(24)
{—\/éT (1,110 + 5TV (1, 1)oo +

1 1 1
5T(2,4) (0,0)00 + §T(2’4) (0, D10 — QT(M)(L 0)10} +

& { — V213 (1,1)11 + T3 (0,1)11 —

T(l’g)(l,O)ll} ® { V2rY (1, 1)1 + T3(0,1)11 —

T(2’4)(1,0)11} + 2 b V2Tt (1,1), -, -

8

TO(0, 1)1+ T (1,001} o (VRO (1, 1), -

TN, 1)1+ TCD(1,0)1 4}

(4.17)

Thus, according to Eq.(4.17) the most general output state of Eq.(4.15) generally depends on

17 coefficients, namely

a(1,1,1,1); = Ay, a(1,1,1,1)19 = A,
a(1,1,0,0)10 = Ay a(1,1,1,1)¢; = As,
a(1,1,1,0)11 = A7, «(1,1,0,0)00 = As,
a(1,0,1,1)10 = A1, «(1,0,1,0)1; = Ay,
a(0,0,1,1)01 = A3, «(0,0,1,1)00 = Ay4,
a(0,0,0,0)00 = A1, «(1,0,0,1)11 = Ay7

—_
—_
—_

,0)11 = As,

\’l—‘
\’l—‘
\'P—‘

—_

( )

( )
a(1,0,1,1); =

a(1,0,0,0)10 = Ay,

o )

0,0,1,0)91 = A5,
(4.18)

These parameters determine all linear covariant quantum processes with a Hermitian output

state pout(pin) provided the coefficients A1, A3, Ag, A7, Ag, Ag, A11, A14, A16, A17 are real-valued.
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Chapter 4: Entanglement in quantum processing

Due to the covariance condition (4.10) and using the new notation (4.18) the output state

(4.15)) can be decomposed into a direct sum of density operators according to
Pout(pin) = M1 @ My @ M3 @ My & Ms (4.19)
with

My = [(20% — 1)(Ag + As) + Ay + Ag]|11;11)(11; 11| + Ag|10; 10)(10; 10| +
Ag|10;00)(10; 00| 4+ A;6]00; 00)(00; 00| + A14]00; 10)(00; 10| +
(1 —2a%)(Ag + As) + A1 + Ag)|00;1 — 1)(00;1 — 1| +
20v/1 — a2[A1]11; 11)(10; 10| 4+ A%|10; 10)(11;11|] —
20//1 — a2[A3]11;11)(10; 00| + A%|10;00)(11; 11|] +
20v/1 — a2[A11[|11; 11)(00; 00| + A7,]00; 00 (115 11] —
20//1 — a2[Ag[|11; 11)(00; 10| + A%|00; 10)(11; 11]] +
(2a® — 1)[A7]10; 10)(10; 00| + A%[10; 00)(10; 10]] +
[A11]10;10)(00; 00| + A3 |00; 00)(10; 10]] +
(2a? — 1)[A10]10; 10)(00; 10| 4 A%,|00; 10)(10; 10]] +
20//1 — a2[A%[10;10)(00; 1 — 1| + A1]00; 1 — 1)(10; 10]] +
(20 — 1)[A12]10; 00)(00; 00| + A%,|00; 00)(10; 00]] +
[A17]10; 00)(00; 10| + A3|00; 10)(10; 00]] +
20//1 — a2[A%[10;00)(00; 1 — 1| + A3]00; 1 — 1)(10; 00]] +
(2 — 1)[A%5]00; 00)(00; 10| + A15]00; 10)(00; 00]] +
200/1 — a2[A%|00;00)(00; 1 — 1] + Ay1]00; 1 — 1)(00; 00[] +
20v/1 — a2[A§]00; 10)(00; 1 — 1| + Ag|00; 1 — 1)(00; 10]],

My = [(2a% —1)(Ag — As) — Ay + Ag)[11;11)(11; 11,
My = [(20% —1)(—Ag + As) — Ay + Ag]|1 — 1;11)(1 — 1;11],
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4.1 Optimal copying of entangled two-qubit states

My = [(20% —1)A4 + Ag)]|11;00)(11;00] 4+ [~ (2a% — 1) A5 + Ag)]|10; 1 — 1)(10; 1 — 1] +
[—(2a% — 1) A3 + A14)]]00; 1 — 1)(00;1 — 1] + [(20% — 1) Ay + Ag)]|11;10)(11; 10| +
20//1 — 02[A%[11;00)(10; 1 — 1| + As[10;1 — 1)(11;00|] —

20//1 — a2[A17]11;00)(00; 1 — 1| + A%,|00; 1 — 1)(11;00]] +

(20 — 1)[(A% + A%)|11;00)(11; 10| + (A7 + As)[11;10)(11;00[] +

(20 = 1)[(A10 — Ag)[10;1 = 1)(00; 1 — 1| + (A7 — A5)[00; 1 = 1)(10;1 — 1] +
20//1 — 02[A1]10; 1 — 1)(11; 10| + A%[11;10)(10;1 — 1] —

20//1 — a2[A%[00; 1 — 1)(11; 10| + Ag|11;10)(00; 1 — 1[],

Ms = [—(20% = 1)A4+ Ag)]|1 — 1;00)(1 — 1;00| + [(20% — 1) A5 + Ag)]|10; 11)(10; 11| +
(207 = 1) Auz + A14)]]00; 11)(00; 11| + [—(20% — 1) A2 + Ag)]|1 = 1;10)(1 — 1;10] —
20v/1 — a2[A%|1 — 1;00)(10; 11| + As|10; 11)(1 — 1;00]] —
20v/1 — a2[A17|1 — 1;00)(00; 11| + A%-|00; 11)(1 — 1;00[] +
(20% — 1)[(AF — A3)[1 = 1;00)(1 — 1;10] + (A7 — A3)[1 — 1;10)(1 — 1;00]] +
(207 — 1)[(A10 + Ag)[10; 11)(00; 11| + (Afy + A5)[00; 11)(10; 11[] +
20//1 — a2[A1]10; 11)(1 — 1510 + A%|1 — 1;10)(10; 1] +
20/1 — a2[A%[00; 11)(1 — 1;10| + Ag|1 — 1;10)(00; 11]]. (4.20)

Thereby, the basis states |JM;J' M') involve eigenstates of the total angular momenta
of qubits one and three on the one hand and qubits two and four on the other hand, i.e.
|JM; J'M') = |JM) .3y @ [J'M') 9,4y with (J, M) and (J', M') denoting the relevant total an-
gular momentum and magnetic quantum numbers.

As we are interested in deterministic quantum processes which produce the output state

Pout(pin) With a probability of unity we impose the additional normalization condition T'r{ pout(pin)} =

1 which implies

%(9146 + 348+ 3414 + Ag) = 1. (4.21)
The problem of positivity of the general output turns out to be quite complicated, but to find
the optimal copying processes it is not necessary to know all the mathematical conditions of
positivity of the general output. Instead of the complete solution of positivity we will calculate
and maximize the two-particle (resp. four-particle) test with respect to a sufficient number of

conditions, which follow from positivity of the output matrix. The non-negativity of the output
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Chapter 4: Entanglement in quantum processing

state (4.19) necessarily implies that all diagonal matrix elements have to be non-negative. The

resulting constraints give rise to the inequalities
Ag > 0,45 > 0,414 > 0, A1 > 0,[A1] < As,

‘(2052 - 1)A4| S A87 (2052 - 1)A13‘ S A147
(202 — 1) As| < Ag, |(20® — 1) A5] < Ag. (4.22)

Furthermore, using the relation (x|pout(pin)|x) > 0 for appropriately chosen pure states |x)

yields the inequalities

| A1y |?< A Ag; using |x) = a|10; 10) + b|00; 00),
| A7 < AuAs;  using  |x) = al10;00) + b/00; 10),
Ag | (202 = 1)(Az + As5) P< (A1 + Ag)?Ag — 802(1 — o) A2 (A; + Ag);
using |x) = al|11;11) + b|00; 1 — 1) + ¢|10; 10) (4.23)

with a, b and ¢ denoting arbitrary complex-valued coefficients.

In particular, in the special case A; = Ag # 0 the last inequality of (4.23)) implies

[ (207 — 1)(Az + A5) < /442 — 1602(1 — a2) A2, (4.24)

Now we have all important relations and we are able to solve the problem of maximizing

figures of merit.

4.1.3 Optimal copying processes

In this section the special covariant quantum processes are determined which copy pure en-
tangled two-qubit states of a given degree of entanglement with the highest possible figures of

merit. We will start with searching for optimal four-particle processes.

Optimal four-particle copying process

The fidelity F' of the general output state pout(pin) With respect to the ideal pure two-qubit
output state |¢) ® |¢) with [¢0) = (o] TT) + V1 — 2| |])) is given by

Fo= (1® Wlooht) ©16) = 1 {4101 +20°(1 - %)) +
(207 = 1)%(Az + 45) + A5(1 — (1 — o?)) +
(1 —a*) A + 60%(1 — az)Re(An)}. (4.25)
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4.1 Optimal copying of entangled two-qubit states

Besides the parameter o determining the degree of entanglement this fidelity depends on the
six parameters Ay, As, As, Ag, A11, A1g which partly characterize a possible covariant copying
process. An upper bound of the fidelity (4.25) can be derived with the help of the inequalities
(4.23), (4.24) and the relation A;5 < 16—9A¢ which is obtained from the normalization condition
4.21), i.c.

F < %{A6(4 —16a2(1 — a?)) + 16a2(1 — a?) +

6a2(1 — a2)y/Ag(16 — 9A6)}. (4.26)

This upper bound is attained provided the conditions Ajg = 16 — 94g, A11 = /As(16 — 9Ag)
and A; = Ag = (A2 + A5)/2 are fulfilled. Maximizing the right hand side of Eq.(4.26) with

respect to the single parameter Ag we finally arrive at the inequality

F<F

3(1 —402(1 = 62))(1 + v0) + a2(1 — (1 + VI —0) (4.27)

with

1 4 1— 2\2
vo= 1- 8la (1 — o) . (4.28)
14504 (1 — a2)2 — 3202(1 — a2) + 4

This new upper bound is reached provided the parameters of the covariant copying process fulfill

the relations

Ay + A 8
A = %:AﬁzAgng(prﬁ)

A = 16— 9Ag, A1 = 1/ Ag(16 — 9A). (4.29)

Consistent with the inequalities (4.22), (4.23) and with Eq.(4.20) the remaining parameters

which do not explicitly determine the fidelity can be chosen in the following way

Ay —As=Ay=A3=A7=Ag=Ag=A1p=0
Ag=A13=A14 = A15=A17=0. (430)

With the help of Eq.(4.20) it is straigthforward to check that for these parameters the output
state pout(pin) is @ non-negative operator.

Thus, consistent with the fundamental laws of quantum theory the output state of a covariant
quantum process which copies all pure two-qubit states of the same degree of entanglement «
with the maximal four-particle fidelity test F5 is given by Eq.(4.15) (compare also with Eq.(4.20))
with the parameters (4.18) being determined by Egs.(4.29) and (4.30).
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Chapter 4: Entanglement in quantum processing

Optimal two-particle copying process

We are looking for symmetric cloners, i.e. both copies are the same p1o = p34. In the standard

basis {| 1),| )} this condition reads

A+B+C 0 0 4apC
1 0 -A+B-C 0 0
0 _ — 4.31
P12 — P34 16 0 0 A_B_C 0 ( )
4apC 0 0 —-A-B+C
with

A= (o - B Re(A5 + 347), B = (a®—3*)Re(Ap +3A19), C =2Re(As+ Ag). (4.32)

This is fulfilled only if A = B = C = 0. If we use this result for evaluating the two-particle test

of an arbitrary symmetric covariant process, then the result depends on 7 parameters

Fl(A17A27A47A57A117A137A17) = <¢|p12|¢> =

1
2 —(a? — B%)?(A13 + Ay + 345 + 345)
1 1
0+ 8a”(%)(Re(A17 + A11) + 241) + T (4.33)

where |¢) is the input state |¢) = «| 1T) + 5] |]). We have to optimize (4.2)) with respect to
several positivity conditions. We leave aside the details of the optimization procedure and give

just the result. The optimum of the two-particle test, which one can achieve, is

1
F1 32 { (a _ 52)Amaz (1 +80[2,82 \/Amax 16 — gAmaz) 4 2Amax) —I-S} (4.34)

This maximum is attained only for one process specified by the following set of parameters

V& -4
Ag = AP = q—I—q—prj A = 16 — 9Ag,

AH = A6(16 — 9A6), Al = A2 = A5 = A67
A4:A3:A7:A8:AQZAl(]:AlZ:A13:A14:A15:A17:0

(4.35)
with
p = 81(1+8a%3%)%+36 (3(a® — 5%) + (1 +8a24?))
g = 144(1 4 80%6%)% + 64 (3(a® — B%) + (1 +8a242))”
r = 64(1 4 8a*3%)>% (4.36)
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4.1 Optimal copying of entangled two-qubit states

0.5F =
0.49F ’ g

4
0.48 7 N

047 = = Four—particle test for optimal four—particle copying process B
— Four—particle test for optimal two—particle copying process

Four-particle test

Figure 4.1: Four-particle test of an optimal two-particle (solid line) and four-particle (dashed
line) covariant copying process and their dependence on the degree of entanglement « of a pure

two-qubit input state.

It is important to note that Ag is the positive root of the quadratic equation pAZ +gAg +r = 0.

Let us now compare both optimal copying processes.

4.1.4 Comparison and discussion

Both discussed processes differ only in the parameter Ag(c). We found out, that there is
only one class of entangled states €2, for which both optimal processes are identical, namely
for amin = 1/1/2 —/15/10 =~ 0.3357 (the point is the solution of the equation o?3? = 0.1).
This process corresponds to the optimal universal four-dimensional copying process (see [34]).
This particular covariant two-qubit copying process maximizes both the global fidelity (with the
optimal value 0.4) and the single fidelity (with the optimal value 0.7) with respect to all possible
two-qubit pure input states independent of their degree of entanglement. Indeed, our optimal

copying process for the class 2 is characterized by coefficients Ag = A1 = A1 = A11 = 1.6

Amin
and therefore the four-particle test (fidelity) is equal to 0.4 and the two-particle test equals 0.7
for all pure states, independently of a chosen class of entangled pure states (2.

Let us look at Fig. 4.1 — shows the dependence of the optimal four-particle test on classes of

entangled states, characterized by the parameter o. Naturally, the optimal four-particle copying
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Two-particle test

~
- Two-particle test for two—particle optimal copying process >
0.67 = = Two-—particle test for four—particle optimal copying process ~, B

0.66 | | | | | | L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Figure 4.2: The two-particle test of an optimal two-particle (solid line) and four-particle (dashed
line) covariant copying process and their dependence on the degree of entanglement « of a pure

two-qubit input state.

process achieves a better four-particle test then the optimal two-particle one for all classes of
entangled states. Both processes show a rather similar behavior with respect to the four-particle
test. They gradually decrease from a = 0 to the global minimum at aun;, and then they grow
to the global maximum corresponding to a = % In particular, the four-particle test of the
optimal four-particle copying process oscillates between a minimum value of F = 0.4 which
is assumed at g, and a maximum value of F = 1/2 which is assumed at o = 1/y/2. The
value @ = 0 corresponds to the optimal copying of two arbitrary (generally different) qubit in
s separable state. Consistently with known results [34] on optimal cloning of arbitrary single
qubit states in this latter case the four-particle test assumes the value Fy = (2/3)2. In other
words, the optimal four-particle copying process for separable states is equivalent to the one-
qubit optimal universal copying process (in this case we do not have to specify which fidelity -
global or single - is used because both of them lead to the same process) applied to each of the

qubits separately.

The next graph [4.2| shows how the quality of cloning depends on a given degree of en-
tanglement as quantified by the two-particle fidelity test. Again both processes differ in the
two-particle test maximally by about 0.05. Starting from separable states & = 0 the quality
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4.1 Optimal copying of entangled two-qubit states

of the optimal two-particle copying process decreases very slowly to the global minimum 7/10
at the point au,i, and then grows gradually to the global maximum (5 4+ v/13)/12 at the point
a = 1/4/2 (maximally entangled states), which agrees with the result obtained in [39]. For
factorizable states the two-particle test equals to (17 + +/73)/36.

Here we would like to mention that copying of the class of entangled two-qubit pure states
Qaq,,., achieves the worst quality in comparison with other classes 2,. As we have already men-

tioned, the optimal cloning process for this class {2 is the optimal universal four-dimensional

Omin

copying process. Therefore it appears that this class is responsible for the optimal quality of

copying of the whole four-dimensional Hilbert space.

4.1.5 Optimal covariant copying processes as completely positive quantum

operations

In this section we demonstrate that all the obtained covariant optimal four-particle (resp. two-
particle) copying processes with output states of the form of Eq.(4.15) with parameters as given
by Eqgs.(4.29) and (4.30) (resp. (4.35)) can be realized by completely positive deterministic
quantum operations. Furthermore, possible isometric representations of these quantum opera-
tions are presented. As we have already mentioned, the optimal two-particle and four-particle
copying processes differ only in the parameter Ag. Therefore the following considerations are
valid for both type of optimal copying processes.

Using Eqgs.(4.15), (4.29), and (4.30) (resp. (4.35)) it is straightforward to demonstrate that

the output state of the optimal covariant quantum copying process can be written in the form
LK
pout([0)(¥]) = K[} w| @ 71K = > Kijlo)(wKy; (4.37)
i,j=0,1

with the operators

K = VAP @ PP + /AP @ PYY = K,
K.
Kij = 5“)3 ® |j)a- (4.38)

Thereby, PL"" = 23,041 11 M)(1 M| @ |1 M){1 M| and P = |00)(00] @ [00)(00] are

projection operators onto the triplet and singlet subspaces of qubits a and b and |J M) denote the
corresponding (pure) two-qubit quantum states with total angular momentum quantum number
J and magnetic quantum number M. The states {|i)s;i = 0,1} and {|j)4;7 = 0,1} denote
orthonormal basis states in the one-qubit Hilbert spaces of qubits three and four, respectively.

According to Eqgs.(4.37) and (4.38) the four Kraus operators [96] IC;; (i, j = 0, 1) characterize a
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Chapter 4: Entanglement in quantum processing

quantum operation acting on qubits one and two which results in the output state poy:(|1)(¥]).
These Kraus operators map two-qubit states into four-qubit states and fulfill the completeness

relation

> KLy = 11 (4.39)
i,j=0,1

where 119 denotes the unit operator acting in the Hilbert space of qubits one and two. Thus,
they represent a deterministic quantum operation [96, 97, [111] acting on the two qubits which
are to be copied. Furthermore, the Kraus representation of Eq.(4.37) also demonstrates that the
optimal covariant copying process considered so far is not only a linear and positive quantum
map but that it is also completely positive [96, 111].

Alternatively, the quantum operation of Eq.(4.37) may also be implemented by an associated
linear and isometric transformation U which involves two additional ancilla qubits. Denoting
the orthonormal basis states of these additional ancilla qubits by {|uag); e, 5 = 0,1} and the
orthonormal basis states of the two-qubit state space of the system by {|k) ® |I);k,l =0,1} U
can be defined by

Ulkn @2 ® luag)ss = 3 (AG” Ik © [1)2) © s
o (4.40)
for example, with
AP = Ky = (EP}1’3)®P}2’4)+
215 p1) & PPY)igy @ |,
A = ’;1)613“3)@13( 4
\/? Py @ P& )i ® 1),
AY = ﬁP“‘”@ﬂ DiYs @ Ij)a,
A" = \/;Pé1’3)®Péz’4>u>3®u>4. (4.41)

Thereby, the subscripts of the state vectors label the qubits they are referring to.
Accordingly, the optimal covariant copying process of Eq.(4.37) can be realized also with

the help of this isometric transformation U in the following way: In a first step one applies this
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4.1 Optimal copying of entangled two-qubit states

transformation to the intial state [1))12 ® |poo)s6 of the system and ancilla qubits, i.e.

Ulth)12 @ |poo)se s6{too| @12 ($|UT = (4.42)
Z Kijl)12 @ |pij)se s6{tmir | @12 <w\ICZT,j,.

1,5,1/,5'=0,1
In a second step one discards the ancilla qubits in the orthogonal basis {|uj)s6;%,5 = 0,1}.
Finally, this discarding yields the output state pou:(|10)(¥|) of Eq.(4.37).

4.1.6 Properties of optimal copying machines

In this section the degree of entanglement and purity of the output states produced by the
optimal covariant copying processes are discussed.

If we would be able to copy ideally, we would make copies with the same entanglement and
statistical correlations as in the input state. The copies would not be correlated with each other
and also with the environment. In reality it is not possible and during the copying procedure our
systems interact with each other and with the ”environment” and become correlated. Therefore,
one possibility of how to study the copying processes is thorough their correlation properties.
We characterize the correlation properties by measures of entanglement (see section 2.2.3):
concurrence and negativity.

In the next sections we analyze the correlation properties of both optimal copying processes,
two-particle and four-particle. At this point it is important to recall the fact, that both processes
have the same structure and they differ only by the function Ag(a). Therefore all explicit
formulas for correlations have the same form in terms of the parameter Ag and we will write
them always in one compact form.

Let us now investigate entanglement of the output state pou:(pin) with respect to the first

and the second qubit.

Entanglement of qubit one and two

Consider first of all a two-qubit input state of the form p;, = |¢)(¢p| with [¢) € Q. Tts

concurrence is given by

C(pin) = 2lav/1 —a?|. (4.43)

(1,2)

out . Of qubits one and two after an optimal co-

The corresponding reduced density operator p

variant copying process can be determined straightforwardly from Eqs.(4.15), (4.18),(4.29), and
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Figure 4.3: The concurrence between qubit 1 and 2. Dot-dashed line represents entanglement
before copying, the solid line represents entanglement after the optimal two-particle copying
process and the dashed line represents entanglement after the optimal four-particle copying

process

(4.30) (resp. (4.35)). In particular, its concurrence is given by
1
O(p2)) = max {o, L (4Bl 246 + Au) — 8 + 240 + An>} | (4.44)

Because all optimal covariant copying processes are symmetric, the reduced density operators
of qubits one and two on the one hand and qubits three and four on the other hand are equal.
Therefore, all results obtained for the pairs of qubits one and two are also valid for qubits three
and four. In Fig. 4.3 the concurrence of the quantum states of qubits one and two before and
after the optimal two-particle and four-particle covariant copying process and their dependence
on the degree of entanglement « are depicted.

The concurrence of the pure input state increases smoothly from its minimum value zero at
a = 0 to its maximum value of unity at a = 1/v/2. The corresponding values of the output states
with respect to qubits one and two exhibit a rather different behavior. Both studied optimal
processes need a certain minimal input entanglement in order to achieve entanglement between
qubits one and two in the resulting output state. The optimal two-particle copying process

achieves output entanglement earlier, for a = 0.192, whereas the optimal four-particle copying
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process for a« = 0.231. Then the concurrence of the output state of the optimal two-particle
1
o
states) and the concurrence of the output state of the optimal four-particle copying saturates at

copying process increases to its maximum value 0.4343 at o = (for maximally entangled
a rather moderate value around 0.3 at which it becomes almost independent of the value of a.
Its maximum entanglement between qubits one and two is not achieved exactly for maximally
entangled initial states with o = 1/4/2 but for values slightly below. However, this difference is
very small. The optimal four-particle copying process achieves a higher value of entanglement

between qubits one and two only for a € (aypin, 0.4604).

Correlation of qubit one and three

How does the same situation looks for qubits one and three? In view of the structure of the
input state py of Eq.(4.11)) the entanglement and statistical correlation between qubits one and
three vanish. The concurrence of the reduced density operator of the output state of optimal

covariant copying processes with respect to these qubits is given by

1
Ci5") = max {0, 7 (= 4434 - 3A6aﬁ)} : (4.45)

This concurrence of the output state and its dependence on the degree of entanglement specified
by « of the input state are depicted in Figs. 4.4.

Characteristically, the concurrence of the output state after both optimal copying processes
decreases almost linearly to zero which the optimal two-particle process achieves at o = 0.213
and the optimal four-particle process at a = 0.239. During the slope, values of the concurrence
after the optimal four-particle copying process is about 0.043 bigger then the value of the

concurrence after the optimal two-particle copying process.

Entanglement between two copies

To conclude the discussion about entanglement we show, how mutually entangled are both
copies. The dimension of both copies is equal to 4. Therefore we use the negativity (see section
2.2.3) to express the degree of entanglement between them. Its dependence on the degree of
entanglement « of the pure two-qubit input state is depicted in Fig. 4.5.

The plot illustrates several interesting features. First, the negativity indicates that the
output states of both optimal copying processes are entangled over the whole range of the

parameter «. Second, it is apparent, that the optimal two-particle copying process entangles
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Figure 4.4: The concurrence of qubits 1 and 3. Solid line represents the concurrence after
optimal two-particle copying process and dashed line represents the index of correlation after

optimal four-particle copying process.
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after the optimal two-particle copying process and dashed line represents the negativity after

the optimal four-particle copying process
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4.1 Optimal copying of entangled two-qubit states

both copies weaker then the optimal four-particle one. The only exception is naturally the class
Qo with a = aynin, where both optimal copying processes are the same.

To be more precise, the negativities of both optimal processes are almost constant to the
point & = aupin. This point coincides with the global minimum of negativity of the four-particle
copying process 0.065. Then the negativity of the optimal four-particle copying process grows
fast to its maximum 0.5 at the point a = 1/v/2 (maximally entangled states), whereas the
negativity of the optimal two-particle copying process remains almost unchanged about the

value 0.65.

Purity of the outputs

Naturally, one additional important question arises. How is it possible, that the optimal two-
particle process shows better correlation properties then the optimal four-particle one? Does the
four-particle test express, how close we come to two separable copies? Not exactly. It expresses,
how close we come to two pure separable copies. For a better understanding we plot in the next
graph Fig. [4.6/ the purity of the output state for both optimal copying processes. The purity is
measured by the von Neumann entropy (the definition is given in section 2.2.2).

The graph shows close relationship of the output entropy with the output negativity pre-
sented in Figl4.5. First, the optimal four-particle copying process exhibits better (meaning
smaller) entropy in the whole range of the parameter .. Second, up to the point & = sy, the
entropies of both optimal copying processes grow very slowly and with mutually small differ-
ences to their global maxima. Then the optimal two-particle copying process decreases slowly to
its minimum at the point o = 1/ V/2 whereas the optimal four-particle copying process decreases

considerably faster to the minimum for maximally entangled states.

4.1.7 Conclusion

We studied the problem of copying of pure entangled quantum states with respect to two
different measures of the output state quality. We showed that the two figures of merit lead to
two different processes in contrast to the results obtained for the copying of arbitrary unknown
quantum states. Even though the two processes are different they can be written in a formally
very similar way. The processes can be realized involving the same projection operators but
with different coefficients. The output states exhibit quite different properties with respect to
mutual entanglement. Let us point out that the copying processes for two-particle and four-

particle measure is a generalization of the previous results [39] to arbitrary initial pure entangled
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Figure 4.6: The entropy of whole output of optimal copying processes. Solid line represents the
entropy after the optimal two-particle copying process and dashed line represents the entropy

after the optimal four-particle copying process

states. Here it is important to recall, that at least partly the same problem were solved in [98].
Using the concept of covariant maps they have found optimal two-particle copying processes for
all classes of pure two-qubit states €),. A big advantage of our mathematical framework is that

we were able to treat all problems analytically. It reveals us a simple relationship between both

types of optimal copying processes.

Finally, we would like draw attention to the fact that worst case is to copy the class of
entangled states €, with @ = ;. Despite of two different figures of merit we have received
the same result. On top of that, this interesting observation is amplified by another fact. In [98]
authors studied whether classical communication can improve local cloning of unknown pure
two-qubit states. They showed that surprisingly the answer is ’yes’, if this unknown copied pure
two-qubit state contains more then certain critical degree entanglement. This critical value is
again a = Quu;n. In the following chapter we will show that this class plays an important role

also in constructing the NOT operation.
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4.2 Covariant two-qubit quantum channels and optimal NOT

operations for entangled qubit pairs

As we have already discussed in section [1.7, an ideal quantum NOT operation acting on the
whole Hilbert space has to be anti-linear and hence it is not possible to represent its operation
by a complete positive quantum operation. In view of this no-go property of quantum mechanics
it is of interest to construct quantum operations which approximate a quantum NOT operations

in the best possible way.

Recently, the problem of optimizing quantum NOT operations with respect to arbitrary
one-qubit input states stimulated both theoretical [40] and experimental investigations [42]. By
now many aspects of optimal quantum NOT operations are well understood at least as far as
general n-qubit input states [5] or one-qudit input states [40] are concerned. Nevertheless, much
less is known about optimal quantum NOT operations for entangled input states. In particular,
if one is interested in constructing quantum NOT operations which are optimal for entangled
input states of a particular degree of entanglement only, the general no-go theorem for quantum
NOT operations does not apply because the input states form a restricted subset and not a

complex linear subspace of the Hilbert space.

The main aim of this chapter is twofold. Firstly, the general structure of completely positive
quantum processes is investigated which transform all possible pure two-qubit inputs states of a
given degree of entanglement in a covariant way. Surprisingly it turns out that all these processes
can be represented in a systematic way by convex sums of four special quantum processes some
of which have already been discussed previously in the literature. Using their simple convex
form we prove several interesting properties of these covariant processes and present a network of

quantum gates which is capable of implementing a large variety of covariant two qubit processes.

Secondly, based on this general analysis the structure of two-qubit quantum processes is
discussed which transform an arbitrary pure two-qubit input state of a given degree of entan-
glement into an orthogonal quantum state in an optimal way. It is shown that in the special
case of maximally entangled pure input states such quantum NOT operations can be performed
perfectly and the general structure of these perfect quantum NOT operations is presented. The
general structure of these perfect quantum NOT operations is presented and using these perfect

NOT operations we propose a remote state protocol for two maximally entangled qubits.

91



Chapter 4: Entanglement in quantum processing

4.2.1 Completely positive covariant two-qubit quantum processes

In this section the general structure of all completely positive quantum processes, which trans-
form pure two-qubit input states of a given degree of entanglement in a covariant way, is inves-
tigated.

Let us start by considering a general quantum operation (see section [1.2)), P, which maps

an arbitrary two-qubit mixed input state, p;n, onto a mixed two-qubit output state, poyt, i.€.
P pin — Pout- (4.46)

If this is to treat pure two-qubit input states of a given degree of entanglement in a covariant

way it has to fulfill the covariance condition (see section [1.5)
P (U @ UspinUf @ US) = Uy @ UsP(pin)U] @ US. (4.47)

This requirement has to be satisfied for arbitrary unitary one-qubit transformations U;,Us €
SU(2) [95]. The restriction of the quantum map (4.46) to quantum operations reflects the
physical requirement that P should be implementable by a unitary transformation possibly
involving also additional quantum systems but under the constraint that initially the two-qubit
system of interest and these additional ancillary systems are uncorrelated [111]. As will be
seen later, the covariance condition (4.47) implies the requested independence of the quality of
performance of this quantum operation on the possible input states.

For implementing the covariance condition (4.47) on the quantum process of (4.46), it is
convenient to decompose the input state p;, into its angular-momentum irreducible tensor com-

ponents T(%, %)K,q [94], i.e.

1 1\' 1 1\' 11
= Tl |T(= = T(= = Al
= 3 { (2,2)Kq® (2,2)K,q,]pm} (2,2)K

KaK'qd

11
r(3) s
q K4

) )

with

11 1 11
T(=2) =—1, T(=2) =—(01+i0)/2
(32), st 7(3),, e
11 11
T =, = =V203/2, T| =, = = —1 2 4.4
<272>1,0 V202, <272)1,1 (71~ 30)/ (4.49)
and with K € {0,1} and —K,—-K +1,... < ¢ < .., K — 1, K. Thereby, o; with i = 1,2,3 are

the three orthogonal components of the Pauli spin operators with respect to fixed orthogonal
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TYz-axes

01 0 — 1 0
01 =05 = 09 =0y = 03 =0, = . (4.50)
10 1 0 0 -1

(For the sake of convenience some basic facts about angular-momentum tensor operators are

summarized in Appendix (C)). The corresponding most general linear covariant output state has

1 1\f 1 1\
T(=,= @T (=, = Pin b X
2°2) 4. 2'2) 4

11 11
T(z=) oT(s: . (4.51)
22) 1. 2°2) oy

According to equation (4.48) the most general two-qubit input state can be written in the form

the form (see section 4.1.2)

pout = > ME,K) Tr{

KagK'q

3 3 3
pin(P,Q, M) = % I®I+ Z Po;® I+ Z Qi @ o; + Z Mijo; @0 p . (4.52)
i=1 i=1 ij=1
with the aid of the two local vectors of coherence, P = (Py, Py, P,) and Q = (Qg, Qy, @), and
with the correlation-tensor M = (M;;); j=z,y,» [99]. Because we are looking for trace preserving
maps, we obtain the condition A(0,0) = 1. Using the notation V' = A(1,0), X = A(0,1),
Y = A(1,1) the corresponding output state of (4.51) is given by

3 3 3
1
Pout =1 I®I+ Z(sz')ﬁi ® I+ Z(XQi)I ® o + Z (Y Mij)o; @ 0
i=1 i=1 ij=1
= pin(VP, XQ,YM). (4.53)

In the special case of a normalized pure input state |¢)) = «| 1) + 5| ||) which is quantized in

the z-direction this yields the explicit matrix representation

Pout =
LY | XV (9]a)? - 1) 0 0 YaB*
0 LY 4 VX (9o — 1) 0 0
0 0 X+ Y (2e? - 1) 0
Ya*8 0 0 LY X2V (9]0)? — 1)

(4.54)

in the eigenbasis of 0, ® 0,. Therefore, an arbitrary triple (X,V,Y") defines the most general
covariant map between an input state (4.52) and an output state (4.53). With the help of
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Jamiotkowski-Choi theorem [1.4.1/ we can determine for which parameters (V, X,Y’) the covariant
quantum process Py xy is completely positive. The covariance condition (4.47) associates an
arbitrary input state (4.52) to the output state (4.53). We can express this relation between

the input and output state by the linear transformation

pout = Pv,xy (pin(P,Q, M)) = 23: lijLijpin(PanM)L;fj (4.55)
i.j=0
with
lo — %(1 FIX 4BV V), o= (143X —V —3Y),
i — 11—6(1+3V—X—3Y), zij:%a—x—v“f), (4.56)
and with

Loy = I®I, Lip=0,®1,
Ly, = I® o, Lij =0; ®0j. (4.57)

If [;; > 0 for all 4,5 € {z,y, 2z} the covariant process Py xy is completely positive. That these
conditions are also necessary follows from theorem [1.4.1. With the aid of (4.55) one can check
easily that the eigenvalue spectrum of the operator J(Py xy) = ijzl Pvxy(Pij) ® Py is
given by

1 1
o (T(Pyxy)) = {4(1 +3X 43V +0Y), (1= X~V +Y),
i(1+3V—X—3Y),jl(1+3X—V—3Y)}. (4.58)

Hence, the covariant process Py, x y is completely positive if and only if the following conditions
are fulfilled

143X +3V+9Y >0, 143X-V-3Y >0, 1-X+3V-3Y >0, 1-X-V+Y >0, (4.59)

or equivalently

< 1+ 3min{X,V} — max{X,V}

14+ X4V ;

143X +3V
max{_H < v

9

I
Is
<

<1. (4.60)

| = N —
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Thus, provided these relations are fulfilled the process defined by the covariant output state

(4.53)) is completely positive. A Kraus-representation of this deterministic quantum operation

is given by
pout = Puxy (pin(P.Q, M) = > Kijpin(P,Q M)K] = pin(VP,XQ,YM) (4.61)
1,j=0,2,y,2
with
1 1
Koo = Z(1+3X+3v+9Y)%I<g>I, K = 1(1+3X—V—3Y)%ai®l,
1 1
KOi = 1(1—X+3V—3Y)%I®O'Z, Kij = Z(l—X—V—i—Y)%O'i@Uj,
i,j € {x,y,z}.
(4.62)
Trace preservation is implied by the relation
> KLKy=1I (4.63)
1,j=0,2,y,2
D=l

0.8
0.6
0.4
> 0.2

-0.2

Figure 4.7: The parameter space of points (V, X,Y’) for which the covariant process Py xy is

completely positive forms the tetrahedron ABCD.

The set of all possible completely positive universal quantum operations characterized by
triples (V, X,Y) is represented by the convex tetrahedron ABCD of Fig. 4.2.1. The physical

significance of the extremal points of this tetrahedron is discussed in Sec.4.2.5.
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4.2.2 Optimal quantum NOT operations for pure entangled qubit pairs

Starting from the general results of Sec. 4.2.1] we can specify different types of completely
positive covariant quantum processes. In the following we determine quantum processes which
describe a quantum NOT operation acting on arbitrary pure two-qubit states of a given degree
of entanglement in an optimal way.

We are interested in constructing linear and completely positive quantum processes U,
which map an arbitrary pure input state, say |¢) € €, in an optimal way onto its orthogonal

complement, i.e.

Ua : pin = \¢) <¢’ — Pout- (4'64)

For the solution of this optimization problem a measure is needed which quantifies how close

the output state pyy is to the orthogonal complement of the input state |¢).

Figure of merit

Definitely, the Hilbert space of two qubits 47 is the direct sum of two Hilbert spaces, namely
the span of the vector |¢), say 7, and its three-dimensional orthogonal complement ,%’Q)L.
Therefore, a convenient measure is given by the minimal distance between the output state poyt

and all mixed states contained in the orthogonal complement of the input, i.e.

D(pout|F(,%’be)) = min  Tr{pou — o }°. (4.65)
UGF(%#)

Thereby, F(%L) denotes the linear convex set of all density operators formed by convex sums of

pure states of the Hilbert space L%’j;-. This measure is based on the well known Hilbert-Schmidt
norm for Hilbert-Schmidt operators A and B, i.e. ||A — B|| = 1/Tr {A — B}*. We omitted the

square root as it is unimportant for our purposes. We will prove, that the minimal distance of

(4.65) can be express in the more convenient form

DpoulP(5)) = 24010uld) — = (Dlponel ) (1.66)

Proof: Consider an arbitrary two-qubit density operator p. Let us denote the eigenvectors of
its restriction onto the three dimensional subspace orthogonal to |¢), %’f, by |¢1), |¢2), and

|¢3). The orthonormal vectors |¢), |¢1), |¢2), and |¢3) form an orthonormal basis in which this
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density operator takes the form

A A A3 Mg

X5 B 000 5
A3 0 B2 O ;
Ay 00 B

The coefficients A; and (; are restricted by the requirement of positivity of p. In this base an
arbitrary quantum state which is located entirely in the orthogonal subspace spanned by the

states |¢1), |¢p2), and |¢3) can be represented by a matrix of the form

0 O 0 0
0 ap;; a2 a3 5
g = ! s with ZOLM = 1, (077} Z 0. (4.68)
0 ajy az as i=1
0 oy a33 as3

Again the coefficients «;; have to be consistent with the positivity of o. In this notation the

measure D(p|1“(<%”¢¢)) assumes the form

D(p\l“(,%’jbl)) = min  Tr{p—o}*= min {Tr(p?) —2Tr(po) + Tr(c?)}
o€l (Hy™t) o€l(Hy™)
3 3 3
= min Tr(p*) —2 Z Bicvii + Z o +2 Z |O‘ij|2
o€l (Hyt) i=1 i=1 i,j=13i<j
3 3
= min Tr(p*) —2) Biay+ Y akp. (4.69)
oEdiagF(anJ‘) { ZZ; zz;

In the last equation we used the fact that the minimum is achieved on the set of density matrices
I‘((%’Q)L) which are diagonal in the base |¢), |¢1), |¢2), |¢3). The set of these density operators
we denoted by diagf(%’f). Therefore, the quantity (4.69) has to be minimized with respect
to nonnegative coefficients «;; constrained by the condition Z?:1 ay; = 1. Using the method of
Lagrangian multipliers one obtains the minimum at the point oy = G; + %)\1 and its value is

given by
! 4 ! 4
D(pIT(5) =237 f? + 502 =23 [(6lolon) P + 5 (0lolo)”. (4.70)
i=2 i=2
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This expression can also be rewritten in the equivalent form

4
DIT(#;) = 2{Z<¢|p|¢i><¢i\pr¢>+<¢|p\¢><¢rp|¢>}—§<¢|p|¢>2
1=2
= 2pl6?10) — 5 (0lolo)* @.1)
|

This form (4.66) explicitly exhibits the independence of this measure on the diagonalization
procedure used in its derivation.
Correspondingly, the largest achievable distance, i.e.
AWa) = sup Dlpoull () = sup {206162udo) ~ 2 lpoile? | (072
$EQaq PEQq
is a convenient error measure characterizing the quality of the NOT operation for a given class
of input states with a given degree of entanglement. This error measure has three important
properties. Firstly, the positivity of density operators implies that it achieves its minimal (zero)
value if and only if the NOT operation is ideal for all input states |¢) € Qq, i.e.
A(Ua) =0 = sup (¢]pout|®) = 0. (4.73)

)€

Secondly, this error measure is invariant under the unitary group U(4). Hence, from equation
(4.66)) it is straightforward to prove that the distance D( p|F(<%’f¢)l)) for covariant processes (4.61)
is unbiased with respect to all states from a given class Q.

Proof: Suppose we have an arbitrary covariant process P and an input state |¢) € ,. We
denote its associated output state by py (pp = P(|¢)(¢|)). Let us now take another input state
1) € Q4 connected with the state |¢) by a unitary transformation U = U;®Us (Uy, U € SU(2)).
The distance D(pﬂf‘(%’ﬁ')) between this state and its associated output state p, = P(|1)(¢|)

is given by
D (pulD(#)) = 2016310) — = loul)? = 20lP () (6)?1)
— SWIP( DI = 2T P18 (GIU U 0)
— S(IUTPWUIG)N 6T (4.74)
With the help of the covariance condition (4.47) this expression can be rewritten in the form
D (pul()) = 206lUTUP(0) (o) UML) - §<¢|UT UP(lo){(e))U'U|6)?

D <p¢, \r(,%f;)) . (4.75)
n
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Hence, a covariant quantum operation yields the same error (4.66) for all states of a given
entanglement class Q,. Thus, for these processes we can omit the supremum in (4.72) and we
can calculate the error as the distance (4.66) associated with an arbitrarily chosen state of the
class Q.

Thirdly, this error is a convex function of the quantum operation U,. Indeed, this can be
seen by considering a convex combination of two arbitrary two-qubit mixed states, say p and
o, and an arbitrary two-qubit pure input state, say |¢). The distance D(plf(%’?})) fulfills the

inequality

D(np + (1 —n)o|D(#5)) = nD(p|D(#5")) + (L — n)D(o|T(5")) —
(1 =n)D(p — o|L(5")) < nD(pD(#5")) + (L = n)D(a|L(5")) (4.76)

and is therefore convex. Our error measure A is defined as the supremum of a set of convex
expressions in U, and hence is also convex.

We have shown that the error measure A is a well defined figure of merit and fulfils all
requirements of our covariant optimization approach presented in section [1.8. Having a well
defined figure of merit, in general, the construction of an optimal quantum NOT operation is
equivalent to minimizing the error measure A(U,) over all possible processes. In the following

the resulting optimal error measure will be denoted by A, = infy, A(Uy).

4.2.3 Non-covariant quantum NOT operations for maximally entangled qubit

pairs

Before dealing with the general case let us focus on quantum NOT operations for the special
class of maximally entangled (ME) pure input states €2, I3 Surprisingly, in this special case
one is able to construct even perfect quantum NOT operations which map an arbitrary pure
input state onto a pure output state but which are typically not covariant.

In order to determine the general structure of all physically feasible quantum NOT opera-
tions U for ME states let us impose the natural additional requirement that, if the quantum
NOT operation U is applied twice the resulting operation is proportional to the identity oper-
ator. Therefore, the quantum NOT operation U we are looking for should fulfill the following

requirements:

e Orthogonality: It maps an arbitrary pure state onto a pure state according to
(pl|p) =0 V0¢) €y, n (4.77)
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o Unitarity
Ut =1 (4.78)

e (Cyclic property
U* =\, where A € C, |\ =1. (4.79)

For our analysis we take advantage of the special basis states (sometimes referred to as the

magic base) [39)]

1 7
le1) = N (100) +[11)), le2) = NG (100) —[11)),
7 1
les) = 7 (101) +110)), les) = 7 (101) — |10)), (4.80)

in which all maximally entangled two-qubit states can be written as real-valued linear com-
bination of these basis states. Indeed, the concurrence of an arbitrary normalized two-qubit

superposition state |I') = ). v;|e;) with complex values of ~; is given by

AR
%

Hence, for ME states this concurrence has to be equal to unity. This happens if and only if all

C(I)(T)) = (4.81)

coefficients ~; are real-valued. In this sense all ME states form a four dimensional real Hilbert
space. Expressing condition (4.77) in this magic base it turns out that all possible quantum
NOT operations form a vector space of real-valued 4x4 antisymmetric matrices. The dimension

of this vector space equals six and a possible basis is given by the matrices

0 1 0 0 0 1 01 0
-1 0 0 0 10 0 0 —1
Ul == 9 U2 == ) U3 = )
0 0 1 0 -1 0 0 -1 0 0 O
0 -1 0 -1 0 00 0 1 0 O
0 1 0 0 1 0 10
-1 0 0 O 0 0 -1 0 0 0 01
0 -1 1 0 -1 0 0 0
0 01 O -1 0 0 O 0 -1 00
This set of matrices has the following interesting algebraic properties
(U, U} = —{U;,U;} = 20,51, UF = -U;, U;Uj = 051 + e4j3.Ur,
(ViV} = = Vi i} = 26,1, Vi' = Vi, ViVj = =61 +eipVi, [Ui,Vj]=0.  (4.83)
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As a consequence every linear operation with the property (4.77) is a linear superposition of U;,
Vi, i.e.

3
U= ZaiUi + B; Vi, a;, B; € R. (4.84)

Property (4.83) and requirement (4.78) imply the relation

I = uut = ZaQUUT 52VVT+Z[%%UUT +ULU) + B:8;(ViV] + VIV
i=1 (@)

+ Zmﬁ]UV + VUl = (Za +ﬂz>l 2ZalﬁjUV (4.85)

1,7=1 3,j=1

Taking into account the structure of the matrices U;V; this yields the conditions

3
a;=0 A Z 522 =1
i3 =0 — ! : (4.86)
Gi=0 A z 0522 =1
=1

The quantum NOT operation fulfilling requirements (4.77), (4.78) and (4.79) has the general

structure
3 3 3 3
(u => ali, Y of=1la ¢ R) Vv (u => BVi, Y B=18¢ R) . (4.87)
i=1 i=1 i=1 i=1

In both cases the condition (4.79)is fulfilled automatically, i.e.
u*=—1I. (4.88)

Therefore, for maximally entangled two-qubit states the ideal quantum NOT operation is not
unique. Its most general form is given by (4.87).
Based on the obtained perfect NOT operations for maximally entangled states, in the fol-

lowing section, we propose remote state protocol for maximally entangled states.

Remote state protocol for maximally entangled two qubits

Two important information tasks have attracted attention of many scientists: teleportation [13]
and remote state preparation (RSP) [100]. We formulate both tasks as follows. The sender
(usually called as Alice) has at her site a quantum state, which she wants to create at a distant

receiver’s site (usually called as Bob). In quantum teleportation Alice and Bob do not know
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the identity of the state. In remote state preparation Alice wants to prepare the state at Bob’s
site, thus she knows the state which is to be remotely prepared.

Pati [100] and Lo [101] showed that special ensembles of states (e.g. qubit states on the
equator of the Bloch sphere) can be remotely prepared using one classical bit (cbit) and one
maximally entangled pair of qubits (ebit). Lo conjectured that if Alice wants to prepare remotely
an arbitrary qubit she still may require two cbits and one ebit like in the teleportation protocol.
The general reason why RSP protocols do not work for all states of a Hilbert space is that
we are not able to perform the already mentioned perfect quantum NOT operation on an
unknown quantum state. Bennet et al [102] found that in the presence of a large amount of
prior entanglement the cost of RSP for general one-qubit states can be reduced to one cbit per
qubit. Moreover, they showed that RSP (unlike teleportation) exhibits a nontrivial tradeoff
between classical communication and entanglement. Devetak and Berger have proposed a low
entanglement protocol [103] for an arbitrary quantum state. Zeng and Zhang generalized a
minimal resources consuming RSP to higher dimensions [104]. The remote state protocol for
mixed states was studied by Berry and Sanders [105]. The RSP protocol have been implemented
using NMR devices over atomic distances [106] or qubits encoded into polarization of photons
[107].

In this part we present a remote state protocol for the set of maximally entangled two-qubit
pure states. We start with a more detailed description of Alice’s task. Alice has a maximally
entangled two-qubit state, let say |¢). She has a complete knowledge of this state and she wants
to prepare remotely this state at Bob’s lab. Bob only knows, that Alice chooses the remotely
prepared state from the set of maximally entangled states.

Alice’s two-qubit state |¢), being maximally entangled, can be decomposed according to

|¢) = anler) + asles) + asles) + aules). (4.89)
The coefficients «; are real and fulfill the normalization condition E?:l a? = 1. Let us assume
Alice and Bob share four qubits prepared in a pure entangled state
[¥) = %(!€1>|€1> + lea)le2) + les)les) + |e)]ea)) - (4.90)
In the orthonormal basis {|0), |1)} this state reads
) = % (J0011) + [1100) — [0110) — |1001)). (4.91)

This state is sometimes called a dark state (see [108]). The 'dark’ here means that the state [¢)

is invariant under an arbitrary local unitary transformation U ® U, where the same U acts on
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both subsystems (each formed of two qubits)
U Uy = ¢), UeU@). (4.92)
The equation (4.92)) leads to the following important property
UIl) =10 UT|p). (4.93)

This remarkable property allows Alice to simulate an arbitrary unitary operation U on Bob’s
half of qubits by performing the unitary transformation U on her half of shared qubits. The
second important property of the state (4.90) is that, it can be written as |Z13) ® |Z24), where
the ket |Z) denotes the singlet state
— 1
=) = E
Therefore, in principle Alice and Bob share two ebits. Alice’s goal is to transform their shared

state [¢) into the state [1)y)

(j01) — |10)). (4.94)

[9g) = 5 {len)|6) +1e2)|61) + les)lo) + lea)log) ) (4.95)
where
[61) = —onler) + ailes) — aules) + asles), (4.96)
[¢3) = —ouler) — asles) + aales) + ailes), (4.97)
lp3) = —asler) + aulea) + a1les) — asles). (4.98)

The kets |¢1°), |¢5), |¢3) are chosen in order to form the orthonormal basis of the complementary

subspace of the ket |¢). Consider now the unitary operator

a1 —@p —0yg —a3y

a (07 —Q a
v, =| " BT (4.99)
a3 —0y (6%) (651

QY a3 a1 —Q2
Using this operator, we can rewrite the state |¢4) into the form
o) =1 @ Us|d). (4.100)

As was pointed out in (4.93)), the same effect is obtained, if Alice performs the inverse unitary

operation U;[ on her part of shared qubits, i.e.
) = U @ 119), (4.101)
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Alice’s measured state | Bob’s state after measurement | Bob’s correcting operation
le1) [ 1
|e2) |61) Uy
le3) |62) Us
le4) |93) Us

Figure 4.8: The table shows all possible outcomes of Alice’s measurement, Bob’s corresponding
states and correcting NOT operations, which Bob has to perform in order to obtain the desire

state.

with

o5 1 a2 as o1

Ut —GQ2 Q1 —Qq4 Q3

(4.102)
—0y —Q3 a9 aq

—Qs3 Y (65} — Q9

Hence, using the local unitary transformation U(l, Alice transforms their shared four-qubit state
|4) into the state [¢p4). Then Alice performs a von Neumann measurement in the magic basis.
She gets one of the four possible results, each with probability 1/4. Every result corresponds
to one state, which is created at Bob’s site. If Alice finds out that the output state of her
measurement is |e;), she can be sure that Bob’s remaining half of shared qubits is in the
desired state |¢). In the opposite case, Bob obtains one of the orthogonal states |¢i), |¢g),
]qﬁf;) depending on Alice’s result of measurement. Therefore Alice sends two classical bits
to communicate to Bob the outcome of the measurement. Consequently, carrying out the
corresponding NOT transformation or leaving it unmodified, Bob obtains the desired state |¢).
Let us bring together the possible outputs and the corresponding corrections which Bob should
do to get the required state. The summary of these different variants is given in Tab.(4.8). Let
us emphasize, that the crucial ingredient of our approach is the use of quantum NOT operations
for maximally entangled states and the use of multi-particle dark state as a source of quantum
entanglement. We have found out that Alice needs to send only 2 classical bits and consumes two
ebits. Depending on the information sent by Alice, Bob only performs one of the four recovery
operations. It should be noted that our protocol does not require back-communication, since it

is based on teleportation.
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4.2.4 Optimal covariant quantum NOT operations

Motivated by results for maximally entangled states we start to solve a general problem, namely
searching for optimal NOT operations for an arbitrary set of entangled states 2,. Our first step
is to show that all requirements of our covariant optimization approach presented in section (1.8
are fulfilled.

Presumptions of covariant optimization approach

First, as we have already mentioned the set of input states €1, is invariant under the action of
the unitary group SU(2) ® SU(2) and an arbitrary pair of elements of the set €2, is connected by
the transition action of the unitary group SU(2) ® SU(2). Given an input pure state p = |¢)(¢|,
the corresponding set of possible outputs of ideal NOT operations is K(p) =T (%J-) Hence, it

is simple to check that it satisfies the covariance condition
K(U, @ UspU{ @ Ud) = Uy @ UpK(p)UJ @ UY, (4.103)

for every Uy, Uz € SU(2) and each |¢) € Q4.

We have already proved that the merit function D(p[l“(%’j;-)) is convex in its first argument,

achieves its minimum for p € F(%’f) and fulfills the invariance property
D(o|Uy, @ UoK(p)U @ US) = D(UT @ UloUy @ Uy|K(p)) (4.104)

for all Uy, Uz € SU(2), |¢) € Q, and an arbitrary two-qubit density operator o. The property
(4.104) is a simple consequence of the equation (4.66).

Because all requirements of our covariant optimization approach are fulfilled, we know that
for any optimal quantum NOT operation U, always an equivalent covariant quantum process
(4.61), say Ua, can be found which fulfills the covariance condition (4.47). Thus, this latter
quantum NOT process yields the same optimal error measure A, for all possible two-qubit
input states |¢) € . This basic observation allows us to restrict our search for the optimal
quantum NOT operation for an arbitrary class 2, to covariant quantum processes of the form

of (4.61) which minimize the error measure (4.72).
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Determination of optimal two-qubit quantum NOT operations

The error measure of the output state (4.54) with respect to the normalized pure two-qubit

input state |¢) = a| 11) + 5] ||) is given by

AZ=V+X)Y) = 112{[1+Z(1_4a252)+y(1+8a2ﬁ2)]2
+6a2ﬁ20-—4a2ﬁ%(2-—2y32}. (4.105)

Our goal is to determine optimal two-qubit quantum NOT operations for all values of the
entanglement parameter 0 < a < 1/ V2. For this purpose we have to minimize the error of
(4.105) under the constraints of complete positivity as given by the relations (4.59).

Let us first of all consider the case of non-entangled states, i.e. &« = 0. The lower bound of
the error (4.105) can be derived with the help of inequality (4.59), ie. ¥ > —§ — L(X + V),
which yields

2
AZ=V+XY)> g {2(2)(1 — 100282 + g(l - a252)} . (4.106)

Minimizing the right hand side of inequality (4.106) with respect to the parameters X and V

yields the minimal error

4
Ny = — 4.1
07 943 (4.107)
for X =V = —1. Hence, from relations (4.59) we obtain the result ¥ = §.

The same approach can be used for maximally entangled states with o = 1/v/2. Now, an
estimation of a lower bound can be based on inequality (4.59) rewritten in the form X +V >

—% — 3Y. The resulting lower bound is given by
41 2 2 1 2 2 2
A(Z:V+X,Y)2§ 6(1+2a J6] )+§Y(—1+10a 6%) ¢ . (4.108)
The minimization of this lower bound leads to the minimal error
Al/\/i =0. (4.109)

It is achieved for quantum processes characterized by parameters (V, X,Y) which are element
of the line segment ¥ = —%, X+V=2= —%, and X +V = %

Let us now consider the general case a € (0,1/+/2). Local extrema of relation (4.105) are
determined by the conditions

amz:v+xyy%)A OANZ =V +X,Y)
YA N oY

1
=0 = V=X=Y=-o (4110
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The point V.= X =Y = —1/3 at which this local minimum is reached is not contained in the
tetrahedron ABCD. Therefore, the minimum error has to be attained at points of the triangles
which form the surface of the tetrahedron ABCD. It can be checked in a straightforward way
that the minima for all values of o € (0,1//2) are contained in the triangle ABC. This latter
triangle is defined by the relation Z = X +V = —3Y—% with —% <Y < % and —% <X,V<1.
With the help of the substitution Z = —3Y — % in (4.105) we obtain a quadratic function of YV’
which is minimal at the point
12— 31a%6% + 200 3%

3 —2—35a2(32 + 100034

Yoin = (4.111)

This condition is valid for all values of a € (0,1/v/2). However, the relation Y < 1/9 is valid
only as long as a > a9 with op = \/(1 —+/1—-4K)/2 and K = (8 — 3v/6)/20. The minimal
error in the range a < ag is achieved by the largest Y value satisfying the condition Y < 1/9,

i.e. by Y =1/9. As a result we obtain the relations

1 202 4 04 _ 1 _ _ 1
A, — m(4+1462a2/134—21§8aﬁ), Y=lXx=v=-L  for a<a
z+§552é£13054%4» Yinin, X +V ==3Y — %, for a>ag

From (4.112) we can easily determine the value of a for which A, is maximal. This happens

at maz = 1/1/2 — /3/20. The corresponding maximum error is given by A = % and the

QAmazx

associated optimal quantum NOT operation is characterized by the parameter range Y = —1/15,
X+V=-2/15with —-1/3< X,V < 1.

Discussion

We discuss obtained optimal NOT operations and compare them with known results in liter-
ature. It was shown that for all classes of states ), all optimal quantum NOT processes are
determined by points (V, X,Y) of the triangle ABC of Figld.2.1. Therefore, for an optimal
quantum NOT process the operator Ky of the Kraus representation (4.61) vanishes. Thus,
minimizing the quantity (4.105) with respect to points of the triangle ABC yields the final
solution. Depending on the value of o two cases can be distinguished. For a < «p with
ap = 4/ ﬂ ~ 0.1836 and K = 8=3Y6 the minimal error

20
1
243

is obtained. The resulting optimal quantum NOT operation is independent of the parameter

A, (4 4 160a%3% — 128a* %) (4.112)

a and is characterized by the point (V = —%,X = —%,Y = %) It turns out that this partic-

ular optimal quantum NOT process Usgp consists of two one-qubit optimal covariant U-NOT
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processes u' applied to each of the qubits separately, i.e. Uspp = u' @ u! with

Wlp) = X 21— p). (4.113)

3
These latter optimal one-qubit U-NOT quantum processes were studied in detail in [5]. Accord-
ing to (4.61) a Kraus representation of the optimal two-qubit quantum NOT operation Usgp is
given by
) 1
Usgep(pin) Z Kijpin K, with K = gai ® 0. (4.114)

i,5=1

Optimal quantum NOT processes with a > aq yield an error of magnitude
40P PP(1 —40?6?)
“ 243502032 — 1000434

(4.115)

and they are characterized by points (V, X,Y') on the straight line

1 2—31a26% + 20034
3 —2 — 350232 4 1000434’

2 4 —29a%3% — 200434

Y =— 2
3 -2 — 350232 + 1000454’

X+V=

1
X,V 2. (4116)

Each triple of parameters (V,X,Y) from this one-parameter line segment defines the Kraus
representation (4.61) of the optimal two-qubit quantum NOT operation ﬁa(V) for a particular
class of states .

These considerations show that an ideal covariant two-qubit quantum NOT process with
zero-valued error measure can only be obtained for maximally entangled states. Such a process is
characterized by any point (V, X,Y") satisfying the conditions Y = —é, X+V=27= %, (X, V>
—%) Therefore, ideal covariant two-qubit quantum NOT processes form a one-parameter family.
This reflects the fact that there is a huge class of non-covariant ideal quantum NOT operations
(4.87). Each element U of this class corresponds to some covariant counterpart U with the
same error (4.72). Thus, for maximally entangled states the ideal covariant two-qubit NOT
operations are characterized by the parameter range —% <V < 1. A Kraus representation of

these processes is given by

3
UME Pm Z <K01pm i T KiOpinKZ(]> ) (4'117)
=1
with
1/1 1/2 1 s
KOi:2<3+V) oi®1, K¢0:§(1—V)/ I ®o;. (4.118)
The error A, achieves its maximal value for a?3? = 1—10, i.e. Qunaz = %— %. The

corresponding maximal error is given by A = % and its associated quantum processes are

Qmazx
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characterized by the points (V, X,Y) with Y = —% and X +V =27 = —1% (X, V> —%) One
of the processes satisfying these conditions is the four-dimensional covariant U-NOT process
Gnor introduced in [40]. This particular covariant two-qubit U-NOT process minimizes the

error with respect to all possible two-qubit pure input states independent of their degree of

entanglement. This special process is characterized by the parameters X =V =Y = —1—15 and

it maps an arbitrary two-qubit input state p onto the output state

1

= (41— 0). (4.119)

Pout = gNOT (P)

Analogous to the case of cloning entangled pure two-qubit states it appears that the set €2

Qmazx

with the maximal error measure determines the quality of global NOT operations G. Moreover,
and 2

surprisingly both these classes ({2 - see section 4.1.4)) are the same, i.e. gz =

Omazx QAmin
Amin -
In summary, the smallest achievable errors A, for these optimal covariant two-qubit quantum

NOT processes U, are given by

715 (4 + 1600262 —12808%), Uspp =u' @ ul, for a<ag

4028 (1-4a232 N
A — 2_’_;5062[(32_1&00@4}34; Ua(V), for a > ag
o=
75 Usmez = 9noT, fOr o= Qe
0, Uue(V), for o= %

and their dependence on the degree of entanglement « is depicted in Fig. 4.2.4. The optimal way
to complement two-qubit pure separable states with o = 0 is to perform one-qubit covariant

U-NOT quantum operations on each qubit independently. The resulting minimum error for

4
243"

for two-qubit pure states with @ < ap. But the minimum error A, increases monotonically

separable states is given by Ay = This quantum process also yields the minimal error
with the degree of entanglement up to the critical value ap ~ 0.1836 with A,, ~ 0.0373. For

a > «ap the covariant processes U, (V') are optimal. These processes reach their maximum error

at Amaz = 4/ % — \/% and for maximally entangled states with a =1/ v/2 the error vanishes.
These results demonstrate that only in the case of ME states one is able to construct ideal
covariant quantum NOT processes. This implies that there are no non-covariant ideal quan-
tum NOT processes for non-maximally entangled pure states. This can be proved indirectly.
Suppose that such processes existed. In this case we were able to construct to each ideal non-
covariant quantum NOT process a corresponding ideal covariant process. However, this is in
direct contradiction with our findings. Moreover, this fact also tells us that there is no magic

base for sets of states , (a0 # %) Only maximally entangled states make up a real subspace
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Figure 4.9: The minimum error (4.72) and the errors of the three relevant U-NOT processes
and their dependence on the degree of entanglement «. The solid line represents the optimal
minimum error. The dashed line Uggp corresponds to an independent application of two one-
qubit covariant U-NOT operations u! to each qubit from the entangled pair. The dashed-dotted
line Upsg corresponds to the ideal covariant U-NOT map for maximally entangled states. The
dotted line represents the minimum achievable error for an unknown two-qubit pure state if its

degree of entanglement is unknown.

of the Hilbert space of two qubits. This emphasizes once more the special character of the
set of maximally entangled states in comparison with all other pure entangled states. Finally,
searching for optimal NOT operations suggested special significance of the class of pure entan-
gled two-qubit states 2, with & = amin = Qmaz. In both cases, cloning and complementing
entangled two-qubit pure states, this class exhibits the worst quality and the optimal copying
and complementing processes for this class are identical with the global ones. In other words,
if one is searching for an universal cloning machine for all pure two-qubit states we can restrict

ourselves to the class Q, with o = amin = Omae-
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4.2.5 General representation of covariant two-qubit processes

Based on the results of Sec.4.2.4 all possible completely positive covariant two-qubit processes
as defined by (4.61) can be represented by convex combinations of four basic quantum processes
which correspond to the corners of the tetrahedron ABCD of Figi4.2.1. For this purpose
let us briefly summarize the graphical representation of these completely positive covariant
quantum maps. According to the results of Appendix 4.2.4] all optimal two-qubit quantum
NOT operations have to be presented by points of the triangle ABC. Thereby, point B = (V =
—%,X = —%,Y = %) characterizes a quantum NOT operation minimizing the error (4.72) for
classes of states Q, with a@ < . Points on straight lines specified by the parameters (4.116))
characterize optimal quantum NOT processes minimizing the error (4.72) for the classes of
states 0, with @ > «ag. In particular, points with ¥ = —%,X +V =7 = %,(X,V > —%)
define optimal quantum NOT processes for maximally entangled states. The line segments AD
and C'D correspond to the restrictions V = 1 and X = 1. Therefore, they specify completely
positive covariant processes which do not change the reduced density operator of the first or the
second qubit. The process corresponding to the point D leaves both reduced density operators
unchanged. So, it represents the identity operations. Furthermore, the processes represented
by the points (A =V =1,X = -2V = -1y and (C =V = -}, X = 1,Y = —1) are ideal
covariant quantum NOT operations for maximally entangled states and moreover they do not

change the reduced density operators of the first and second qubit. Therefore, we have the

correspondences
U](\})E — A, Usgp «— B, U](\%E — C, I «—— D. (4.120)

In terms of these special quantum processes all possible completely positive covariant two-
qubit processes can be represented as their convex combinations. Thus, a two-qubit quantum
operation (4.46) is completely positive and fulfills the covariance condition (4.47) if and only
if it can be expressed as a linear convex combination of these basic quantum operations, i.e.

(4.120)

4
Parazasas = a1l + a2Usep + asUspy + aaUSyp, ;>0 and Y a;=1.  (4.121)

i=1
In the following we show how to calculate the coefficients (a;) appearing in the convex
decomposition (4.121) for an arbitrary covariant two-qubit process and point out some useful

properties and relations between the covariant processes. The hinge of our approach is the fact

that the basic covariant processes I, Uggp, U](VPE and U](V?,)E are mutually orthogonal. One can
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check the orthogonal property simply by expressing these maps in the standard computational

base (P(m")) of 4xr4-matrices, defined as Pi(m”) = 0im0jn. For explicit forms of these maps see

[109]. Using these expressions it is now easy to prove that the maps I, Usgp, U ](\}[)E and U ](\/2[35
are indeed mutually orthogonal. Among the properties of the analyzed operators let us point

out that they are also traceless, i.e.
Tr(Usgr) = 0,  Tr(Ufp) =0, Tr(Uf) =0,
Tr (U eUser) = 0. Tr(UUser) =0, Tr (UfUT,) =o. (4.122)

Let us now consider an arbitrary fixed covariant two-qubit covariant process, let say D, and

denote its corresponding coefficients of convex decomposition (4.121)) by d;, i.e.
_ (1) (2)
D = diI + dyUsgp + d3Uy/p + daUy g
Being aware of (4.122) one can show finally

1 o Tr (DUSEP)

o). de . T (DULp) v (DU}

T U2 ’ - 727 d4 - 72
r (Usge) Tr <U§})E ) Tr (U](\;)E )

For example, the covariant two-qubit NOT process Gnor (studied in [40]), which is the

(4.123)

optimal NOT operation with respect to all possible two-qubit pure input states independent of

their degree of entanglement, has the convex decomposition (4.121) in the form
_ (1) (2)
Gnor = 0.6Uspp + 0.2U% ) + 0.2U} 7. (4.124)

The other feature of covariant two-qubit processes is that, if we apply two successive in general

different covariant two-qubit processes we obtain again an covariant two-qubit process
P —covariant, Q —covariant =— PQ —covariant. (4.125)

It is easy to prove the latter statement and the following table (4.2.5) shows how to obtain
corresponding coefficients of convex decomposition of the covariant process PQ.

We would like to draw attention to two interesting facts. First, the base covariant processes
I, Usgp, U ](\/1[39 and U ](\/2[;3 commutate with each other. As a simple consequence we have com-
mutativity of arbitrary two covariant processes. In other words, it does not matter in which
order we apply a sequence of covariant two-qubit processes. Second, the successive application

of NOT operations U](\})E and UJ\(;)E is equivalent to the application of Usgpp

v U = Ugpp. (4.126)
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Covariant process al as as aq
Vier ; !

Uit 0 0

Ul } 0 0
UsepUls 0 2 0 1

U ](\})E Usep 0 2 0 1
UserUygy 0 3 3 0
UstpUsep 0 5 3 0
Do 0 1 0 0
v ol 0 1 0 0

Table 4.1: Convex decompositions (4.121)) of products of basic covariant processes.

4.2.6 Physical implementation of covariant processes

The previous section demonstrated how to obtain the appropriate coefficients of the convex
decomposition (4.121). In this part we will introduce an unitary implementation of an arbitrary
covariant two-qubit process based on our knowledge of its convex decomposition (4.121). Our
approach consists of two main ingredients: a master unitary operator, which is always the same
for all covariant processes and a control ancillary system, which is changed according to a given
covariant process to be implemented.

To be precise let us start with some useful notation. Our principal system of two qubits
is four-dimensional and we will denote its Hilbert space by .#. Further, we introduce a new
16-dimensional ancillary Hilbert space J,,ciliq, €-g. system of four qubits, and we choose some
its orthonormal base |e1), |e2), ..., |e16)-

Our consecution results from two facts. First, Kraus operators (acting on the Hilbert space
) in Kraus representation (4.61) are unitary up to a normalization. Second, Kraus opera-
tors in the decompositions of extremal covariant processes I, Usgp, U ](\/1[35 and U ](\3)E have no

intersections. Indeed, the identity is simply represented by a Kraus operator Koo(X =V =
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Y = 1) = I, the covariant process U ](\/1[35, is represented by Kraus operators Ko;(X =Y =
-1/3,v =1) =1/ V3I® oj, the covariant process U](\Z)E is represented by Kraus operators
Kjo(V=Y =-1/3,X =1) = 1/V/30; ® I, and the covariant process Uégp is represented by
Kraus operators K;;(X =V = —-1/3,Y =1/9) = 1/30; ® 0y, i,j € {1,2,3}. All other Kraus

operators in the enumerated decompositions are vanishing. Hence, let us define new operators
Fo = Kp(X=V=Y=1)=1,
Foj = V3Kogj(X=Y=-1/3,V=1)=1®0;,
Fjo = V3Kj(V=Y=-1/3,X=1)=0;®1,
Fj = 3Kij(X=V=-1/3Y =1/9) =0;®0;
i,7 € {1,2,3}. (4.127)

All these operators are unitary and we can design a master block diagonal unitary operator

acting on the Hilbert space J ® % illa

Foo
Fo
Fo2
Fos
Fio
Fao
U= Fo . (4.128)

F33

Hence, for example the operator Fy; acts on the space 5 ® span{|ez)} and so on.

Let us now choose an arbitrary but fixed covariant two-qubit process, let say A, and suppose
its convex decomposition in the form A = a1l 4+ aoUsgp + agU ](\})E + aqU ](\/QI)E For an unitary
implementation of this covariant process we need ancillary subsystem to be in the state

olar,az,as,a0) = ailer)(er] + 3 (lealea] + les)les| + lea)(eal) + 3 (les) (es +
le6) (es| + ler) (er]) + % (les)(es| + ... + |e16) e1q]) - (4.129)
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Now, we can formulate the main result of this part.

Theorem 4.2.1

A(p) = Tray U {p @ (a1, a2, a3,a4)} U (4.130)

ancilla

Proof: If we specify the trace operation in terms of base vectors |e;), we get step by step

16

et ULp @ a(ar,az,a3,a2) U = (e {p @ o(ar, a2, a3, a2)} U'|e,)
=1

4
= ar{erlU]er)pler|U]e1) + az {ZZ; \}§<ei|u|€i>P\}§<ei|U|ei>} N
71-2/1'1-2/{, 16112/{‘1'2/{‘
as ;\/g<€z’ ‘€z>p73<€z’ ‘ez> + a4 Z§<€Z’ ’61>p§<ez‘ ’€z>

=8
3
= alFOOPF(J)ro + ag {Z

i=1

TT’H

3
1 1
3F01/’ (L}‘HLS{Z \/gFiO\/gFiTo}

]

1
\[
ZZ Fz]p } = alKoopK 00 a2 {

11]1

i I
I W L
MR

KinKgi}

3 3 3
ag{zmopzc;fo}+a4 SO Kokl § =
=1

i=1 j=1
arp+ axUspp(p) + asUp(p) + asUf () = Alp). (4.131)
|

Let us make the situation more comprehensible by analyzing in detail the case of the covariant
1)

process U 1(\4 - In this particular case we introduce control ancillary two-qubit system in the
state o = % {]00)(00] + [01)(01] + |10)(10|} and the unitary transformation

For
F
Uiy = " - : (4.132)
03

I

acting on the tensor product of our principal system and the ancillary system, both written in

the standard computational basis |00), |01), |10}, |11). Composing these two ingredients we can
)

implement the covariant NOT operation for maximally entangled states U](V[ B as
T
US1(p) = Trancinadijy {p @ oY Uipy' (4.133)
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4.2.7 Quantum circuit scheme

In this section we propose a quantum network, which performs the master unitary transforma-
tion (4.128)). Let us consider four control qubits (ancillary system) and chose the basis {|e;)} as

the standard computational basis:

le1) =10000), [e2) =[0001), [es) =[0010), [eq) =[0011), [e5) = [0100),
leg) = |0101), |e7) = |0110), |eg) = |0111), |eg) = |1000), |e1p) = [1001),
le11) = [1010), |e12) = [1011), |ess) = [1100), |ew) = [1101), |ers) = [1110),
le1g) = [1111). (4.134)

As can be seen from the form of the master unitary transformation (4.128), these four qubits
control which unitary transformation Fj; will be applied on our principal system of two qubits.
For instance, if the control ancillary system is in the state |e2), the unitary transformation
Fy1 = I ® X will be performed on our principal system. Hence we introduce five qubit C*(U)
operations (see Fig. (4.10)). Suppose we have 5 qubits (4 control qubits and 1 target qubit) and
U is an one-qubit unitary operation acting on our target qubit. Then we define the controlled

operation C*(U) as follows
CHU)|w1202334) [Y0) = |2100w334) UTIT2T3T4 ) (4.135)

where x1zox314 in the exponent of U means the product of the bits 1, z2, 3,24 € {0,1}. In
other words, the unitary operation U will be applied on the state |¢) only if four control qubits
are set to the state |ejg) = [1111). Gates which implement the conditional operation (4.135))
was studied in [110].

Figure 4.10: Circuit representation for the C*(U) operation, where U is a unitary operator on

one qubit.
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entangled qubit pairs

Using the controlled operation C*(U) we can design various conditional gates on the target
qubit. For instance, suppose we wish to implement a five-qubit gate in which the fifth qubit
is transformed by a unitary transformation U, conditional on the first, second, third (control)
qubit being set to zero and the fourth qubit being set to one. In Fig. [4.11/ we introduce a circuit
notation for this gate, together with an equivalent circuit in terms of the gate C*(U) and the

well-known X-gate, which implements one-qubit unitary transformation o;.

Figure 4.11: Controlled operation with a U gate being performed on the fifth qubit, conditional
on the first, second, third qubit being set to zero and the fourth qubit being set to one.

Furthermore, in our network we use so-called multi-target conditional gates. This is a natural
generalization of one-qubit conditional gates, which we have introduced above. It supposes
that we have more target qubits, let say d qubits, and a set of one-qubit unitary operations
{U;}%_, (each unitary operation U; acts on qubit 7). These unitary operations are simultaneously
performed on its qubits, if controlled qubits are set to the prescribed state. In Fig. 4.12 we
define a useful circuit notation for the case in which an operation U is performed on the fifth

qubit and an operation V is performed on the sixth qubit, conditional on the first four qubits.

Using these conditional gates we can finally design a quantum network, which performs the
master unitary transformation (4.128)). The circuit scheme for this network is depicted in Fig.
4.13. The first four qubits form the control ancillary system, which enters into the network in
the state (4.129). Our principal system of last two qubits comes into the network in the state
p. The composite system of these six qubits is governed by the master unitary transformation
(4.128), which is implemented by the network displayed in figure 4.13. At the output we discard
the first four control qubits leaving our principal system in the desired state A(p) (4.130)).

117



Chapter 4: Entanglement in quantum processing

Figure 4.12: Circuit implementation of the gate which performs an operation U on the fifth

qubit and an operation V' on the sixth qubit, conditional on the first four qubits.

Figure 4.13: Quantum network which performs the master unitary network (4.128]).

4.2.8 Conclusion

A classification of all possible completely positive covariant two-qubit quantum processes, which
fulfill the covariance condition (4.47), was presented. It was shown that any of these processes
can be represented by a convex sum of four special covariant two-qubit quantum processes.
On the basis of this general classification all possible completely positive covariant quantum
processes were constructed which describe quantum NOT operations acting on pure two-qubit
states of a particular degree of entanglement in an optimal way. It was shown that for maximally
entangled pure two-qubit input states even an ideal covariant quantum NOT operations can
be constructed. Furthermore, for this particular class of input states it is possible to find the

general structure of all possible ideal quantum NOT operations. We have presented a network of

118



4.2 Covariant two-qubit quantum channels and optimal NOT operations for
entangled qubit pairs

quantum gates which is capable of implementing a large variety of universal two qubit processes.
The design is based on several interesting properties of covariant processes which were briefly

discussed.
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Chapter 5
Summary and conclusions

In this thesis we investigated two related topics, namely the sharing bipartite entanglement in

multi-qubit states and the role of entanglement in quantum information processing.

First, in order to describe bipartite entanglement structures in multi-qubit states we pro-
posed a concept of weighted entangled graphs and found a broad class of weighted graphs for
which there are multi-qubit states having bipartite entanglement structures described by this

set of graphs.

Second, we have analyzed the possibility of generating multi-qubit entangled states in passive
optical networks with one and two excitations. In particular, we have derived explicit expressions
for the concurrence for single and two particle initial states in arbitrary passive networks. Based
on these formulas we have found the general structure of entanglement in networks with one
excitation and we have discussed the maximum attainable entanglement in passive networks in
general. We have designed linear passive networks leading to a prescribed bipartite entanglement

pattern. We specified all obtained results for Ising-type networks.

Third, we investigated optimal copying of two entangled pure qubits. We considered a
cloning machine whose input consists of a pair of qubits with a given degree of entanglement
and which should produce two copies of the input pure state. The problem of finding the optimal
cloning transformation can be viewed as the determination of completely positive maps which
maximize a given figure of merit. Moreover, we require the copying process works equally well
on all states of our interest, i.e. we require the same quality for all input states. With the view to
settle the copying of entangled qubits we have constructed a family of covariant transformations.
Based on this construction we have found optimal copying processes for all sets of two-qubit

pure states with a given degree of entanglement and with respect to two different figures of
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merit, i.e. two-particle test (local fidelity) and four-particle test (global fidelity). Surprisingly,
these different figures of merit generates different optimal copying processes. We have analyzed
and discussed properties of both of them.

Finally, we have studied the role of entanglement in an special quantum information process
called the NOT operation or complementing a quantum state. The starting point in this prob-
lem was the fact that maximally entangled two-qubit states form a real subspace in the whole
two-qubit Hilbert space. It implies the possibility to design perfect quantum NOT operations
for this set of maximally entangled states. We have found the general structure of these op-
erations and based on this we have proposed a remote state protocol for maximally entangled
states. Motivated by this result we have analyzed how initial quantum entanglement affects the
quality of optimal NOT operations. We have considered a set of input pure two-qubit states
with a given degree entanglement and we have searched for quantum operations which map an
arbitrary state from this set on its orthogonal complement in an optimal way. In order to find
the optimal NOT operations for all sets of entangled states we have explored a convex set of
completely positive quantum operations which transform two-qubit states of a given degree of
entanglement in a covariant way. Using our general analysis all optimal quantum operations
were determined which perform such a quantum NOT operation for all possible two-qubit pure
input states of a given degree of entanglement with the same quality. We have shown that the
aforesaid convex set is generated by four elementary two-qubit quantum operations (identity,
the optimal NOT operation for separable states and two optimal NOT operations for maximally
entangled states), which form the vertices of a three dimensional polytope. In addition, special
algebraic properties of this convex set were found. Based on these properties we have proposed
a systematic approach to the problem of designing elementary quantum gate sequences which
implement the family of covariant quantum operations. With the help of additional auxiliary
qubits it is possible to design a quantum network which involves a particular sequence of condi-
tional unitary qubit gates. Depending on the preparation of the auxiliary qubits any covariant
quantum operation within this convex set can be implemented by this quantum network. The
advantage of this particular network implementation is that the sequence of conditional unitary

qubit gates involved is independent of the covariant quantum operation under consideration.
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Appendix A
Fidelity

Distance measures are quantitative parameters of how close two quantum states are. In this
part we present properties of the distance measure usually called as fidelity.

Let p and o are two states of S(.#). Then the fidelity of states p and o is defined to be

F(p,0) = Try\/p'/20p1/2. (A.1)

We have to emphasize that fidelity is not a metric on density operators. However, this distance

does give rise to a useful measure with interesting properties:

e From the definition (A.1) the fidelity for a pure state |¢)) and a general state p reads

F([), p) = Te v/ Wlole)[0) (] = v/ (W] pl). (A.2)

Hence, the fidelity equals the square root of the overlap between |¢)) and p. This is an

important result and reason why this measure is often used. For simplicity, the square

root is usually omitted
e Fidelity is invariant under unitary transformations
F(UpUY, UcUY) = F(p,0). (A.3)
e A very useful theorem was proved by Uhlmann [112]

Theorem A.0.2 Let p and o are states of a quantum system H. Introduce a second

quantum system G which is a copy of H. Then

F(p,0) = max |(¥]9), (A.4)

where the mazimization is taken over all purification 1) of p and |p) of o into HG.
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e Using this theorem we can prove the monotonicity of the fidelity.

Theorem A.0.3 Any trace-preserving quantum operation £ : L(4) — L(7B) (A and
B denote an input and an output quantum system) cannot decrease the fidelity between

density operators p and o from the set of states S(.7))

F(&(p),E(0)) = F(p, o). (A.5)

Proof: The proof of the theorem [A.0.3| can be done in the following way. Any trace-
preserving operation has its own unitary dilation (see theorem [1.2.3) and therefore £ can

be written in the form
E(p) = Trr, [Up @ |on)on)U| (A.6)

where L denotes a measurement ancillary system, R a preparation ancillary system, |¢r) €
S(A#%). Let |[¢) and |¢) be purifications of p and o into a joint system AG such that
F(p,0) = [(¥|¢)|. Tt means that p = Trg |¥)(¥| and o = Trg |p)(¢|. Then because the

partial transpose commutes with the operation U ® I, it is simple to check that

E(p) = Trrsc |U @ Ia(19) (W] © o) (0r)U' ® L] | (A7)

where I is the identity operator on the purification system G. A similar equation we get
for (o). Hence U ® Ig|y)|¢pr) is a purification of £(p) and U ® I¢|¢p)|¢pr) is a purification
of £(o). Using Uhlmann’s theorem (A.0.2) we receive finally monotonicity of the fidelity

F(E(p),E(0) = [(¢{orlUUT © Ic|)|or)| = F(p,0). (A.8)

e The fidelity satisfies strong concavity.

Theorem A.0.4 Let p; and q; are probability distributions over the same index set, p;

and o; density operators also indexed over the same set. Then

F (sz‘ﬂz’,zqmz) > Z\/ZT%FPi,Uz‘- (A.9)
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Group theory

This section briefly summarizes group-theoretical techniques used in the thesis. For more details

see [113].

B.1 Elements of group theory

A group is a set of elements G equipped with an multiplication operation gk € G on pair of

elements : G x G — G obeying the following rules
i) (gh)k = g(hk) for all g,h,k € G (associativity)
ii) Jde € G such that ge = eg = e for all g € G (existence of identity)
iii) (Vg € G)(3g~! € G) such that gg~! = g~ 'g = e (existence of an inverse)

A subgroup H of the group G is a subset of G containing the unit element e closed with respect
to multiplication and the inverse operation.

A topological group is a group equipped with a Hausdorff topology such that the maps

GxG — G: (g,h) — gh
G — G: g—g ! (B.1)

are continuous. A compact group is a topological group with a compact topological space.
In the center of our interest lie the so-called operator groups. Let us introduce three types of

unitary groups:
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i) The unitary group U(J¢) is the set of all unitary operators acting on Hilbert space .7
Uz = {U e L) UUt = Uty = ny}, (B.2)
where UT denotes the conjugate operator to the operator U.
ii) The unitary group of degree N U(N) is a set of all matrices C'™" which are unitary
U(N) = {UechUT :UTU:I}, (B.3)
where UT denotes the conjugate matrix to the matrix U.

iii) The special unitary group of degree N SU(N) is the subgroup of all unitary matrices U(V)

with unit determinant
SU(N) = {U eCcuut =UtU =1 A Det(U) = 1}, (B.4)
where UT denotes the conjugate matrix to the matrix U.

The symbol I, (resp. I) denotes the identity operator acting on Hilbert space J# (resp. the
identity matrix of dimension n). The unitary group U(s) is compact and therefore all its

subgroups are compact.

B.2 Unitary representation of a group

A unitary (projective) representation on .7 of the group G is a homomorphism g € G — Uy €

U(s), with Uy unitary operator, such that the composition law is preserved:
UgUp = w(g, h)Ugp,. (B.5)
The cocycle w(g, h) is a phase, i. e. |w(g,h)| =1, for all g,h € G, and it satisfies the relations

w(gh, k)w(g, h) = w(g, hk)w(h, k)
(B.6)
w(g,g~') = 1.
Consider an arbitrary subgroup Uy, of the unitary group U(). A simple case of a unitary
representation on  of the group Uy, is the identity map, which assigns to an arbitrary element
U € U, the operator U.
Two representations U and U? of G on J# and %, respectively, are called equivalent if
there exists a unitary map T : 54 — 5% such that TUg1 = UgT, for all ¢ € G. A unitary
representation is called irreducible (UIR) if there are no proper subspaces of J# left invariant

to the action of all its elements.
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B.3 Haar measure

B.3 Haar measure

A Haar measure on a group G is a left-invariant measure p : ¥ — [0,400), with X being a

o-algebra containing all Borel subsets of G, such that

ii) p(gS) = p(S) for all g € G, S € X, where ¢S is defined as gS = {gs|s € S}.

The first property is our requirement of normalization (probability measure), the second prop-
erty reflects our requirement of left-invariance.
Using the general theory of Lebesgue integration, one can define an integral (a bounded

linear functional E) for all Borel measurable functions f € L'(G, X, ) on G

E(f) = /G f(9)dulg) = /G £(9)dg. (B.7)

This integral is called the Haar integral. Because the Haar integral is generated by the left-

invariant Haar measure, the following equation is fulfilled

/ f(sg)dg :/ f(g)dg for Vs € G. (B.8)
G G

A next important theorem says that this construction based on a Haar measure is possible for

all compact groups [114].

Theorem B.3.1 Let G be a compact group. There is a o-algebra, let say X3, of subsets of G
that contains all Borel subsets of G and is invariant under left and right multiplication and

under inversion, i.e.

Se¥,geG= gS={gs|lseS}teX
Sg={sglse S} eXx
St={slseS}ex (B.9)

and there is a measure p : 3 — [0,4+00) such that

p(gS) = p(Sg) = p(S™) = u(S)  for VS e,
WG =1. (B.10)
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Irreducible tensor operators

In this appendix basic properties of irreducible tensor operators of the group SU(2) are summa-
rized. These irreducible tensor operators are convenient tools for implementing the covariance
conditions (4.10) and (4.47).

Rotation properties of quantum states described by the continuous group O(3) or its uni-
versal covering group SU(2) are conveniently analyzed by representing the density operator of
this quantum state in irreducible tensor components. In terms of orthonormal angular momen-
tum eigenstates |Jm) (with —2J, —=2J +1,... < m < ...,2J — 1,2J and J being half integer or
integer) a set of irreducible tensor operators T'(JiJ2)kq (with [J1 — Jo| < K < Ji + Jp and
—K,-K+1,..<¢<..,K—1,K) is defined by [94, 95]

J J: K
T(J1, Ja)kg = Y (1) V2K +1 x ( ' ’ ) [Jim1) ® (Jama|.

mimse my —m2 —q

(C.1)

The irreducible tensor components are special cases of complete orthogonal sets of operators
Ty with simple transformation properties under a given group. For the irreducible tensor

operators defined by (C.1) these key properties read

e Orthogonality
Tr[T(Jy, J{)KQT(JQ, Jé)}(,Q,] = 5J1J25J{Jé6KK/(SQQ/. (C.2)

o Completness

Consider Hilbert space with base of momentum states |JM). Every operator A acting on
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this Hilbert space can be written in terms of irreducible tensor components

A=Y <T(J’J)J}{Q> T(J'J) ko, (C.3)
JIKQ
where
<T(J’J)}(Q> —Tr {AT(J’J)}(Q} . (C.4)

e Transformation under rotations

Let U be an unitary operator representing arbitrary rotation of Hilbert space. Then tensor

components are transformed according to

UT(LW 1) koUT = S T(JJ2) kg D)),
qQ
q

(C.5)

with D(U )flg) denoting rotation matrix elements [94]. These latter matrix elements fulfill

the orthogonality relation

2

8

| DBa) s DBy sin s didady =

Thereby, «, 3, and v denote the Euler angles characterizing a particular rotation. Ac-
cording to (C.5) the quantum numbers Jq, Jo, and K characterize a particular irreducible

representation of the rotation group.

From the definition (C.1) and its properties follow the relations

<T(J,J’)§(Q>> = Z(—l)J_M\/QK+1(]{/[ _‘]I

K
) (JM|pin| J' M),
MM

M —Q

Al _1\J—M J J! K /
\JMYJ'M'| = %( 1) \/2K+1<M o _Q>T(J,J)KQ. (C.7)
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For details consult e.g. ([94]), Some useful relations are summarized here:
TI‘[T(J, J/)KQ] = (5]]/(5[(0(5@0\/ 2J 41,
T(J, T kg = (=1)7F 1T, )k,
T[T (J, ) kQT(J, ] o) = dxic00qs

(JM|p|J' M) =) (1) "MV2K +1 ( L

KQ

J' K

M —Q ) <T(Ikq >

G7)IM) = S L) AT T (1) M ( o > ,

m m —-M
. o/
. Y o J .
gm)li'm’) =Y V2T +1(=1) M < , ) |(35") TM).
53, m m —-M
As the tensor operators of (C.1) form a complete set any operator including the density

operator p can be decomposed according to

p= 3 T {T(Jljg)}(q p} T(J1J2) k. (C.8)
J1J2Kq

In the special case of two qubits with angular momenta J = %, for example, in such a
decomposition the irreducible tensor operators T(%, %) Kq (with K € {0,1} and —K < g < K)
appear for each qubit. Their explicit form is given by (4.49). Obviously, the set of tensor
products of irreducible tensor operators is also a complete set of operators on the two-qubit
Hilbert space and we can express an arbitrary two-qubit density operator in the form of (4.48).
With the help of the relation (C.6), finally, it is straightforward to prove that the most general
form of an output state fulfilling the covariance condition (4.10) (resp. (4.47)) is given by (4.15)

(resp. (4.51))).
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Czech summary

Disertacni prace je vénovana studiu sdileni kvantového provazani, jeho generace v pasivnich
sitich a jeho tloha v kvantové-informaénich procesech: kopirovani a NOT operace. Provazani
lze charakterizovat jako neklasickou korelaci odpovédnou za nelokalni povahu nékterych kvan-
tovych staviu. Jeho sdileni v mmnohacasticovych kvantovych systémech vSak neni libovolné
ale podléhd urcitym v soucasné dobé ne zcela zndmym pravidlim. Nezndme tedy uplnou
odpovéd’ na otdzku, které struktury provézani odpovidaji fyzikalnim stavim. V této praci
bylo k popisu sdileni dvoucésticového provazani v kvantovych vice-g-bitovych stavech pouzito
vahovanych grafii, kdy vrcholum odpovidaji jednotlivé g-bity a hrany mezi vrcholy jsou ohod-
noceny silou provazani (méfeno mirou zvand concurrence) mezi g-bity odpovidajici témto vr-
cholim. Kazdému kvantovému stavu N g-bitu lze tedy jednoznaéné pripsat vahovany graf.
Reseni opaéného problému, zda-li dany vdhovany graf odpovidd néjakému kvantovému stavu, je
vice-g-bitové stavy se strukturou provéazani predepsanou grafy z této tiidy. Dukaz existence
téchto stavu je konstrukéni a obsahuje iteracni postup, jak hledany kvantovy stav k danému

grafu z této mnoziny zkonstruovat.

Préce se dale vénuje moznosti generace provazanych stavil v pasivnich sitich. Byly nalezeny
vztahy pro ”concurrence” vstupnich stavi s jednou a dvéma excitacemi v libovolné pasivni
siti. Byla analyzovana obecnd struktura provazani pro vstupni stavy s jednou excitaci a
navrzena sit’, kterd predepsanou strukturu provazani realizuje. Rovnéz bylo analyzovano, jak
silné provazané stavy lze v pasivnich sitich s jednou a dvéma excitacemi vyrabét. Ziskané
vysledky byli porovnany s vysledky numerickych simulaci Isingovskych siti. Simulace ukazaly,
Ze v limité neomezené Isingovské optické sité se hodnoty celkového bipartitniho provazani mezi

jednotlivymi mody sité priblizuji teoreticky odvozenym maximalnim hodnotam.

Dalsim studovanym problémem je kopirovani entanglovanych stavi. Bylo analyzovano
klonovaci zafizeni, jehoz vstupem jsou dva g-bity a jez ma produkovat dvé co nejlepsi kopie
téchto dvou vstupnich g-bitu. Predpokladd se, ze vstupni g-bity jsou v ¢istém stavu s piedem
danym stupném provazani. Vyvstava zdkladni otazka, jak sila provazani vstupnich stavi
ovliviiuje optimélni kvalitu kopif. V ramci feSeni tohoto problému byla studovana specialni
ttida kovariantnich kvantovych operaci. Byly nalezeny optimalni klonovaci transformace pro
kazdou tfidu dvou g-bitovych ¢istych stavi s danym stupném provézani a pro dvé ruzné miry

kvality kopii.



Byla studovana optimélni NOT operace pro entanglované g-bity. Predpokladalo se, ze dva
vstupni g-bity jsou v Cistém stavu a s pfedem danym stupném provazani a je hledana kvantova
operace, jejimz vystupem je stav z ortogondlniho dopliku vstupnich stavi nebo stav tomuto
ortogonalnimu doplinku blizky. Bylo dokazédno, ze pro maximalné provazané stavy existuji
nekovariantni idealni NOT operace. Byla nalezena tplna struktura téchto operaci a navrzen
protokol pro vzdalenou piipravu maximalné provazanych stavi. Daéle byla nalezena obecnd
konvexni struktura vSech uplné positivnich kvantovych operaci, transformujici vstupni dvou-
g-bitové stavy na dvou-g-bitové vystupni stavy kovariantnim zpusobem. V ramci této t¥idy
kvantovych procest byly uréeny kovariantni optimalni NOT operace pro vS8echny t#idy dvou-
g-bitovych stavi s danym stupném provézani. Byla navrzena posloupnost podminénych kvan-

tovych bran, realizujici pomoci nastaveni pomocné ancily celou tfidu kovariantnich procesu.



