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Abstract

This dissertation is focused on analysis of the symmetric extendibility of quantum states
and its applications in the quantum information theory, with special attention paid to the
area of quantum entanglement distillation, quantum channels theory, quantum security, and
monogamy of quantum entanglement in time.

We analyze geometry of the set of symmetric extendible states, i.e. such states that
possess symmetric extensions and in particular, prove that the set is closed under action of
the 1-LOCC operators which is of a great importance for further applications in one-way
distillability of quantum states and quantum channels theory.

Basing on the Choi-Jamiolkowski isomorphism between quantum states and quantum
channels, we derive a simple test for the quantum channel capacity. We discuss also
monogamy of quantum entanglement and its relations with Bell theorem, and the sym-
metric extendibility.

Further, the subject of our analysis is also the theory of quantum entanglement mea-
sures and their relation to the symmetric extendibility. A new entanglement monotone and
parameter are introduced basing on this concept, which are applied as new upper bounds
on distillable entanglement. We introduce the concept of reduced variants of the quan-
tum communication rates, showing that they can efficiently estimate non-reduced quantum
measures.

Finally, it is derived that in the paradigm of the entangled consistent histories, introducing
the concept of quantum entanglement in time, a particular history is monogamous and we
can derive the Tsirelson bound on the Leggett-Garg temporal inequalities.

The results presented in this PhD thesis show importance of the concept of the symmetric
extendibility for further development of quantum information theory, especially in domain of

one-way communication.
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Chapter 1
Introduction

The main objective of this PhD thesis is to analyze the concept of symmetric extendibility
of quantum states, i.e. states having the so-called symmetric extensions, and applications
of this property to the quantum information theory, with a particular attention paid to the
area of quantum entanglement distillation, quantum channels theory, quantum privacy, and
monogamy of quantum entanglement in time. Due to a strong relation between monogamy
of quantum entanglement and the symmetric extendibility of quantum states, we discuss
separability of quantum states in a context of symmetric extendibility. As a natural conse-
quence of this analysis, we analyze the Bell inequalities for quantum states having symmetric
extensions and structure of the set of symmetric extendible states.

Further, the subject of analysis is also the theory of quantum entanglement measures and
their relation to the symmetric extendibility. New entanglement monotones and parameters
are introduced basing on this concept, which are applied as new upper bounds on distillable
entanglement. Due to the Choi-Jamiolkowski isomorphism between states and quantum
channels, the symmetric extendibility is also a substantial concept for the theory of quantum
channel capacities in domain which is a matter of research of this thesis. We discuss also the
new concept of quantum entanglement in time and initiate analysis of its monogamy on the
ground of the consistent entangled histories, in similarity to the concept of monogamy of
spatial quantum entanglement directly related to symmetric extendibility. Since it is a newly
emerging discipline in quantum information theory, many fundamental tools, widely used for
spatial correlations, have to be further developed for temporal correlations in future research.
The outline of this thesis is as follows:

In chapter 2, we introduce the fundamental concepts and tools of quantum information
theory which are necessary for understanding the following chapters. A special focus is put

on the theory of quantum channels and quantum entanglement.
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Chapter 3 is devoted to the concept of monogamy of quantum entanglement and the fa-
mous Bell theorem. We recall the key assumptions behind local realism and Bell inequalities.
Further, the relations between symmetric extendibility of quantum states and violation of
Bell inequalities is explored.

In chapter 4, we discuss in depth the symmetric extendible states analyzing geometry
of the set consisting of quantum symmetric extendible states. In particular, we prove that
one cannot reduce maximal extendibility of quantum states even if acts with one-way LOCC
operations on multiple copies of the state [126, 128] which is now broadly used in the
literature [123, 124, 122, 112, 121]. Composite systems and their symmetric extendibility is
discussed with a general representation of the composite extensions [128]. We present also
the separability test hierarchy based on the symmetric extendibility of quantum states.

In chapter 5, we present analytically derived symmetric extensions of isotropic states
[126]. This result is important due to the fact that all bipartite quantum states can be
transformed under U ® U*-twirling operations into isotropic states. Basing on that, we
propose a new entanglement parameter [126] built on a normalized relative entropy distance
to the set of symmetric extendible states in analogy to the relative entropy of entanglement.
We recall also the conditions for symmetric extendibility of two-qubit states and present the
regions for Bell diagonal states.

Chapter 6 is focused on applications of symmetric extendibility concept to distillation
of quantum entanglement and entanglement measures. We recall the fundamental concepts
of quantum entanglement distillation protocols and entanglement measures. We present the
concept of best symmetric extendible approximation and a new entanglement monotone
[128]. We introduce the reduced version of one-way distillable entanglement [127] and
prove that it is an upper bound on one-way distillable entanglement. It is also proved that
asymptotically regularized new entanglement parameter [126] is a good upper bound on
one-way distillable entanglement.

The subject of chapter 7 is the concept of quantum channels and its symmetric ex-
tendibility. We recall classical and quantum channel capacities measures and discuss their
additivity. We present a simple test for quantum channel capacities [126] which is based on
the observation that quantum entanglement is monogamous and prevents parties from perfect
cloning of quantum states, thus, imposing on quantum channels, isomorphic (by means of
Choi-Jamiolkowski isomorphism) with symmetric extendible states, zero quantum capacity.
We present new reduced variant of quantum channel capacity [127] which in some cases
can dramatically reduce complexity of analysis of the search problem for quantum channel

capacities and which is a new upper bound on quantum channel capacity. Finally, we discuss
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the subject of super-activation of quantum channel capacities with symmetric extendible
channels.

In chapter 8 we discussed shareability of quantum private correlations. We recall the
concept of a quantum secret key and quantum private states. We introduce a reduced secret
key [127] and show that it can be used as an upper bound on the secret key rate of quantum
protocols. We present also some new lemmas bounding the one-way secret key rate in terms
of a distance to the set of symmetric extendible states [128].

Chapter 9 is devoted to the new emerging discipline focused on analysis of quantum
correlations in time. The issue of quantum entanglement in time [129, 130] is discussed
on the ground of the entangled consistent histories [40—42], a recently extended version of
the consistent (decoherent) histories theory [77-80, 85-87]. It is argued that in similarity
to quantum entanglement in space, temporal quantum entanglement as a new concept is
also monogamous for a particular history [129, 130]. Further, basing on the concept of
entangled histories we prove analytically the Tsirelson bound [38] on temporal CHSH-
like [39] inequalities which confirms the previous results based on convex optimization of
correlator spaces for correlations between the consecutive measurements [71].

In chapter 10, we summarize the key results of this PhD Thesis and elaborate on further

interesting open research problems and future research directions in this area.

List of publications:
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Theor. 49, 385301 (2016).

4. M. Nowakowski, Monogamy of quantum entanglement in time, Preprint quant-ph/1604.03976

(submitted to Phys. Rev. A).

5. M. Nowakowski, Quantum entanglement in time, American Institute of Phys. Conf.
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Chapter 2

Foundations of quantum information
theory

In this chapter we study the fundamental concepts related to quantum states and operations on
them which form a language of quantum information theory and will be a necessary tool for
understanding following chapters. Our present discussion will allow us to face more complex
matters related to symmetric extendibility of quantum states and quantum channels through
which they or their parts are sent. More extensive considerations on quantum information
theory foundations can be found in [3, 28, 13, 76, 125, 143].

2.1 Quantum states

In classical information theory, a source generates a binary state element represented by O or
1 in a binary space and in general, the classical source generates objects over a finite discrete
alphabet. In the world of quantum mechanics, a state |¥) of a physical object A can be a
convex linear combination over basis vectors corresponding to a complex Hilbert space ¢
in which the state of the physical object lives', i.e. [¥) € . This fact is formulated in
the following postulate of quantum mechanics: The state of an isolated physical system is
represented by the normalized state vector |¥) in the Hilbert space 7 and |||¥)|| = 1. The
system is then in a so-called pure state.

We will use further Dirac notation for representation of normalized quantum states

W) € A (kets’). As an example, one can represent the basis vectors of two-dimensional

1 0
Hilbert space .7” = C€ as follows:|0) = (O) N <1> . There always exists a dual space

"We will consider states living in Hilbert spaces of finite dimension: dim.# < oo.
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JC* associated with 777, which is a set of all linear functionals on 7. This represents the
corresponding relation:
H 3 |¥) — (Y| e (2.1)

Each ket |¥) € JZ can be now associated with a Hermitian conjugation (¥| € J#* (called

"bra’) and the scalar product between the vectors is a ’bra-ket’:

HxH3(19),|v) — (9ly) €C (2.2)

Let us now remind properties of the inner product in Hilbert spaces:

(9l9) >0, (2.3)
(wlg) = (¢]w)", (2.4)
(Vi +v2[0) = (v1]9) + (v2[9), (2.5)
(agly) = o™ (¢]y), @ €C, (2.6)
((9]¢) = 0) < (|9) = 0). (2.7)
The inner product generates a natural norm |||¥)|| = /(¥|¥) which induces the metric:

Dist([8), |9)) = [|[¥) — )| = /(¥ — B[ — D).

A state of the physical object can be represented by the pure state only if the observer
can possess maximal information about the object. Otherwise, the object is correlated with
the environment, i.e. it is correlated classically or quantum entangled with the environment
(quantum entanglement will be presented in the following sections) and then, there does
not exist a local observer measuring the state of the object that could possess a complete
knowledge about the state of the object. It should be emphasized that in the latter case lack
of full information about the object is not due to uncertainty in the classical sense, but is
a result of the inability of full description of the object correlated with other objects. The
object is then in a mixed state p € #(). The set of quantum states is a subset of the
operator algebra #(.7) acting on a Hilbert space .7, and the elements of the the set are

called density matrices.

Definition 2.1.1 The Banach algebra %() will denote a Banach algebra of bounded

linear operators A on a complex Hilbert space ¢ with a norm:

IA]] = sup{[|Ax][ : x € A, |[x|| < oo} (2.8)
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The boundedness of a linear operator A represents a fact that it maps bounded subsets in .77’
into bounded subsets in .7 which is a substantial property for physical quantities that can be
a subject of measurements as we will show further.

It can be shown (a proof in e.g. [19]) that an algebra #(.7) is endowed in involution
A — A* where exists the only one element A* € () so that:

vxye%’(&f) (A.X,y) = (xv A*y)v (2.9
A =]l A" (2.10)

It is worth mentioning that the (.7¢) is also a C*-algebra which is implied by the aforemen-
tioned properties. We remind now definitions of operator classes important for applications

in quantum information theory and quantum mechanics:

Definition 2.1.2 An operator A € B(H) is:

Hermitianif A = A", (2.11)
unitary if AN* = A*A =T where [ denotes identity in B(H), (2.12)
a projectorif A’ =A. (2.13)

Further, one introduce the scalar product for these operators:

V. es(n)(A,B) = Tr(A'B), (2.14)

where Tr(-) denotes the trace operation on the operator. Having defined such a product, we

can derive a norm in the algebra:

Vacar) | A ll=V(AA). (2.15)

The set of such operators endowed with the aforementioned scalar product and norm is a
special case of a Hilbert space, and is called a Hilbert-Schmidt space. Thus, whenever we use
the notation p € (%) in this thesis, we consider a quantum state from a Hilbert-Schmidt
space.

Assume that the system is in one of the states |y;) (i indexes the potential physical states)
with probability p;, the set {p;, |y;)} is called an ensemble of pure states and a density matrix
of such a setup is:

p =Y pilvi) (v, (2.16)
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where Y; p; = 1. Now, we can pose a question: when does an operator p € B(H) is
a density matrix representing a physical state? The answer comes from the following
well-known theorem:

Theorem 2.1.3 An operator p is a density matrix associated with {p;,|y;)} if and only if
the conditions hold:

) Tr(p) = 1.

(2) p =0, ie Vyer (Viply) 0.

It is worth mentioning that pure states |¥') € .7 can be associated with density matrix
p = |¥) (Y| which is a projector on one-dimensional subspace 7%, = span{|y)} since:

p* = ) (wllw)(w| = ly)(y|=p. (2.17)

This leads to the assumption that one can easily explore the degree of purity of the state
p engaging this observation. The following lemma gives a quick test of purity of a quantum
state p:

Lemma 2.1.4 Let p € B(I) be a density matrix then Tr(p?) < 1 and Tr(p?) = 1 only if

p is a pure state.

The state p € Z(C") is called a maximally mixed state if it has a form: p = %I , with the
identity operator / = Y ;|i)(i| and a standard orthonormal basis {|i) } where (i|j) = &;;.
Since any convex combination of two states of the system px € Z() and py € B(H)
is again a proper normalized quantum state, i.e. (1 —o)px +apx € B(H)(0 <o < 1), the
set S > p of all possible states of the system is a convex set. Thus, a geometrical analysis
of sets of quantum states comes down to studying geometry of convex sets to a great extent

[13]. Further, all extreme points 2 of the set S are one-dimensional projectors of the form

P=1[9)(¢].

Example 2.1.5 We will consider now a two-dimensional quantum system - a qubit which
state can be represented by a 2 X 2 positive Hermitian matrix. It should be noted that the
Pauli matrices (generators of SU(2) group) create a complete orthogonal basis for all density

matrices p € %(C?) representing a qubit state:

10 01 0 —i 1 0
oo=1[2=<0 1>,m=<1 0),02=<i O’>,a3:<0 _1> (2.18)

2 An extreme point of a convex set cannot be represented as a non-trivial convex combination of other
extreme points, i.e. so that 0 < o < 1.
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with an inner product meeting the condition V; j Tro;0; = 28;; where &;; stands for the

Kronecker delta. Then, the qubit density matrix can be represented as follows:

1 3 1 L.
p—E(H2+;xiGi)—§(H2+x'G)7 (2.19)
xi=Tr(oip) €eR (2.20)

where X - G is a scalar product and X = col(x1,x,x3) is called a Bloch vector. The matrix
p represents a state of a physical system if besides being Hermitian, satisfies the positivity
condition which occurs when the vector indicates a point inside the unit sphere (it represents

a pure state if the Bloch vector is a unit vector).

2.2 Composite systems

A pure state of a composite system AjA; ... A, is represented by a state vector in a tensor
Hilbert space, i.e. |¥) € H4, ® Hn, - & Ha,.

Let us consider a bipartite system AB. If a state of A is characterized by a vector
D)4 =Y, 0i|0); € 74 and |W)p =Y Bi|y); € #5 for B subsystem, then the tensor product

is defined as follows:

[@)a @ |®)s =) cifj|00) ® ;) (221
ij
If the basis in J%; is B4 = {|0),|1),...,]i)} and for %3 is Bg = {|0),|1),...,|/)}, then
S, @ Az is spanned by the basis Bsg = {|0) ® |0),]0) @ [1),...,|i) ®|j)}. It implies:
dim s} ® s = dim ¢, - dim 7. In many cases, the tensor sign will be omitted and the
element |i) ® |j) will be replaced by |ij). As a consequence, the scalar product of tensor
vectors is:

(01| @ (D2|[y1) @ |y2) = (d1|y1) (92| y2) (2.22)

A local state of a subsystem A, that is a part of a larger system AB, is determined by
the reduced matrix: e.g. when the state of the bipartite system is represented by the density
matrix pap € B(H#) @ H3), then a state of the A-subsystem is represented by the reduced
density matrix py € (). This means that Alice possessing A system does not have any
complete knowledge about the global state p4p. The matrix of the reduced system is defined
by means of the partial trace operator [19-21]:

Definition 2.2.1 Let pyp € B(.7#4 ® H3) be a state of bipartite system AB, then the state

of A-subsystem is represented by the reduced matrix pys = Trppap which elements are
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determined by the partial trace operation:

pa(i,j) = Y, (ilalklzpagli)alk)s, (2.23)
%

where vectors |-)4 (and |-)g) form an orthonormal basis in 7} (and H3).

For a system consisting of n subsystems A1A3..A,,, we can generalize the above definitions
distinguishing between two subsets A =A...Ayand B=A;, ... Ay (1 <k <n—1)applying
the same procedure of deriving the reduced states. As an example, let us consider the state
pap acting on J% @ % where 7 = C3 and 77 = Cc

3 Ao Ao1 A,
pap=Y lilalil®Ai;= | A} A An (2.24)
" Al Al Ap

where A;; is a matrix of dimension N X N and for the Hermiticity of pag, A;j = Aj.l.. The
the reduced states of A and B are:

pa = Trepag =X, Tr(Aij)]i)a(Jl

2.25
pp = Trapap = Y; Aii (2:29)

3
Pas =Y |ia(j| ®Aij = {
i,j

Extensions and purifications of quantum states
We will now consider extensions of a quantum state psp and its special case - purification:

Definition 2.2.2 An extension of a bipartite state pap € B(H4 @ HE) to E-system is any
such a state pap € B(H4 @ Hp R HE) so that Trppape = Pap. A pure extension |WYapg) €
T R Hp R HE of a state pap is called its purification.

In general, for any py € Z(#,) we can always find its purification as an extension |¥4p) €
J6) ® F¢p so that after tracing out the ancillary system B, one gets again:

Pa = TI’B’lPABM\PAB’. (2.26)
Noteworthily, one can find infinitely many purifications \‘?AB) of a given state p4 since:
(Wag) = [[® Up)|Pap) = pa = Trp|Wap)(¥an| = Trs|WPagp)(Pasl. (2.27)

where Up is a unitary operation acting on B-part of the system and |¥43) is an arbitrarily

chosen purification of p4. The most frequent purification procedure is based on a spectral


http://mostwiedzy.pl

A\ MOST

2.2 Composite systems 10

decomposition of a mixed state p:

M M
p =) 0ilon)(il — [¥) =) ailgn]i), (2.28)
i i
where |i) form an orthogonal basis for the ancillary system.

No-cloning principle

Classical information theory allows the precise copying of information which is applied
by classical computers in the instance of copying files. According to quantum information
theory one can also copy states but only the base ones {|0),|1),...} (which actually can
represent the classical states), however, it prohibits cloning of non-orthogonal states which is

claimed in the following theorem [170]:

Theorem 2.2.3 There does not exist an unitary operation U € () which could clone an

‘unknown’ state |¥) € S so that: U|¥) ®(0) = |¥) @ |¥).

Proof. Assume that there exists an operator U copying the states ideally |¥), |®) € 7, i.e.:

{ Ul¥)®[0) =|¥)®|P) (2.29)

Ul®) ©|0) = [@) @|P)
Since U is unitary, we can derive the scalar products:
(Fo¥[@ed) = ((PP)’ = (0] (F|UTUP)®|0) = (¥|®)(0/0) = (¥|P). (2.30)

which is a contradiction when 0 < (¥|®) < 1 (for non-orthogonal |¥) and |®)). [

As previously noted, the no-cloning principle does not preclude cloning of orthogonal
states, i.e. the cloning machine (device performing the operation U) can clone orthogonal
states. As an example may serve the quantum gate CNOT (a quantum equivalent of the

classic gate of a controlled negation) working on qubits with the matrix representation:

1 000
0100
CNOT = : 2.31)
0 0 01
0010
which clones basis states |¢) € {|0), |1)}:
CNOT[9)©10) = [9) ©|9). (2.32)
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2.3 Completely positive maps

After considering the static properties of quantum states, the question arises about the
dynamics of quantum composite systems. We can state the following question: textitwhat
operations on quantum states are physically allowed? This is an indirect question about
the kind of quantum evolution that is allowed for a quantum system which is addressed by
the well-known postulate about its unitarity: the evolution of a closed quantum system is
determined by a unitary operator U. A state |¥) € S of a system at time t| is mapped into
a state |\P) € A at time t,: |¥) = U|P).

The above postulate determines the dynamics of closed systems and allows operation of
unitary operators only. However, the issue appears in the case of analysis of an evolution
of open systems that can interact with other systems. The issue boils down to finding a
mathematical representation of the physical processes that will be further identified with
the allowed quantum operations on quantum systems. To solve this problem, it is assumed
initially that the system in a state pg, which evolution we are studying, is in a product state
with its environment ps ® pg (i.e. totally uncorrelated with the environment). Thus, the
evolution of the whole system is unitary (under assumption that the whole system S® E is
now a closed system) in accordance with the above postulate and the state of the system after

interaction with the environment is:

ps = Tre[U(ps ® pe)UT]. (2.33)

It is worth mentioning that the expectation value of any observable A acting on S does
not depend on whether we consider only ps or the whole composite system including the
environment, i.e. (A) = Tr[Aps] = Tr[A®I[U(ps ® pg)U']]>. The latter is a fundamental
observation about the nature of operations on systems and their extensions reflecting the fact
that any quantum operation on a local subsystem maps the global state again to a proper
quantum state. The local observer performs measurements on the environment in the selected
environment database by means of partial trace operation on the environment and then forgets
measurement results. Consequently, the state of a local system is a statistical mixture of
states corresponding to the measurement results on the environment.

The analysis of operators A performing the mapping: ps — ps = A(ps) is a subject of
completely positive (CP) maps theory. Namely, all quantum operations are characterized as a
set of mappings A : B(#1) — PB(s43) meeting the following axioms:

(1) Ais alinear operation,

3Vide sec. Quantum measurements and operations.
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(2) Ais completely positive [115],
(3) A does not increase trace, i.e. Tr[A(p)] < 1.

Complete positivity [115] reflects the aforementioned fact of mapping a proper quantum

state into a proper quantum state (where an operation can be on the subsystem):

Definition 2.3.1 * A linear map A : B(4) — B(H5) is completely positive if and only if
for any ancillary system on ¢, and any operator Q € B(H @ ;) there holds:

Q>0= (AR)Q >0, (2.34)

where I is the identity operator acting on B( ;).

If the operator preserves the trace we call it completely positive trace-preserving (CPTP),
otherwise, it decreases the trace and is just completely positive(CP) - in this case the process
is probabilistic, i.e. A-process occurs with probability py = Tr[A(p)].

2.4 Quantum measurements and operations

The measurement results on quantum systems are classical values and as such have to be
represented by real numbers which is a subject of the quantum mechanics postulate: Any
measurable physical property can be represented by an observable - a positive Hermitian
operator M € B(H). The allowed measurement results are real eigenvalues of M. Thus a
physical system can be completely characterized by the Banach tensored algebra of potential
observables that can act on it. This statement is of a very deep physical and philosophical
meaning about what is real and when the gathered information about the system is objective.
Before we start considering properties of observables, it is worth mentioning that classical
systems can be characterized by commutative observable algebras which is not the case for
general quantum states.

Due to the assumption that the measurement results have to be real numbers, the eigen-
vectors |y;) and eigenvalues A; for an observable M are in relation:

Mly;) = Ailyi), (2.35)

and in degenerate case one eigenvalue A; corresponds to many eigenvectors |l//lk) spanning
the eigenspace V), :
M|y = 2| wE) k=1,2,.... j,. (2.36)

“For operators A i B it holds: A > B, if Viyyer (WIA—Bly)>0.
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Eigenvectors span an orthonormal basis in .7#, thus:

Jn
(Wil =86 and Y. Y [wi)(wf|=1
Tl

(2.37)

Note that the projective operator on j,-dimensional subspace V C .7 can be decomposed

as a sum of one-dimensional projectors on basis vectors in this subspace:

P:i&
i=1

and such an operator is a multi-dimensional projector.
Now, for any observable A we can find a spectral decomposition:

A = JAI

= LLMIMAT Y v
1 = T =
:ZfZ§WWWWWWﬂ

i k=1 j I=I

Since (y¥ ]A|l//j> =2 (yk W/j> = Aj0k0;j (Where \l//§> are eigenvectors of A), then:

jﬂ .]Wl

A =YY Y Y 4846w (v

i k=1 j I=1
Jn
NI A
i k=1
= Zliﬁiv

where P, = ¥ [vf) (yf].
The expectation value® of an observable A on a state p € () is:

(A) = TrlAp).

(2.38)

(2.39)

(2.40)

(2.41)

SFor a smooth wave function |¥(x)), the expectation value of observable A is defined as: (A) =

J(P(x)|A[¥(x))dx.
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It is easy to derive that Tr[A|¥) (¥|] = (¥|A|¥P), then for p = |¥)(¥|:

(A) = (PIA|P) (2.42)
= Y uwpw)

= TS AL ()

k=1

ik

_ z’g”l Al ) P,

where Z,’;": L [{wF|P)|? is a probability that a measurement on a state |¥) generates a result A;
corresponding to the projector on a subspace spanned by |l;/lk>

Note that for a composite system pap € ZB(74 @ #4) measurement of the expectation
value I' on B-subsystem gives:

(I) =Tra[I®T)pag] = Tr(Tps), (2.43)

where pp = Trypap, i.e. measuring the subsystem of a composite system is equivalent to
measuring the subsystem after performing the measurements on the rest of the global system
in its basis (that of the rest) and forgetting this knowledge.

In general, any quantum operation can be represented by a linear operator A : () —
AB(H%) where dim 7] = d) and dim 7% = d, with which one can associate a set of d» X d;
complex matrices {M,,}_, where Y~_, M} M,, =1,,. The matrices are called Kraus

operators and the decomposition of quantum operation A is called a Kraus decomposition:

N
Alp) =Y MupM;, (2.44)

m=1
The M,, operation transforms p into p,, state with probability p,, = Tr[M,,pM,]:

M,,pM,

— _mPm 2.45
Tr[Mu,p M) (243

P —Pm

A special case of operation is a von Neumann measurement when the Kraus operators are
just projectors. In general setup, for this type of measurements we measure an observable
O =Y, 0;P; where V. ; o; # oj and i < dims?. The measurement results belong to the set
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of results related to the projectors P; and the state is mapped as follows:

~ _ Y.PpPh

p—p= W (2.46)

And for the composite system in a state pap € B(H4 ® Hp) a measurement on its
subsystem, say for A, leads to the transformation:

Y.i(P; ®Ip)pap(P @ Ip)
Tr[¥L;(P;®1p)pas(P @ 1Ip)]

PaB — Pap = (2.47)

One more important class of quantum measurements is called POVMs (positive-operator
valued measurements) where we are not interested in the form of the output state but rather
in the probability p,, = Tr[M,pM; | = Tr[M!M,,p] of the m-th result with which we can
associate POVM element E,, = M, M,,. This means that the protocol is built on measuring
the probability distribution P(M = m) = Tr|E,,p] of the random variable M. In practice,
the POVM is performed by coupling with the ancilla and then performing e.g. projective
measurements on the ancillary system.

To summarize discussion about quantum operations and measurements as completely
positive (CP) maps, it is very informative to remind that all classes of operations are derived
from the fundamental postulate about unitary evolution of quantum systems, which is
articulated in the following theorem:

Theorem 2.4.1 Any quantum operation A on a quantum system A in a state py can be
performed by three elementary operations:

1. Adding of an ancillary system R (called also the reference system) in a state pg:
PA — PA D PR (2.48)
2. Performing an unitary operation U on the composite system A @ R:
pa@pr — Upa @ prU" (2.49)
3. Tracing out the ancillary system R:
Upa @ prUT — Trg[Ups @ prU"] (2.50)

This simple theorem is a powerful tool for many crucial theorems in quantum information
theory, especially in reference to symmetric extensions of quantum systems and quantum

channels.
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In particular, we define LOCC operations as a finite composition of local quantum operations
and classical communication. For Alice and Bob sharing the state pyp € B(74) R H#3) we
distinguish the following types of LOCC:

1. Zero-way LOCCyp where no classical communication is allowed between the par-
ties, only local trace-preserving CP maps Ay : B(H#4) — B(H#4) and Ap : B(HB) —
PB(Hp):

Ap(paB) = Aa @ Ap(paB) (2.51)

2. One-way LOCC_, where classical communication is allowed only in one direction,
either from Alice to Bob or from Bob to Alice:

A (pap) = ) Ay @ Ap(Pas) (2.52)

where for one-way communication from Alice to Bob, Tr[¥; A} ®1(pap)] < 1 (trace non-
increasing operations on Alice’s side) and trace-preserving operations on Bob’s side are
allowed, i.e. Tr[Y,;1® Afg(pAB)] = 1. For the direction of classical communication from Bob
to Alice, we assume trace non-increasing operations on Bob’s side and trace-preserving on
Alice’s side.

3. Two-way LOCC,, operations can be viewed as a composition of local operations and
classical communication in both directions, thus can be represented as a composition of trace
non-increasing operations on both sides of Alice and Bob.

It is vital to note that for operations not preserving the trace of p4p, the correct output

state is pap = A(pag)/Tr[A(pag)]-

2.5 Quantum channels

A quantum channel is a completely positive trace-preserving map (CPTP) A : B(5,) —
PB(Hyy ) acting on an input state p;, € B(H;,) and resulting with the output state p,,, =
A(pin). This concept is inherited from the classical information theory where the discrete
source generates a signal that is transmitted through the noisy channel e.g. by the wire.

There holds a fundamental channel-state duality between quantum channels and states
called as Choi-Jamiolkowski isomorphism [36, 37, 111]. The Choi-Jamiolkowski isomor-
phism is an isomorphism between linear maps A : B(.,) — PB(H#,,;) and states living in
the tensor product space B(.7, @ H oyt ):

Theorem 2.5.1 [36, 37] Consider the map A : M,(C) — #y(C), then the following

statements are equivalent:
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Alice Alice
N
| +)(‘P +| P
Y > —
Bob

Fig. 2.1 Alice starts with a bipartite singlet state |¥;) and sends one of the subsystem
to Bob through the channel A. Alice and Bob after this operation share a state pap =
[Ia @ AJ[¥) (P4

1. Ais completely positive,
2. N is n-positive, i.e. AR lcn is a positive map,
3. For any orthonormal basis {|e;)} in C" the nd x nd matrix is positive (known as Choi
matrix of A):
Aller)(er]) -+ Aller)(enl)
Dy = : : (2.53)

Allen)(er]) - Allen)(enl)

Namely, assume that a quantum state pap € H(#4 ® 3) is shared between two parties
Alice and Bob. The isomorphism states that it can be achieved if Alice holds initially a
maximally entangled bipartite state |V, ) = Zfl:_()] ﬁ\ii) (a singlet, d = dim.,) and sends
[111] one part of it to Bob through the channel A : (%) — B(3) [Fig. 2.1]:

pag = [La @ AJ[W ) (¥ ] (2.54)

Every physical quantum system is a subject of interactions with the environment and
decoherence which can be interpreted as an influence of noise. Quantum noise, in similar to

the classical concept of noise, transforms the input state by means of a quantum channel A
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characterizing the noise process. In general, it is assumed that noise is spatially local and
Markovian. The former means that there are not spatial correlations between the operators
introducing noise to the system and the latter means that they are not temporally correlated.
Obviously, one can analyze other models of noise but for needs of these thesis, whenever we
use the term 'noise’, we think about local and Markovian noise.

As already observed, there are a couple of alternative representations of quantum chan-
nels. We have already used the famous Choi-Jamiolkowski isomorphism and the Kraus
representation for quantum operations. We can also define quantum channels by means of
the Stinespring dillation [156] which inherits its intuition on the aforementioned observation
that any quantum operation on a quantum state p of a system can be perceived as an action of
a unitary operation on the larger extended system extended with the auxiliary system, which

1s traced out after this action.

Theorem 2.5.2 (Stinespring Theorem) Let A : B(H°) — B(H) be a linear map. Then A
is completely positive if and only if it has the form:

A(A) = V' (A (2.55)

for some unital x-homomorphism® 1t : A — %(K) on a Hilbert space K and for some
bounded linear map 'V : 7 — K.

Then, for every quantum channel A : Z(5,) —> ZB (), there exist a unitary matrix
U, some auxiliary space K and the state yp such that:

par =A(ps) = TrgU[ps @ 1)U (2.56)

Below we present important examples of quantum channels.

Pauli channels

In a Pauli qubit channel A : Z(C?) — %(C?) every error (i.e. X, Y, Z) can occur with
an arbitrary probability. Thus the input state will be not changed with probability 1 — p =
1 — (p1+ p2+ p3) (i.e. with this probability the channel will act with identity mapping I on

the state) and its representation is:

Alp)=(1—p)p+p1XpX + p2YpY + p3ZpZ, (2.57)

67 is a unital *-homomorphism, i.e. is linear, multiplicative, and preserves the *-operation - an involution

that is conjugate-linear and anti-multiplicative.
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It can be represented in the formalism of linear operators A; (so-called Kraus operators) as:

Ao =/1=pl, Ay =/p1X, Ay = \/p2Y, A3 = \/p3Z, (2.58)
Particular types of Pauli random channels are:
A bit flip channel:
Ao=+/1—-pl, A =/pX. (2.59)
A phase flip channel:
Ag=+/1—pl, Aq :\/]_?Z. (2.60)
A bit and phase flip channel:
Ao=+/1—-pl, A =/pY. (2.61)
A depolarizing channel:
1
Alp) = p5+(1=p)p, (2.62)

which generates pure noise as a maximally mixed state % with probability p. It has an

operator representation:

3 X Y Z
A():1/1——p1,A1=\/ﬁ—,A2=\/1_9—,143:\/5—, (2.63)
4 2 2 2
which is derived from:

I 1
5= Z(p +XpX +YpY +ZpZ). (2.64)

Amplitude damping channel

This channel models dissipation of energy when e.g. an excited atom in a state |1) during a

process of spontaneous emission transitions to the ground state |0) having emitted a photon

(1 o0 (o ¥
A0_<O m),A1_<O o)' (2.65)

Noteworthily, this channels, as opposed to Pauli channels, do not preserve the identity

(A() #1).

with probability v:
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2.6 Quantum entanglement and separability of quantum

states

Quantum mechanics allows the existence of composite systems spatially separated, in a
global state |y) € S, yet locally none of their sub-systems can have a pure state assigned.
These "exotic" states called entangled states manifest a fundamental difference of correlations

between classical and quantum world.

Theorem 2.6.1 (The Schmidt decomposition [107]) Let dim 5] = m and dim 74 = n and
\W) be a normalized vector in 74 ® 5, and p = |Y) (Y|,

p1=Trp, pp =Tr1p. Then:

(1) the reduced matrices py i py have the same positive eigenvalues Ay, ..., A, (with the
same multiplicity) and every additional dimension of these matrices is "built’ with a

zero-eigenvalue (note that then k < min(m,n)).

(2) |W) is represented as:

k o~
%) =Y Vale) |f), (2.66)
i=1

where &) (and | f;)) are orthonormal eigenvectors of py € B(H) (and p, € B(H5)),
Zi/ﬂti =1 and 7L,' Z 0.

The \/A; are so-called Schmidt coefficients and the number of non-zero coefficients in
Schmidt decomposition of | ) is called the Schmidt rank of the state | ).

Example 2.6.2 As an example let us consider a state ¥ € 7, @ #; = C* @ C?, in that
case the Schmidt decomposition can consist of at most two coefficients. The state is a
product vector lf\/T[ =0and /A =1 o0r /A =1 and \/2; = 0. A state with coefficients
VA =V = \/LE is maximally entangled in 74 ® 5 (maximal entanglement means
that quantum correlations are maximal in relation to a given entanglement measure [137]
as shown in the following chapters). Maximally entangled states in a computation basis
{10), 1)} are the Bell states (which span the maximally entangled basis in C* @ C?):

|#%) = 5 (I01) £[10))
(%) = 55(100) £ [11)).

S

(2.67)

Sl

Note that the Schmidt decomposition is unique because there do not exist two different
decompositions of a given state with different number of A;. Moreover, if the Schmidt rank is

more than 1 then the state is entangled and the subsystems are in mixed states.
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In general, any separable state (in terms of density matrix) can be decomposed to product
elements as a convex combination of separable states (i.e. any convex combination of
separable states is again a separable state which is not always true for entangled states -
e.g. one can find a decomposition of a noise state of a bipartite system in the Bell basis,
B(C@C?) 3 pap = g1 = (¥ (P + ¥ )|+ [@F)(F]+ |7 ) (D7)

Applying the results by R. Werner [167], we remind now a definition of quantum separa-
bility:

Definition 2.6.3 The state pap € B(H#4 ® Hp) is separable if and only if it can be repre-

sented as a convex combination of product states:

k
PAB = ZPiPﬁx ®pp, 0<pi <1, Zpi =1, (2.68)
i=1 i=1

k
or if it can be approximated by separable states in a trace norm’. Otherwise, the state is

called entangled or non-separable.

Remark. Approximation in this case means that there exists such a series of separable states
{p,?} where p,'® =Y, p;pf @ p? so that lim,, .. || p;® — pag| = 0.

The aforementioned definition states clearly that any separable state pap = Y, pile;) (€i| ®
| fi) (fi| shared between two parties Alice and Bob can be prepared by means of LOCC (local
operations and classical communication) which is not possible for any entangled state. For
such a setup, Alice generates states |e;) with probability p; locally and Bob generates |f;)
with probability p; correspondingly, however, for generation of classical correlations between
the local states they can use classical communication medium like e.g. a phone.

Quantum entanglement is one of central concepts in quantum information theory and as
such is a subject of very extensive research, especially as a resource for quantum computation
and quantum cryptography. For many years one of the main open problems was to define
necessary and sufficient conditions for separability of all quantum states, that would be also
operationally efficient (i.e. could be calculated quickly e.g. by semi-definite programming
or analytically for a given state). To date we have known a couple of such conditions for
different classes of states, however, this research field is still open. Below we recall key
conditions and in the following chapters, a reader will see that symmetric extendibility is
also a central concept for this field. The very first complete characterization of such a test in
terms of necessary and sufficient conditions was based on a concept of completely positive

maps:

A trace norm is defined as ||A| 7, = Tr|A|.
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Theorem 2.6.4 [99] The state pap € B(H#4 @ Hp) is separable if and only if for any
positive map A : B(Hp) —> B(H3), an operator (L& A)pap is positive.

We introduce also a partial transposition operator I'p acting on B-part (or any subsystem of
the composite state) of state pap:

Definition 2.6.5 The partial transposition [143] on B-subsystem of the composite system
AB in a state pap € B(H) Q@ HB) is:

I's(pag) = (Ia ® Tp)pas (2.69)

where transposition Tg : B(7B) —> B () acts only on B-part.

For matrix elements the I" operation acts as follows:

Ts(pas) =Ts()_ aijulij)ki]) =Y aijulil) (k] (2.70)
ikl ikl

The Peres citerion [143] of separability based on the above operation is:

Theorem 2.6.6 Any separable state pap € B(H#4 Q Hp) is PPT:

Ip(pag) >0 (2.71)

i.e. Tp(pap) has non-negative eigenvalues.

and it does not matter if we consider I'p or ['4. As a consequence of the above theorems,
for 2®2 and 2 ® 3 systems it is sufficient to check their partial transpositions and verify
if the output state is positive (PPT) or negative (NPT). For the first case one immediately
finds the PPT state separable, for the latter (NPT) entangled. This observation is stated in the

following lemma:

Lemma 2.6.7 [99] A state p € B(C*>®C?) or p € B(C*®C?) is separable if and only if

['(p) is a positive operator.

Of a great importance is an observation that although all separable states are PPT, not every
entangled state is NPT. There exists a broad class of entangled states called bound entangled
[100], which have positive partial transpositions (PPT) and from which no entanglement can
be distilled by means of two-way LOCC (that will be a subject of further chapters).

Other entanglement criteria, which will be not a matter of consideration in this thesis,
include the range and matrix realignment criteria, and the reduction criterion [101, 30]. In

the following chapter, we will refer to the criteria based on Bell inequalities.
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2.7 Quantum entropic quantities

In this section we recall fundamental quantum entropic quantities which will be a necessary
tool for quantitative analysis of entanglement and its applications to quantum information
processing.

The von Neumann entropy (a quantum counterpart of classical Shannon entropy for a
probability distribution P: H(P) = — Y, P(x)log P(x)) is defined as:

S(paB) = —Tr(paplogpas) (2.72)

in many cases we will just use S4p notation.
In analogy to classical relative entropy between two probability distributions, which
measure how different they are from each other, we define the quantum relative entropy

between states p and o as:

R(pllo) =Trlp(logp —logo)] (2.73)

where supp(c) C supp(p) with supp(-) denoting the subspace spanned by the eigenvectors
of the corresponding density matrix.

Relative entropy is unitarily invariant, i.e. for any U, R(UpU'||[UcU") = R(p||c) and
positive R(p||o) > 0. It possess also two other important properties:

Joint convexity - for any p € [0, 1] and any four states{p,, pp, O, 0, } € %() there holds®:

R(ppa+ (1—p)pp|poc+ (1 —p)oa) < pR(pal|oc) + (1 — p)R(ps|[0a) (2.74)
Monotonicity under CP maps - for any completely positive map A:
R(A(p)[|A(0)) <R(p| o) (2.75)

The Holevo function x/(-) is defined for any ensemble of density matrices 20 = {p;, p;} with
average density matrix p =Y, p;p; as follows:

x(p) =S} pipi) = Y. piS(pi) (2.76)

and is a good upper bound [90, 91] on the accessible information. Whenever we use x(p),

we understand that the Holevo function is a function of the aforementioned ensemble y ().

8 An operator convex function is a function such that: f(pA + (1 — p)B) < pf(A) + (1 — p)f(B), for
p € [0,1], and Hermitian operators A and B (see a footnote on page 12).
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Basing on the Holevo function, we derive also the observation [127] that will be later

used for finding efficient reduced variants of different quantum measures:

Observation 2.7.1 [127] For any ensemble of density matrices 2 = {A;, pg, » | With average
density matrix pgg =Y, lipéB, there holds:

X (pee) < x(pB) +2S(pp) (2.77)

Proof. Basing on subadditivity® and concavity of quantum entropy we can easily show
that:

S(pus) — X piS () — S(ps) + X piS ()| <
< |S(psw) = S(pa)| + 1Y piS(Pps) — Y PiS(pp)

< Slpw) + Y piS(py) < 2S(ps)

which completes the proof. []

For any bipartite state p4p one defines the quantum mutual information:
I(A:B)=S(A)+S(B)—S(AB) (2.78)
and further, for a tripartite system papc the conditional quantum mutual information:
I(A:B|C) = S(AC)+ S(BC) — S(ABC) — S(C) (2.79)

where we use the notation for entropy of X system S(px) = S(X).
The coherent information for a channel A and a source state ¢ transferred through the
channel is defined as:
I(o,A) =1°(12 A)(|¥)(¥]) (2.80)

where W is a pure state with reduction o and coherent information of a bipartite state pap
shared between Alice and Bob is defined as: 18(p4p) = S(B) — S(AB). We will use further
the following notation: I.(A)B) = I3 (pap).

Quantum entropy is subadditive, i.e. for any pap € B(#4 @ H#3), there holds: S(pag) < S(pa) +S(pz)-
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Chapter 3

Monogamy of quantum entanglement
and Bell theorem

In this chapter we explore the concept of monogamy of quantum entanglement and its
relation to symmetric extendibility. Further, we recall local realism and its violation by
entangled states reflected in violation of Bell inequalities which meet the conditions for Local
Hidden Variables (LHV). The chapter indicates also crucial connections between symmetric

extendibility and potential violation of Bell inequalities.

3.1 Local realism and Bell inequalities

Quantum entanglement is a phenomenon which does not have any reflection in classical
world and as such is a manifestation of so-called non-locality of quantum correlations. The
roots of studies in this matter reach the year 1935 when the famous paper by Einstein,
Podolsky and Rosen [63] discussed the so-called (EPR) pairs being in a bipartite singlet state
P~) = %(\Ol) — |10)) shared between two spin 3 particles. In such a case none of the
subsystems can have assigned a pure state as aforementioned in the previous chapter.

In particular, many entangled states violate local realism and in consequence, Bell
inequalities [12]. Local realism has roots in classical world-view where for particular
measurement of physical quantities, one believes that the measured physical quantities for
a physical object have a priori set values independent of the observers (realism) and for a
bipartite setup the measurement on one site does not influence the results of the other site’s
measurements (locality):

Realism. The physical quantities being a subject of the measurements have definite real

values which exist independent of the observation act.
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Locality. The results of measurements performed by Alice do not influence the results of
measurements performed by Bob.

It is worth mentioning that the experiment is arranged so that for two parties Alice and
Bob, their experiments are causally disconnected. Thus, the measurement performed by
Alice cannot influence the measurements done by Bob due to the light speed limit imposed
by the special relativity theory.

To analyze correlations between results achieved in the experiment performed by Alice
and Bob, imagine that they share a bipartite physical system consisting of two spatially
separated sub-systems that could interact in the past and which will be a subject of local
measurements in distant laboratories belonging to Alice and Bob respectively (a distant
lab paradigm). Now, we can assign conditional probabilities to the measurement results
P(a,b|x,y) where x and y stand for measurement settings set locally by Alice and Bob
respectively, and a and b for the measurement outcomes. Note that the measurement
outcomes can be naturally inter-dependent, i.e. P(a,b|x,y) # P(a|x)P(b|y) - the dependency
can be created by a local hidden variable A € A that the experimenters are not aware of.
The hidden variables are a building block behind Bell inequalities and as such represent a
hidden knowledge that cannot be possessed during the measurement process but influence the
measurement results and correlate them. The hidden variable is obviously also pre-defined in
accordance with the local realism.

Since the local measurement results are dependant only on x-settings and A-variable for
Alice, and respectively on y-settings and A-variable for Bob in local hidden variables (LHV)

model, and moreover, we assume locality, then:
P(a,b|x,y,A) = P(alx,A)P(bly, 1) (3.1)

For discrete distribution of A on A-space, after many measurement series we obtain (it

reflects a random character of A in many measurements repeated on the system):

P(a,blx,y) =Y p(A)P(alx,1)P(bly, 1) (3.2)
AEA

For continuous distribution of A on A-space, we get a local hidden variable model:

P(a,blx,y) = /A p(A)P(alx, 2)P(bly, 2)dA (3.3)

In general, every linear Bell inequality for bipartite setup B(A,B) of an experiment
performed by Alice and Bob can be represented as a linear combination of conditional
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probabilities P(a,b|x,y) (R is a local realistic bound):

B(A,B)=Y Y a(a,b,x,y)P(a,blx,y) <R (3.4)
Xy ab

and o(a,b,x,y) > 0 parameters characterize the specific Bell inequality. These inequali-
ties have to be satisfied by all classical correlations with the aforementioned probability
distributions P(a, b|x,y) built on LHV models.

The LHV model generates the probability vector P = [P(a,b|x,y)] having entries 0 <
P(a,b|x,y) < 1 where vectors P form a convex polytope S. The extreme points of the polytope
are the extremal B vectors with {0, 1} entries. Each extreme vector B reflects a setup of
the experiment where the outcomes of the measurements are determined with certainty, i.e.
B?;Zl = 8m, Ojn, With two sets of indices m = {my,...,mj,} (s, is the number of measurement
settings on Alice’ site and m; indicates number of the measurement outcomes for the i-th
measurement setting) and respectively for Bob n = {ny,...,n, }.

For quantum correlations between a bipartite system in a state pap € B(H4 QR Hp)
shared between Alice and Bob, the probability distribution for their measurement results is
given by P(j,l|i,k) = Tr(Ef} ® EB pag). The POVM elements for Alice’s i-th measurement
setting (and j denotes outputs of the measurement setting) are {Ef}| E{} >0ANY; E{; =1}.

Example 3.1.1 (CHSH inequalities) We can assume that the experiment is led between two
sites shared by Alice and Bob. Assume that a source emits two particles in their directions
and that Alice and Bob can perform randomly one of two dichotomic measurements A »
and B » (Ai2 = B% =1 for i€ {1,2} and the outcomes of the measurements are associated to
projective measurements on S = C?). Then for any setup of the experiment producing LHV
results of the measurements, the CHSH [39] inequality can be formulated:

|[E(A1B1) +E(A1By) + E(A2B1) — E(A2By)[ <2 (3.5

where E(A;,B;) =Y. ,,abP(ablij) is the expectation value for the measurements A;B;. For

quantum mechanical description of the experiment, we can use the CHSH operator
BZA]@(Bl—l—Bz)—l—Az@(B] —Bz) (3.6)

remembering that the expectation value, for a quantum state pap of those two particles, is
E(Ai,B;) =Tr|A; ®Bjpag]. Then for all quantum states pap admitting a LHV model, there
holds:

I TrBpa| <2 (3.7)
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It is also very interesting to note that CHSH inequality has also its so-called Tsirelson
bound [38] for all possible probability distributions allowed by quantum mechanics, i.e.
when E(A;,Bj) = Tr[A; @ Bjpag]. Then for B=A|B| +A B, +A;B| —A,B,, we get B2 =
41 —[Ao,A1][Bo,B1] and in result the Tsirelson bound follows:

| TrBpas| < 2V2 (3.8)

The fundamental observation about Bell inequalities is that all classical correlations met
them and as observed by R. Werner [167], in general, all separable states being measured in

the experiment will produce probability distributions meeting Bell inequalities:

Theorem 3.1.2 [167] Any separable state p allows results of the local von Neumann mea-

surements in agreement with a local hidden variables model.

However, non-local correlations in general violate them. Yet, R. Werner built an important
class of non-local U ® U-invariant states | which for some parameters can generate results
with probability distribution described by LHV.

To be more precise, for any entangled state one can find a Bell inequality which will be
violated but at the same time there exists a broad class of entangled states [167] that satisfy
most popular Bell inequalities. In summary, when every separable state satisfy a given Bell
inequality, entangled states can violate or satisfy an arbitrary chosen Bell inequality. These
observations become clear when we look at the geometry of quantum states sets.

We remind now in this context a crucial Hahn-Banach theory for convex spaces [147]:

Theorem 3.1.3 (Hahn-Banach) [Fig. 3.1] Let S be a convex subset of a vector space V, and
let P be a point in V such that P ¢ S. Then there exists a hyperplane H which separates the
point P from the subset S.

It seems now to be clear that due to convexity of the separable states set”, any entangled
state can be separated from the set of separable states by some hyperplane. Such a hyperplane
in a Hilbert-Schmidt space #(.7") can be defined by its normal vector which is a hermitian

operator (thus, can be perceived as an observable):

Definition 3.1.4 [99] An entanglement witness W for a state p € ZB(F€) is a hermitian
operator satisfying:
Tr(Wp) < 0and Tr(Wpsep) >0, (3.9)

for any separable state pye, € HB(I).

'Vide sec. Isotropic states.
21t can by immediately observed that for any two separable states p = ¥;; p;;p; ® 6; and 6 = Y pj, P ® 0},
their convex combination op + (1 — p)o (p € [0, 1]) is also separable.
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Fig. 3.1 Hyperplane H separates an entangled state p,,; € Z () from a convex set S of
separable states in the space Z(.7) in accordance with the Hahn-Banach theorem.

It is now not difficult to observe that we may view Bell inequalities by prism of entangle-
ment witnesses concept [108], where the linear inequality performs intersection of the space
AB(A°) of quantum states and the set of separable states is included in one of the half-spaces.

As an example we can reformulate the B operator for CHSH inequalities as a CHSH

witness which is non-negative on all LHV states [162]:
Wensy =21+ B (3.10)

where I stands for the identity operator.

It is now a very dynamic field of research to find more accurate methods of identifying if
a state is separable or not, either by means of non-linear Bell inequalities (where the set of
separable states is surrounded by curved hyper-surfaces in %(.7)) [148] or by the sets of
linear Bell inequalities (they form a polytope-like structure, with facets represented by the

inequalities, around the set of separable states) [144].

No-signalling

Quantum mechanics meets also the no-signalling principle having its roots in the light speed
limit imposed by the special relativity theory. For Alice and Bob performing measurements
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in distant labs, the choice of the measurement setting on one side (Alice or Bob) cannot

influence the other’s side choice due to the spatial separation. It is formulated as:

P(alx) = P(alx,y) =) _P(a,b|x,y)
b (3.11)
P(bly) = P(blx,y) =) _P(a,b|x,y)

It is interesting to observe that there exist probability distributions meeting no-signalling
principle which are not allowed by quantum mechanics, like the PR-box [134]. In this sense,

no-signalling theories are broader than quantum mechanics [134, 7, 8].

3.2 Quantum entanglement is monogamous

One of the fundamental questions related to quantum entanglement, as a resource shared
between two parties Alice and Bob, is whether the correlations could be shared between more
parties. The questions is fundamental not only due to applications in quantum computation
or quantum cryptography but also due to the very nature of processing information between
physical systems at different levels of complexity. It finds out that shareability of quantum
correlations is bounded and it has its roots in monogamy of entanglement.

One can refer to a broadly used explanation [43] for spatial monogamy of entanglement
between parties ABC. It states that A cannot be simultaneously fully entangled with B and C
since then AB would be entangled with C having a mixed density matrix that contradicts purity
of the singled state shared between A and B. It is expressed in Coffman-Kundu-Wootters

(CKW) [43] monogamy inequality for three-qubit system in a state papc:

C*(pajpc) < C*(pag) +C*(pac) (3.12)

where C(-) stands for the concurrence between the parties (e.g. C2(pA‘ pc) between A and
BC subsystems). C(pap) is an entanglement monotone®, and is defined as the averaged
concurrence of an ensemble of pure states {p;, |¥45)} corresponding to psp minimized over
all pure decompositions of pap = Y, p:|¥48) (P48| [43]:

C(pag) = mpr, c(|w'?)) (3.13)

3Vide sec. Entanglement measures.
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and respectively for all other states. Concurrence of a pure state is C(|¥48)) = | /2[1 — Tr(p2)]
and py = Trp|WAB) (P48,

If a bipartite state is in a singlet state pap = [¥) (W[, then clearly the only possi-
ble tripartite extensions are of the form papr = pap ® p, i.e. no symmetric extension of
|P*) exists. That is also an immediate implication of the Schmidt decomposition for any
purification of pspg to a state Wyggpp which has to be decomposed to a factorized state
Yypep = Y1) @ |Pgg) if for its reduction AB one wants to get pag = ¥ ) (¥*|. Thus, we
get at least two proofs of monogamy of entanglement, one based on entanglement measures
and one based on purely geometrical considerations.

The concept of symmetric extendibility is directly related to monogamy of quantum
entanglement and that phenomenon was a building block for initiation of broad studies
of symmetric extendibility applications. If a bipartite state is in a singlet state psp =
[¥+) (W, then clearly the only possible tripartite extensions are of the form pagg = pap @ p
as aforementioned and no symmetric extension of | ¥ 1) exists.

Symmetric extendibility [55, 56, 161, 128] of a given bipartite state pap € B(H#4 R Hp)
(the Banach space of bounded operators) denotes that there exists a tripartite state papg €
B( 4 @ Hp R HA3p) invariant due to permutation of B and E part.

Definition 3.2.1 (Symmetric extension) A state pap € B(Ha @ A3g) is symmetrically ex-
tendible if there exists such a state papg € B(H4 R Hp R Hp) (Hp = HE) so that for

permutation:

P =" |ijk)(ikj] (3.14)
ijk

there holds PpapeP" = papr and TrePABE = PAB = PAE-

3.3 Monogamy of Bell inequalities vs. symmetric extendibil-

ity of quantum states

We can relate violation of Bell inequalities with the existence of so-called symmetric exten-
sions or quasi-extensions of quantum states witch is directly related to symmetric extendibility
of a given quantum state [128].

In [55, 56, 161], B. Terhal, A. Doherty and D. Schwab proposed more general concept of
quasi-symmetric extension H), basing on observations done by R. Werner in [169] 4. These
observations lead later to a crucial relation between symmetric extendibility and violation of

any Bell inequality. H, is an entanglement witness which is not necessarily positive:

4Vide sec. The separability problem vs. symmetric extendibility.
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Definition 3.3.1 [161] (Symmetric quasi-extension) Let Tt : 7 — %S be a permutation
of spaces F in H*5. One defines:

1 .
Sym(p) = FZ”””T (3.15)
/2

Then p on 74 ® A3 has a (sq,sp)-symmetric quasi-extension if there exists a multipartite
entanglement witness Hp on ¢, Sa ® Sy % such that Tr os,~1Hpy = p and Hp =

Symy @ Symp(Hp).

A5

Application of this definition leads to the observation that, if psp has a symmetric
extension for Bob, then psp does not violate a Bell inequality with k settings on Bob’s
side and any number of settings on Alice’ side which is a subject of the following general

theorems:

Theorem 3.3.2 [161] If p has a (sq,sp) Symmetric quasi-extension, then p does not violate

Bell inequalities with (s4,sp)-settings.

Proof. The theorem will be proved by extraction of Local Hidden Variables model for p.
Namely, for (sq,sp)-settings it should reproduce the vector P;; iy (p) = Tr(EA ®EBp) for all

possible choices of POVM measurements { E%

i EB} as a convex combination of the extremal

B vectors:
Piju(p men{ ESEQY.p)B (3.16)

where p, »(-) > 0. If there exists a quasi-symmetric extension of p, then Tr(EA ®EBp) =
Tr(EA ® E 1 @1)H,. Now, basing on the symmetry property of Hp, definition of the extreme
B vectors (as stated in the section Local realism and Bell inequalities) and properties of
POVMs, we can conclude:

Pju(p)=TrE®Egp = Y (TrE, ® EJHp B/, (3.17)

m,n

where 4 = Eﬁml ... ®E§1 omy, (and similarly for EB). As Hpis a quasi-extension, then
DPm ”({EU’ EBY,p) = TrEjs @ EBH, and we get LHV model. O

It means that for a bipartite state p having a symmetric extension p shared between Alice
and Bob, instead of measuring the state p, Alice and Bob can build p. They perform one
measurement with one setting for each site from s, sites hold by Alice and s, sites belonging
to Bob. Since the measurements commute, it can be perceived as one complex measurement

with a single measurement which is equivalent to LHV.
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Theorem 3.3.3 [161] If p has a (1,s;,) symmetric quasi-extension, then p does not violate

Bell inequalities with any number of settings on Alice’ site and sy, settings for Bob.

Proof. The proof is based on the fact that it is not possible to violate any Bell inequality
if one party performs measurement with only one setting. Therefore, in such a case it is
not necessary to extend such a state. Here is the LHV model for a quasi-extension H, on
S Ay

[T, (TrE), @ EjHp)

(Trly @ EBH,)sa—1

Pma({EfS.Ef}.p) = (3.18)

Each p, , is non-negative since H) is an entanglement witness. And as in the previous
proof, we obtain correct LHV values P, (p) basing on the symmetry property of H,,
definition of B vectors and properties of POVMs.

In this scenario Bob is the party who performs the measurement on the extension applying
only one setting for each of his site, thus, achieving LHV model for his measurement results.[]

We will consider now more general monogamy relation [142] basing on the previous
intuitions relating Bell inequalities with symmetric extendibility but adding also insights from
no-signalling principle. Let us consider an experiment [142] with n+ 1 separated parties:
one Alice and n Bobs {B(l),B(Z), o ,B(”)}. For this setup we consider a Bell inequality
B(A, B(’")) < R for the results of measurements performed by Alice and arbitrary chosen m-th
Bob. The crucial assumption is that the number of settings at each Bob’s site B isn (equal
to the number of Bobs) and the number of outcomes for Alice’ and Bob’s measurements
is arbitrary. Then there holds the monogamy inequality for n pairs of observers, each pair
having a single Bob and Alice:

Y B(4,B™) <nR (3.19)
m=1

This relation holds for all non-signalling theories, including quantum mechanical results
even if for a chosen pair of Alice and Bob B™ a single Bell inequality B(A,B(m)) <Ris
violated.
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Chapter 4

Symmetric extendibility of quantum
states

The theory of symmetric extendible states being crucial for analysis of one-way distillabil-
ity and security of quantum states has still many unsolved problems. In this chapter we
introduce some new concepts related to classification of all symmetric extendible states
and analyze mainly composite systems including also a symmetric extendible part [128].
The key conclusions are related to behavior of multiple pairs of quantum states including
the fact that it is not possible to reduce maximal extendibility of quantum states even if
one acts with one-way LOCC operations on multiple states [126, 128]. We underpin those
results with geometric observations about structures of multi-party settings which posses
substantial symmetric extendible components in their sub-spaces [128]. It is also discussed
how separability of quantum states is related to symmetric extendibility and how efficiently
a symmetric extension of a quantum state can be found by means of convex optimization
methods and implemented in semi-definite programming.

The key results related to geometry of symmetric extendible set, symmetric extendibility
of composite systems and behavior of this property under 1-LOCC operations were published
in [126, 128].

4.1 Geometry of the symmetric extendible set

The concept of symmetric extendibility of a quantum state pap, € (74 ® #3) can be gen-
eralized to a multipartite setup of its symmetric extension Pag, .. g, € B(H @ %®k+1)
(k > 1) with a permutational invariance on B-parties:
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Fig. 4.1 The space of quantum states can be decomposed by the relation of k-extendibility. Sy
denotes the set of all non-extendible states (the blue area) whereas S, the set of states having
n-rank symmetric extensions.

Definition 4.1.1 [128] A state pap, € B(7#4 @ H3p) is k-extendible if there exists such an
extension Pag, .. ps,., € B(Hx ®%®k+l) so that Pap, = Pag, (for any 1 <i<k+1)and

PABy...BiBiy1 = PAB 1) BaoBrgr) Jfor any permutation T on B-parties. The state pap, ...BB,.
is called k-rank symmetric extension of Pap,.

By 0O-extendible states we will denote those that are not symmetrically extendible at
all. One could note that it might be useful to partition the set of all symmetric extendible
states SE by relation of k-extendibility. If S; denotes a convex set [126] of all states being
k-extendible, then there holds the natural inclusion relation [Fig. 4.1] reflecting the fact
that every 2-extendible state is also 1-extendible but the converse does not hold for all
1-extendible states etc.:

S1D8%D...D8 4.1)

Of a great importance is the fact that for a given psp € SE there may exist different
k-rank symmetric extensions (i.e. extensions papg,..s, invariant due to permutations on
B-parties) so that the property is not unique and one could represent the set of appropriate
symmetric extensions by means of equivalence classes given by the relation #(.74 ® #3) >

pPaB~p € B(H) @ %@)(kﬂ)) if and only if p is a k-rank symmetric extension of state pap.
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As the trivial example note that for pag = 5(]00)(00| +|11)(11|) at least the following are
extensions of rank one: |GHZ) = \/LE(|OOO> +[111)) and p = £(|000)(000| + [111)(111]).
For k-extendible states it might be useful to introduce an operator swapping k + 1 particles:

Pr= Y iz igp)(m(i)7(i2) .. (isr)| (4.2)

i1ig.mdjy 1

where swapping is performed for an arbitrary permutation 7 on B-part. Hence, there holds a
general relation for k-extendibility that explicitly derives set Sg: Vr ida @ Prpap,...BB,,idA @

T
Pﬂ? - pA31 ...BkBkJrl .

Example 4.1.2 As a I-extendible state we present pap = %|OO) (00| + %|<I>+> (D | that obvi-
ously possess 1-rank symmetric purification to W-state |W) = %(|OOI) +1010) +{100)).

We could derive for this example a general form of n-extendible state X s5(n) that can be
extended to W-like state:

2
Ya5(n) = ﬁmm (0] + 5 [ ) (@ 4.3)

where |®, ) = %(|Ol> +110)).

Interestingly, one can simply show that for e.g. GHZ-like n-partite states being a symmetric
extension of pag = 3(|00)(00| + [11)(11]) there holds psp = lim,_,. P4 (n) that is in agree-
ment with theorems [161] stating implicitly that p is separable if and only if it is co-extendible
(where pap(n) is derived from n-partite GHZ state by tracing out all parties beside A and B).

In the following, we present two different approaches to the problem of representation
of symmetric extensions in the extended spaces. The first approach is widely used in
previous papers (see [55, 56, 161]) on extendibility of quantum states. Every bipartite state
pas € B(H4 @ H#5) where 54 = C™ and 5 = C" can be represented in the basis of
generators of group SU (m) ® SU (n) as follows:

pa = YOLR09+ ) 0,04 ®0p+ (4.4)
i=0
+ Y Biojwopg+ Y. Gioiwoj
>0 720

where o}, are basis elements of SU (n) and respectively o} for SU (m). The coefficients are
real and elements of the basis satisfy relations: Tr[cioy] = 1s8;; and Tr[ck] = &;; with
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S = {A,B}. Therefore, one could derive a general representation of all 1-rank symmetric

extensions which results also from the completeness of the aforementioned basis:

PaBB, = Y. 004 Gél ® Géz + (45)
i,J
+ Y Buloroao] ® Of, + 0} © Of, @ o3,
ik <k

and further, for general case of k-extendibility:

PABy. By = ), 0ijCA®Of ... Q0]+ (4.6)
i

Y YBi.i.ciocs V.. .oap

L . k+1
L, <p<...<lgy1 O

The latter approach that we will utilize in this thesis is based on partitioning a space on
which Bobs’ states operate into a symmetric and antisymmetric subspace.

In the following, we will prove some lemmas about Schmidt decomposition of k-rank
pure symmetric states that support more powerful theorem about properties of symmetric

extendible states in due course.

Lemma 4.1.3 [128] Let pap, € B(54 @ A3, ) be symmetrically extendible to a k-rank pure
extension |Wap, . B, +1) E IR %?/H-l (k > 1) then there exists a Schmidt decomposition:

|‘I'A31...Bk+1> = Z%|¢{4Bl>|‘l/fz"'k+l> (4.7)

where {|¢"")}, {]I;II-BZ'""“ )} are orthonormal sets and ]l//fz'"k“> € Symk(Ap,) @ Asym* (A,)
(where Sym stands for the symmetric and Asym for the antisymmetric sub-space respectively).

Proof. Since Iyp, ® Pr|¥as,..B.,)(¥aB,..B,,, 1B, QP = |WaB,..B,.,)(¥aB,..B.,| and
Y4B, ..B,,,) is a pure symmetric extension, then:

Vi Iup, @ Pr|¥ap,..B,.,) = £, . .B.,,)

where Py operates only on B; ... By 1 of the system, which implies }; Oc,~|q)lA Biyp,| l//fz‘“k*‘ )=
B . . . . :

1Y, Oc,~|¢iA By v, >**1). However, since the state is a symmetric extension, the above Schmidt

decomposition is invariant due to any permutation on B-part and |(])l.AB ') indexes uniquely the

]l//fz“'“l} states so Py transforms |l,tll-32“"‘“) onto itself. Therefore, the second multiplicands
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of Schmidt decomposition represent either symmetric or antisymmetric orthonormal states.
O

While the spectral conditions for 1-rank symmetric extensions were stated in [123], we
derive general statements about spectral conditions for k-extendible states basing on the

observation about decomposition of symmetric states:

Observation 4.1.4 [128] Every pure normalized state |¥) € Sym**1 @ Asym**1 (#3,) of
k+1-partite system can be decomposed to the following Schmidt form:

\V/1<l<k|\P> — Z |¢f1...31>|¢i191+1...3k+1>

where the multiplicands form respectively symmetric or antisymmetric orthonormal sets.

Proof. One can conduct the proof similarly to (4.1.3). Since VrPr|¥)(¥|Pr = |¥)(¥|,
then for all possible permutations the operation cannot change Schmidt decomposition of
Y, |¢iB 1By |¢iB BB ). Furthermore, due to assumed symmetry property of |\¥F), a state of
any l-subsystem B ... B; represented by the first multiplicand is permutationally invariant
and the same is applied to the second multiplicand. []

This observation with application of lemma 4.1.3 can be effectively used to generate

k-extendible states.

Observation 4.1.5 Let pap, be k-extendible to a pure symmetric state |¥ap, B, +1> then for

ordered vectors of eigenvalues of pap, and pp,..p,., there holds’ :

AY(pas,) = AH(ps,..5.,,) 4.8)

Proof. The proof is immediate applying Schmidt decomposition and results of (4.1.3). [

Symmetric extendibility of composite systems

In this section we explore symmetric extendibility of complex systems consisting of multiple
pairs of quantum states. Thus, all following statements are vital for protocols acting on such
quantum systems.

One may state a non-trivial question if it is feasible to achieve symmetric extendibility
of a composition of quantum states when at least one of them is not-symmetric extendible.
The result of this question is crucial both for quantum security applications and measuring
quantum entanglement. The following lemma casts some light on this field:

'For a vector X, we order its components in decreasing order, i.e.: x| > x > ... > x, and then write x*.
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Lemma 4.1.6 [128] If pap € B(HY @ M) is not symmetrically extendible state then
there does not exist any such a state pyp € 93(%7{1,( ® %%L/) that pag @ pag would be

symmetrically extendible in respect to BB' subsystem.

Proof. Conversely, let papap = pap ® pap be a symmetrically extendible state acting on
B(AN @ ) ® J“ij[,{ ® %’7) Therefore, one notes that pspa/p after swapping to paa/ppr
can be represented by method (4.5) in an appropriate basis including generators of group
SU(N)®SU(K) ® SU(M)® SU(L) and further, can be extended to a 1-rank symmetric
extension p, , 57 Where we extend BB’ part as follows:

Povewiy = X%+ (4.9)
ijkl

+ Y Bijkimn(Tijkimn + Tijmnkt)
ijkimn
with tensors T;jximn = o'®0/®c*® 0! ®o™®oc". We derive the state p g5 Of system
ABB tracing out that of A’B'B’. For the fact that Tr[c’ ® 6/ @ 6¥] = Tr(c")Tr(c/)Tr(c¥)

and Tr[c’] = & after tracing out only elements with 6° = I remain, namely, one obtains:

Pags = YOk Tkt + (4.10)
ik

+ Y Bkt Tkt + Tamikr)
ikm
Hence, p, 5 1s 1-rank symmetric extension of pp that is in contradiction with the assumption

that the latter is not symmetrically extendible. [J

Corollary 4.1.7 [128] If pap € B (f{;\N ® %M ) is at most k-extendible state then there does
not exist any such a state pyg € B (%i{,{ ® %’7) that pap ® parg would be k+1- extendible

in respect to BB' subsystem.

Lemma 4.1.8 [128] Assume that pap € B( 74 @ Hp) is not symmetric extendible and there
exists a local operation F acting on A-part such that cxp = (F ®id)pap(F' @ id) /Tr[(F®
id)pap(F" @id)] is a symmetric extendible state.

Then for any local operations A and B acting on A and B part of the system:

A=U . Ut (4.11)
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ARIpaAT T
A = 4.12
(Pas) Tr(A®IpasAT 1) (4.12)

where for all i (0 <i<dimJ%), 0 < o; < 1 and U denotes an unitary operation (B

has a corresponding structure), there exists a local operation F such that OuB = (ﬁ ®
B~ A(pag)(FT @B 1) /Tr[(F @B ")A(pas)(FT @ BT1)] is symmetric extendible and
rankF = rankF.

Proof. To prove this lemma, it suffices to note that A = UDU" with a diagonal matrix
D. Further, we observe that F = FoUD U where D~'D = id. The latter is possible due
to the condition that for all i there holds: 0 < ¢; < 1 and we easily observe that ' = FoA.
This brings us to conclusion that (F @ id)A(pag)(F! ®id) is a symmetric extendible operator
(after normalization becoming a physical state). If Bob acts in the process with a local
operation B, to ensure that the final state Gsp is symmetric extendible, he has to act with
a reversed local operation B! on his site (we ensured that the local operation B is also
reversible). []

Remark. It casts some light on a fact that local operations on Alice’s side actually do not
change the amount of symmetric extendibility embedded in a state.

This lemma is of a great importance for private security and entanglement distillation
studies, as we can always build a symmetric extension I'4gr of a state G4 which means that
Eve potentially has a state pr = pgp = Trs04p and operates on such a space. To support this
statement one can further derive the corollary about extendibility of any quantum state with a

proposal of new extendible number of a quantum state:

Definition 4.1.9 [128] For any pap, Nse(pap) = maxy rank[F is called the extendible num-
ber of a state pap where (F ® id)pap(F' @id) is a symmetric extendible operator and F is a

local operation acting on A (dimTF states for the dimension of the image of I¥).

Corollary 4.1.10 [128] Any state pap € B(H#4 @ %) with extendible number Nsg can be
extended to a state papg € B(H#4 R Hp @ Hx)(dim Ay = dim ) for which there exists
a filtering operation IF on A so that (F ®id) pABE(IFT ®id) is invariant due to permutation of
Band E.

Naturally, there holds: if Nsg(pap) = rank(pa), then the state is symmetric extendible.
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4.2 Set of symmetric extendible states is closed under 1-
LOCC

We will present now a generalized version of a lemma [126] up to k-extendible maps stating
that no matter what one-way operations Alice and Bob perform, the symmetric state shared
between Alice and Bob will keep its symmetric extendibility.

Note that the set of extendible states is convex and compact which can be obviously
obtained from the extendibility of any convex combination of extendible states. Subsequently,
we show that the set is closed under local operations and one-way classical communication
(1-LOCC) in the following lemma:

Lemma 4.2.1 [126] The set &g of symmetrically extendible states is mapped under 1-LOCC
for A : B(Hap) — PB(H55) into the set of symmetrically extendible states &y

Proof.

PaB C éap = p, . PaBB = PaBB N TTBPABE = PAB
= TrgA(pasp) = P55 C €55

where
KL ~ -
Noas) = Y (oW owi=)
ij=
X(‘/iAHg@IF@If,)pABB’
ARGV =Y )
y (1121{@ WjI;—)E’{' ®Wﬁ’%§”r)

and operations acting on Bob’s side are trace-preserving due to the necessity of non-breaking
the property of extendibility. [

Namely, it is not possible to reduce the maximal extendibility 2 of a quantum state by
means of 1-LOCC even if the operation is performed on multiple copies (cf. [126]). The
following lemma indicates a fact that one cannot produce maximally k-extendible state from
maximally n-extendible state (when n > k) by means of 1-LOCC A_,(-) on any number of

pairs and is a generalization of the above one:

2 A maximal symmetric extension of a state pap, stands for such a pap, ..., (n > 1) so that there does not
exist any symmetric extension p4p, ..., where k > n.
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Lemma 4.2.2 [128] Let A, be a I-LOCC quantum operation (not necessarily trace-
preserving):
As(p) =Y (oB)AcDpAiD) (I©B;))
ij
where ZiAin <land}; Bl.TjBi i =1 for all i since Bob cannot communicate the outcome of
a probabilistic operation back to Alice. If p is maximally k-extendible state then A_,(p) is
n-extendible and n > k.

One may raise further a very important question how to create the property of symmetric
non-extendibility both in case of single states and collective systems using only local op-
erations or additionally one-way communication that naturally will have implications for

distillability and capacities of corresponding states and channels.

Lemma 4.2.3 [128] Let pap € B(H4p) be a state possessing at most k-rank symmetric
extension where k < oo then there does not exist any 1-LOCC protocol represented by

Aa—pc : B(Hapc) — (%BC) (not necessarily trace-preserving):

Aa—pc(PaB ® Oc) = Pasc (4.13)

so that Papc is a symmetric extension of pap and o¢ € B(H¢) is an additional resource on
Bob’s side, i.e. TrcPapc = PaB-

Proof. Since pyp 1s k-extendible, one can assume that its symmetric extension is realized to
PABB,...B, but By ... Bg-part is possessed by Eve. Obviously no communication between Eve
and Bob in such a scenario is allowed so that Bob cannot detect locally Eve and further, since
the set of symmetric extendible states is closed under 1 — LOCC operations [126] even if Alice
and Bob had engaged one-way communication they cannot break symmetric extendability of
pap and so cannot eliminate Eve if the symmetric extension had been realized.
Therefore, assuming that on the contrary A4_,pc enables creation of a symmetric exten-
sion:
Ap—pc ®idp, . B, (PABB,..B, ® OC) = Q (4.14)

resulting state Q would be k+1-symmetric extension of p4p that contradicts the lemma’s
assumption about extendibility of this state and completes the proof. [J

Remark. The aforementioned statements for n copies of symmetric extendible states
holds as well in asymptotic regime for n — oo due to the results of 4.1.6 that can be extended

for an infinite case.
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As a result of the above lemmas we can conclude that in general for creation of any
symmetric extension one needs to engage two-way communication. However, it is interesting
to note that LOCC operations with finite bidirectional communication can be simulated
with stochastic local operations by including the expected communication bits in the shared
randomness, and succeeding only when these shared random bits and the to-be-communicated
bits coincide [120]. In this context, it might be a subject of further research to analyze
how symmetric extendibility behaves under such stochastic operations and how easily the
extensions can be created. These results will be vital for cryptographic applications.

4.3 The separability problem vs. symmetric extendibility

It is easy to note that a separable state pap =Y ; p,~piA ® GiB can be symmetrically extended to
n Bobs pip =}, pipl’-“ ® (Gl-B )®" for any n > 1, i.e. any separable state is co-extendible. Thus,
one can presume that there is a strong relation between the concept of symmetric extendibility
and separability of a quantum state. It is based on the intuition that for the pair of quantum
states pap € B(H4 @ Hp) and oxp € B(H4 ® Hp) where maximal extendibility of oyp is
greater than that of p4p, the state oyp is less entangled than psp (in terms of an appropriate
entanglement measure, e.g. based on a distance to the separability states set).

Although it is easy to observe that every separable state is oo-extendible, it is not obvious
in the asymptotic regime if every oo-extendible state is separable. The positive answer to this
question for an asymptotic regime is a conclusion of the theorem proved by R. Werner, M.
Fannes et al. in [67, 138] and is based on observations arose on the basis of the famous de
Finetti theorem [45].

The classical de Finetti theorem states that for any symmetric probability distribution
on m random variables Py, x, .. x,, which is infinitely exchangeable (i.e. it can be extended to
n-partite distribution for all n > m and is invariant under any permutation 7 of the random

variables Pr(x,)z(x,)...n(X,,) = FX\X,...x,,), one can find an expansion:

PX1X2~-~Xm = /P)’("du(Px) (415)

where d is a measure on the set of probability distributions of one variable Py.

We present now a quantum analogue of de Finetti theorem [160, 93, 133, 29, 72, 73]. A
state p,, € B(H™) is exchangeable if it is invariant under any permutation 7, on m copies
of S (i.e. Tupu7), = p) and for any n, there exists an extended state p,,,, € B(H“"")
which is permutationally invariant under 7, , and: p,, = Tr,Pm+, (a partial trace over n
additional systems).
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Theorem 4.3.1 (Quantum de Finetti Theorem) Let p,, € B(H*™) be an exchangeable
density matrix, then there exists a unique probability distribution P(p) over the space S of

quantum states on J so that:

pn = [.P*"P(p)du(p) (4.16)
S

where P(p) > 0 and the probability distribution is normalized [¢(P(p)du(p)=1withdu(p)

being a suitable measure on the space S.

Exchangeable states p,, create a specific sequence of states {pm};z’] called sometimes
exchangeable de Finetti sequence. We can easily observe that for the exchangeable states the
above expansion results in a convex combination of product states, hence, we can proceed to
the following strong statement:

Theorem 4.3.2 [67, 138] A state pap, € B(H4 ® Hp,) is separable if and only if it has
symmetric extensions Pap,..p, € B(Hr Q Hp, @ ...® Hp,) foranyn=2,3,... o (ie. is
oo-extendible).

Since every separable state is PPT (as discussed in previous sections, it is easy to observe
that for every separable state I'g(pag) = ¥ pip!* @ (65)T = ¥ pip @ 62 = pap), sometimes
it might be useful to introduce the concept of PPT symmetric extensions [55, 56]. PPT sym-
metric extension of pap, is such a symmetric extension Pag, .., that F{B,-}(PAB, -~~Bk+1) >0,
i.e. is positive under any partial transposition of any subset of its sub-systems.

In a natural way, one can build a hierarchy of symmetric extensions:

Theorem 4.3.3 Let pap, € B(54 @ 3, ) has a PPT symmetric extension pag,..p, € B(Hr®
Jffl@” ) to n copies of B-subsystem. Then pap, has a PPT symmetric extension to (n— 1)
copies of B.

Proof. For any state pag, ., , = Trapas,..s, (reduction over one of the copy of B), it is easy
to observe that psp,.. g, , inherits the property of being a symmetric extension.

Now, we will consider PPT-property of that state, assume that pap, g, , is not PPT. Then
there is such a subset S of the subsystems that I's(pap, '”Bn—l) <0.Let|¢) € 4 ® %Ql@n—l
be the eigenvector with a corresponding negative eigenvalue of this PPT problem and let
{|i>}flj | be the basis for the system B which was traced out from pap,.. ,. Since pag, .., is
PPT, then for all iz (¢|(i|T's(pas,..5,)|i)|¢) > 0 and one gets immediately:

dp

Y (01(iITs(pas,..8,)|i)|¢) = (¢|Tra[Ts(pas,..5,)]|¢) >0 (4.17)

i=1

which contradicts the assumption that I's(pag,..5, ,) <0. O
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4.4 Hierarchy of separability tests

Basing on the findings of the previous section we can build in a natural way a hierarchy
of separability tests [55, 56] searching for PPT k-rank symmetric extensions as a PPT
modification [Fig. 4.2] of the algorithm searching for k-rank symmetric extension for an
input state pap € B(H4 @ H3).

Namely, the first test verifies if the state is PPT. If no, then the state psp is entangled.
If yes, the state can be separable or entangled and it runs the second test to check if there
exists PPT symmetric extension (in a standard algorithm that would be just search for 2-rank
symmetric extension) papp € B(H4 ® %‘@2). If no, then the state naturally is entangled
etc. The n-th test searches for PPT symmetric extension pap. g € B(H#) ® %@5’"). It is
immediate to observe that each iteration is at least as powerful as all the preceding ones in
detecting entanglement [55, 56].

As mentioned, one could just look for symmetric extensions of quantum states without
verifying PPT-property of the extension, yet, as proved in [55, 56] introducing this condition
gives better operational results due to the strength of this additional condition.

The hierarchy of separability tests can be implemented as a semi-definite program (SDP)
by means of convex optimization methods. Moreover, it was also proved that the hierarchy is
complete, i.e. for any entangled state psp, the algorithm finishes with a positive result at a
finite n. We will use these methods further? to find a whole class of symmetric extensions of
isotropic states and building new entanglement monotone basing on them after modification
of this SDP.

However, in this context we cannot forget that solving separability problem is of NP-hard
class (i.e. it is at least as difficult as solving any non-deterministic polynomial-time problem -
NP - in terms of computational complexity) which is also the case of the aforementioned
algorithm, scaling polynomially with the dimensions of the subsystems but finishing at

unknown step 7.

4.5 Convex optimization for searching symmetric extensions

Searching for symmetric extensions of a given state is actually a particular type of a con-
vex optimization problem, that can be implemented in semi-definite programming (SDP).
A typical SDP is one of the convex optimization [22] form subjected to a linear matrix

inequality:

3Vide sec. Symmetric extendibility of isotropic states.
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No
Yes
No
I Yes
| No

n — +oo

Fig. 4.2 The hierarchy of separability tests algorithm looking at each step for PPT symmetric
extension of n-rank for a state psp. If a state fails a particular step, it is entangled.
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minimize ¢’ x (4.18)

subject to F(x) > 0,

where c is a given vector, X = (x1,...,x,) and ¢! x creates the objective convex function. The
positive semi-definite matrix F(x) = Fy + Y ;x;F; (F; are hermitian matrices) put constraints
on the optimization problem. The minimization is performed over vectors x and the set of
solutions of the problem is convex.

We will show now how to construct [55, 56] SDP for symmetric extensions. As discussed
previously?, any bipartite state pap € %(.#4 ® #%) can be represented in the basis {67 ®
GJB} as pag = ZijpileA ® G]B where p;; = OcA_langr[pABGiA ® GjB] (Tr[GiXGJX] = ay §;; for
X = {A,B}). The algorithm performs search for an extension pypp € B(H4 R Hp R Hp):

B A B, B <A B A B o ~A
pape= Y, pii{of ®of®@cl+of @0l o} +) pikof @ o ®op  (4.19)
ik, i<k kj
To ensure that pspp is a symmetric extension of psp, we require additionally: Trppapp = pPaB-
Due to the relations between {o;} operators we get p;;1 = p;;. Now the linear constraints
for the optimization problem comes from the requirement that the partial transposes and the

symmetric extension are positive semi-definite. Let us define:
Fh=Ypjofeciowcl+ Y pjlcfecec +of®clwd’) (4.20)
J i=2,j=2
Fji=ol®ol®oli>2,

Fp=(cfoclecl+ofootwol)k>i>2,

and we can re-write the linear constraint pygg > 0 of our SDP (we put all the indexes {ijk}

under J-index) in a more compact form:

F(x)=Fy+) x;F; >0 (4.21)
J

and the coefficients p; jx build the vector x.
Since the matrix papp is a symmetric extension over B-parties, we require that T4 (pagg) >
0 and I'p(pagg) > 0 (PPT conditions), and in conclusion we can put the final condition for

4Vide sec. Geometry of symmetric extendible set.
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SDP:
M = papp P T'a(pass) ®Ts(pans) > 0. (4.22)

and we actually resolve a feasibility problem M > 0 (4.22) with an objective function
equal zero (i.e. ¢ =0 and cI'x = 0) [22, 55, 56] that is a modification of standard convex
optimization problem.

For higher levels of the hierarchy, the algorithm generates the symmetric matrices Fy of
higher dimension and then builds the block diagonal matrix M for which the optimization is
performed so it searches for an appropriate k-rank symmetric extension and verify if it has

PPT-property.

Example 4.5.1 As a special example of application of these observations we use below
bipartite state pap that is extendible for F < %, moreover, notice that in this range the state

may be quite strongly entangled [126]:

pag = 5P+ ——(|01)(01] +20)(20] +[21){21]) (4.23)

F 1-F
3
Note that filtering on Bob’s side the state pap, and in general any such a state, does
not change the extendibility, what may be simply proved. Applying filtering with W =

diag [1, \/LF’ \/2—1—7} we get a state pap and a maximally mixed state py on Alice’s side:

~ WelpapgWiel . 1
= : =3 4.24
PAB Tr{W®IpABWT®I}’pA 3 (4.24)
F VF F
£ 0 0 YE 0 0 0 35—+
o 200 0o o0 o 0 0
O 0 00 0 0 0 0 0
o 0 00 0 0 0 0 0
b= % 0 00 L o o 0 (4.25)
O 0 00 0 0 O 0 0
1-F
0 0 00 0 0 575 IOF 0
0 0 00 } 0 0 355 O
F F F
3v2—F 0 00 3V2—F 0 0 0 32—F)

For any of the above states, the extension can be found by means of linear optimisation
with help of SEDUMI module [157]. We have found the extension of pap very easily, in fact


http://mostwiedzy.pl

A\ MOST

4.5 Convex optimization for searching symmetric extensions 49

we have for F < % the following spectral decomposition of the extension pPpap:

[ o) = 1020) and A9 =
lo1) = |0 1>+|100>+|111>+]122>+|221) and Ay =
[@2) = |021) and A, = 125 (4.26)
|(p3):|101>and),3—% '
|pa) = [120) and Ay = 1E

L ¢s) = [121) and As = 125

where generally eigenvalues have to fulfil the following conditions so that after tracing out

Brigitte we obtain pyp:

—F
{ Aoty = T (4.27)

12 —|—A5 1-2F

According to these constructions, we may find another state ppap that is nearest (in the
set of states constructed on the above eigenvectors) to singlet in a sense of maximizing fidelity
(F = (Pi|pag|¥+)) of its local reduction pap:

PBAB=%|§01><‘P1| (4.28)
_3 1 1 :
pap = 5Py +5|01)(01] + =|21)(21]

As a generalization of such states, we construct states extreme in the above sense for

arbitrary dimension:

d 1 d—1
Y= P+ Y 1i0)(i 0] (4.29)
i=1

2d —1 2d -1 =

We state now the following question as a natural conclusion of above analysis:
Question: What is the maximal possible value of fidelity of p that we may obtain from states
for which Q_, = 0 (a zero one-way quantum channel capacity>)?

>Vide chap. Quantum Channels
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Chapter 5

Isotropic states and their symmetric

extensions

In this chapter we present analytically derived symmetric extensions of isotropic states
which are important for further definition of new entanglement measures based on symmetric
extendibility, due to the fact that every state can be transformed under U @ U™ - twirling into an
isotropic state and for maximally entangled singlets, the nearest symmetric extendible states
from the set of symmetric extendible states set are the isotropic states [126]. Furthermore,
we define a new entropic measure [126] based on a normalized relative entropy distance to

the set of symmetric extendible states in analogy to the relative entropy of entanglement.

5.1 Isotropic states

In this section we present a unique class of quantum states - Werner states and isotropic
states. R. Werner [168] analyzed bipartite quantum states p € B( ® ) which do not
changes their structure if their subsystems are exposed to the same local unitary operations:

p=UaUpU aU’ (5.1)

The structure of the Werner states is as follows:

I+ oP

= 5.2
d?+ ad (5-2)

pw ()

where P = Z,d;:lo lij)(ji|. The state is separable for 1 > ot > —% (i.e. it is separable if and

only if it is PPT), NPT for —é > a > 1 and two-way 1-distillable! for —% > o > —1. Fora

'Vide sec. Distilling quantum entanglement.
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bipartite qubit state py € %(C? ® C?), we get [135]:
1
pw = al¥_) ([ + (1) 53)

where —} < a < land [¥_) = %(|oo> —|11)).
The states are so specific due to the following property. Namely, any state p, subjected
to random bilocal unitary transformations of the form U ® U, becomes a Werner state. The

random unitary operations are called twirling operations:

pw = /dUU@UpUT@UT (5.4)

The second class of states considered in this thesis creates so-called isotropic states [139].
These are the only states invariant under U ® U™ transformation. We can derive them as
a higher-dimensional generalization of py € %(C? ® C?), interchanging |¥_) with [, )
[101]:

p(a,d)=oPy+(1— a)%

< a < 1. If we are interested in the question of how much singlet fraction

(5.5)

1
d?—1
F = TrP;p is embedded in this state, we get the following broadly used form:

where —

2
pd,F) = (1 F) 1+ (F ~ )R] (5.6)
The state is a mixture of a singlet state Py = |¥_ ) (¥ | and a pure noise with a representation
Proise =1/ d?. It is the only state invariant under U ® U™ transformation. The state is NPT if
F > % and the parameter F is invariant under U ® U™ twirling.
Finally, in analogy to U ® U twirling, any state exposed to U @ U* twirling becomes an
isotropic state pjg:

Piso = /dUU QU*pUT @ U, (5.7)

5.2 Symmetric extendibility of isotropic states

Using techniques [62], we show [126] that the nearest state to a singlet in an arbitrary
dimension is a state p(d, F,,4,) from a subset of isotropic states p(d, F) [101] with fidelity
F < F,4x for which those are symmetrically extendible:

d+1

7 (5.8)

Fmax -
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2
pdF) = ({1~ F) by (F— )P 59
Indeed, following [62] one needs to analyze operators from a six dimensional non-commutative
C*-algebra that are U ® U ® U-invariant and V(23)-invariant. Such operators S will be repre-
sented as a linear combination of the basis elements of the algebra: B={S,,S_,S0,S1,5,,53}
where for the trace condition one obtains [62] conditions for factors of the combination:

so» = 53 = 0 and, further, from positivity: so =1 —s54 —s_.
S=5:51+5-5_ 45050+ 5151 (5.10)

The matter of interest is now the tetrahedron in three-dimensional euclidian space of parame-
ters (s4,s_,s1) confined by the hyperplanes [62]: {hll,hlz,h;,h;} in which exists the state
QupE giving the searched symmetric extendible reduction psp. For maximizing the distance
of the unknown state p4p to singlet it suffices [126] to find the maximization over fidelity F
between the symmetric extension represented as Q4pr and virtually extended unnormalized
operator papg = P @1 as Fyax = Tr[Py @1 Qupg| = Tr[Ps pas] = Fax :

— Tr((Py 1) S4)/Tr[$3] = 0
=Tr[(Pr®I1)S_]=0
— Tr{(P, 1) o]/ Tr(S3] = d 24
=Tr[(Py ®1) 8]/Tr[S}] =1/2d
F=FR+75s
F=R+ 30T (5.12)
Fiax = max—p p F
where A denotes the tetrahedron bounded by mentioned hyperplanes, ? —Fy, F_ —

Fo,Fi]and ¥ = [s;,s_,so|. Normalization of parameters F; 1nher1ts from the commutation
relations [62] between operators S;. Maximization results i iny = [0,0, 1] that relates to the
found aforementioned isotropic states pap = p(d, Fjax). The eXphClt form of the tripartite

symmetric extension of isotropic states p(d, Fyuy) in the border of extendibility is [126]:

1
Qupe = Zd(SO"f—Sl) (5.13)

where [62]:

{ 50:d2 (d(X +VXV)— (XV +VX)) 5.1

S| = = (d(XV +VX) — (X +VXV))
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for

Z|n = [®)(P|RI, V =V(o3) = Y |ijk)(ikj]. (5.15)
ijk

It is important to notice that the same results can be obtained numerically by means

of linear programming methods that we have utilized to find the broad class of symmetric

extendible states.

5.3 Relative entropy and distance to the set of symmetric

extendible states

Distance measures are introduced to quantify generally distances between quantum states or
between a state and a specific subset of quantum states but they also bring more operational
application related to statistical distinguishability of quantum states. In particular, a funda-
mental issue relates to the distance of a given quantum state p € #(#) to the nearest (in a
sense of a chosen metric) separable state 0 € Z () from a set S of separable states in this
space S C A(s), which is compact and convex.

This distance relates directly to the strength of entanglement shared between subsystems
of a system in a state p and we will find out in the following chapter that distance measures are
good candidates to quantify quantum entanglement. This concept is based on the intuition that
the closer to separable states a multipartite quantum state is localized, the less entanglement
it stores and for any separable state, its entanglement E(c) =0 2. On the other hand, we
predict that the states, which are close to each other, will generate similar statistical results
for the measurements performed on them.

There are many different proposals of distance measures introduced in quantum infor-
mation theory but we present below the most popular. For a given set of separable states
S C B(H#, @ #3), the distance of a state p € B(#) ® H3) to the nearest separable state
can be assessed by [13]:

Bures distance Dpy5(p) = minaeSDBm;(p G) where D% (p,0) =2[1 —+/F(p,0)]
with fidelity defined as: F(p,0) = [Tr/\/po/P]*.

Hilbert-Schmidt distance Dys(p)=mingesDys(p,0), where Dys(p,0) =+/Tr(p — o).

Trace distance Dy, (p) = mingesDr,(p, o), where Dy, (p,0) = 1Tr|p — o].

2Vide sec. Entanglement measures.
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The trace distance between p and o is actually the variational distance of the probability
distributions generated by POVMs on these states:

Dr.(p,0) = m‘glxDTr(P, S) (5.16)

where maximization is over all POVMs V on p and ¢ (which generates the probability
distributions P and S). As an application, one could try to decide if an unknown state equals
o if no prior knowledge is given and only POVMs could be performed. As in case of other
measures, it is interesting to note that the trace distance is monotonic under CPTP maps A:
D7 (A(p),A(0)) < Drr(p, o) and reflects also the strong convexity: Dr.(Y; pipi, ¥.iqiCi) <
Drr(P,S) + X, piDrr(pi, Gi).

Another very popular measure, directly related with the Bures distance, is the fidelity
quantifying an overlap of two quantum states. For pure states |¥) and |®), the fidelity equals
the probability of passing the test by |¥) whether it is |®), and it reads:

F(Pw),Pay)) = | (¥|®)|? (5.17)

In general, for mixed states p and o

F(p,0)=[Tr\/\/po/p)? (5.18)

and if one of the states is pure, then F (|y)(y|,0) = Tr(|y){y]|o). Fidelity is also monotonic
under action of CPTP channels A:

F(A(p),A(c)) = F(p,0) (5.19)

and moreover, there holds a very interesting property for pure extensions |y) and |¢) of

mixed states p and o respectively:

2
F(p,0) = max [(y[9)] (5.20)
[w).19)

In this context, the next quantity - the relative entropy of entanglement is not a distance (as
it is not symmetric, i.e. R(p||c) # R(c||p)), however, it is also used to quantify entanglement
of quantum states since it can be used to distinguish a given state p from the nearest separable
state:

Dg(p) = mingesR(p| o) (5.21)
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It is interesting to notice the relation between relative entropy and the trace distance [13]:
R(p||o) > 2D (p,0)? (5.22)

and as we will see further, the relative entropy of entanglement is an efficient upper bound
on distillable entanglement which is one of the key reason for such an interest in this matter.
Basing on these insights and monogamy of quantum entanglement, we introduced and
developed in [126] the concept of a distance of a quantum state to the nearest symmetric
extendible state which is also a new upper bound on one-way distillable entanglement (vide
sec. 'New upper bounds on one-way distillable entanglement’). As we will find out, in
similarity to a standard case of separable state where Dg(p) = 0 if the state p is separable,
we propose an entropic measure which gives a zero value for states being symmetrically
extendible [126]. This is a crucial for all states being a subject of 1-LOCC distillation and
cryptographic protocols.

We define the measure of this distance to the set of symmetric extendible states based on
the definition of relative entropy:

Definition 5.3.1 [126] Assume that a convex set &g is a set of extendible states, i.e.

Sap = {048 1 30,5y OB = Oap =
= Trep||Wassc)(Yagpcl]

Then the distance of a state pap on g = F4 ® Hp with dim ¢, = dy and dim 73 = dp
to the set of extendible states Exp of d @ d type where d = max|da,dp| is defined by

RgAB(PAB) = 5AB inf R(ﬁABHO-AB) (523)
GABGéd
where Vp s R(p||o) = Tr[plogp — plogo] and 6 = —llo(% with d = max|dy,dp| due to

2d
normalization of this function on maximally entangled states. In the formula (5.23) pap is

taken as a state of d @ d type (after embedding pap into d @ d space).

Normalization of this symmetric extendible relative entropy is derived in such a way that
for maximally entangled states: R, ,(|¥5) (¥ |) = logd and for all symmetric extendible
states 0, Rg,,(0) = 0. It becomes clear in next chapter that by such a formulation we can
derive new upper bounds on one-way distillable entanglement. Such a formula would be
not possible without a derivation of exact symmetric extensions of isotropic states and their

relation to singlet states.
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5.4 Symmetric extendibility of bipartite qubit states

Every bipartite state pap € B (H#4 @ H#3) (where dims#; = m and dim 5 = n) can be
represented in the so-called Fano form [66], decomposed in the product group basis SU (m) ®
SU(n) as:

m2—1 n?—1 m*—1n%—1

pas=—M @I+ Y Bloawlz+ Y Bilawoi+ Y Y rfoawoc) (524
i=1 j=1 i=1 j=1

o

—A —B
where B and B can be interpreted as real Bloch vectors of the reduced states ps = Trgpap

and pp = Trapap respectively. Further, [}/I-‘}B] can be represented as a real (m> — 1) x (n> — 1)
B
i
It is interesting to analyze this structure in case of bipartite qubit systems in a state
pag € %(C?®C?). Then the Fano representation is:

matrix of correlation parameters

3 3

1 3
pap = ;(Ia®Ip+ Y Bloiols+ ) Bila@oj+ ), Bijo;@0)) (5.25)
i=1 j=1 =1

where {07, 02, 03} denote the Pauli matrices and the real parameters are (we project the state
pap onto a basis vectors of a Hilbert-Schmidt space %(C? ® C?)):

BY = Tr(papoi®1p) (5.26)
BP = Tr(pala®o;) (5.27)
AP = Tr(pagoi® o)) (5.28)

(5.29)

Furthermore, any two-qubit state having the reduced density matrices p4 = pp = [/2 can be

transformed to the Bell diagonal representation by means of local unitary operations Uy and

AB

Up acting on the qubits A and B which diagonalize the correlation matrix [f3; i J,ie.

i
Pag =Y, 0| D;j) (D) (5.30)
ii=0

with the Bell states |®;;) = \%(\Oz) +(=1)/|11 @ j)) and the corresponding eigenvalues:

i = (1 (<1 (1) Fy o (-1)72) (5.31)
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1.0

Fig. 5.1 All Bell diagonal two-qubit states are represented by the tetrahedron with the
extreme points (vertices of the tetrahedron) {(1,1,—1),(—1,—1,—1),(1,—1,1),(=1,1,1)}
representing the Bell states. The octahedron represents all separable two-qubit states diagonal
in the Bell basis.

Therefore, such states can be represented by means of vectors T = [x,y,z] [Fig. 5.1] (the
eigenvalues ¢;; are non-negative and the density matrix is normalized).

It is now an open question what are the general conditions for symmetric extendibility
of general bipartite states although the conditions are known for all two-qubit states. This
condition is a subject of the following theorem proved recently in [112]:

Theorem 5.4.1 A two qubit state pyp is symmetric extendible if and only if:

Tr(pg) > Tr(pig) —4\/detpap (5.32)

where pgp = Trspap.
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1.0

Fig. 5.2 Symmetric extendible states pqp which are diagonal in the Bell basis are represented
as the region Z = {pap : Tr(p3) > Tr(piy) —4\/detpap} inside the tetrahedron of Bell
diagonal states.

The region of symmetric extendible bipartite qubit states on C? ® C2, which are diagonal
in the Bell basis, is represented in the Fig. 5.2. Since the reduced matrices of such states are

maximally entangled, the simplified condition for such states reads:

1
4\/detpap > Tr(pip) 5 (5.33)
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Chapter 6

Distillation of entanglement and

entanglement measures

6.1 Distilling quantum entanglement

The concept of entanglement distillation has its roots in classical communication theory where
an initial message is sent through a noisy channel and then a receiver tries to recover an initial
message by local operations and classical communication with the sender. Actually, the two
engaged parties apply a communication protocol that in a natural way can include also error
correction mechanism preventing the final message from disturbance of the environment when
sent throughout the channel and cryptographic mechanisms protecting their communication
from an influence of the adversary Eve. Thus, in quantum analogy Alice and Bob can
consider a noisy quantum state of a shared systems as a resource that they would like to
utilize for reliable communication under condition that they can transform their systems into
strongly entangled pairs.

The distillable entanglement is a measure responding to the question: how much pure
entanglement (in terms of singlets P = |¥_)(¥_|) can Alice and Bob extract from n copies

of a system in a state pyp (globally in a state p}?lg‘

) by means of only local operations
and classical communication (LOCC)? The two parties try to transform (distill) n pairs of
systems in a state psp into k singlets |¥_) = \%(!00) —|11)). The maximal possible rate
D(pap) =1 imn_m% of this process is called distillable entanglement [Fig. 6.1].

One can consider different variations of entanglement distillation process basing on
allowable types of classical communication between two parties (let us say Alice and Bob)

sharing the system.
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Alice «— Alice
5
® = + +,®k
P . ) NSO
2 Locc
%’z

Bob N Bob

Fig. 6.1 Spatially separated Alice and Bob share n pairs of quantum states psp. They
operate on the pairs with local quantum operations and engage also a classical channel of
communication, e.g. a mobile, to communicate classically. After action of this quantum
protocol, they achieve k pairs of strongly entangled states |¥_.).
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Namely, the most popular and historically first scheme is based on local quantum op-
erations and bidirectional communication between Alice and Bob, so called 2-LOCC or
two-way entanglement distillation, for which one considers the rate D...

If only one-directional communication is allowed in the distillation protocol (either
from Alice to Bob or only from Bob to Alice), then we say about 1-LOCC or one-way
entanglement distillation (and one-way distillable entanglement rate D_, respectively).

In case of no classical communication allowed (only quantum local operations allowed),
we consider so called zero-way or 0-LOCC entanglement distillation protocols (and Dy).
Since protocols using zero-way communication are a subset of a set of protocols using
one-way classical communication, and the latter are a subset of 2-LLOCC protocols, it is an

immediate observation that in general for any p4p there holds:

Dy(pag) < D_,(pap) < D (pas) (6.1)

A formal definition of the process is as follows:

Definition 6.1.1 [98, 137] For a bipartite state pap € B(CH @ C%) consider a sequence
P, of LOCC operations such that P,(p5f) = pn where p, € B([C* @ C?|“*). Then the set
P =Unm_1{P.} is called a distillation protocol of the state pap if:

lim ||p, — P%*|| = 0. (6.2)
n—oo
For a chosen distillation protocol &, its rate is defined as:

R(Z) = lim sup@ (6.3)
n

n—oo

Then the entanglement distillation of the state pap is defined as:
D(pap) = S;PR(Q), (6.4)

where supremum is over all possible distillation protocols .

Therefore, we recalled also a definition of a rate of a given quantum protocol (even such
for which Z(P) = 0) and we take supremum over all accessible protocols to Alice and Bob
to find the most optimal one which extracts a maximal possible number of pure singlets
P_ = |¥_)(¥_| (if any).

There exists a dual concept to the distillable entanglement engaging in some sense reverse
scheme, so called entanglement cost Ec. In general, it measures how many singlets has to

be utilized by Alice and Bob minimally to produce n output copies of a state pap. Thus,
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Ec(pap) = limn_mlzC where k stands for the number of bipartite systems in a singlet state
|W_) needed in this process.

Definition 6.1.2 [98, 137] For a bipartite state pap € B(CH @ C%) consider a sequence
B, of LOCC operations such that P,(|¥_)(¥_|*") = p, where p, € %([C?> @ C?|“*). Then
the set & =J;,_|{P,} is called a formation protocol of the state pap if:

: ®kn | _
lim [[p, — pyg"[| = 0. (6.5)
For a chosen formation protocol &, its rate is defined as:

R(Z) = lim sup ki 6.6)

n—oo "

Then the entanglement cost of a state pap is defined as:

EC(pAB) = S;pR(@), (67)

where supremum is over all possible protocols &2 of pap formation.

Calculation of distillable entanglement for any state p is extremely difficult due to the
considered asymptotic region and non-classical behavior of quantum entanglement for many
pairs (e.g. activation of bound entanglement or general non-additivity of entanglement).
Thus, one cannot just scale the behavior of entanglement for a couple of entangled pairs into
the infinite regime. Basing on that, of a great importance become all efficient lower and upper
bounds on distillable entanglement (in all LOCC variants), especially those operationally
easy to calculate or verify in labs.

We say that a state is non-distillable if D(psp) = 0, i.e. there does not exist any such a
protocol that the output state p,,; is in a singlet state. To assess capabilities of the engaged
protocol to distill entanglement, we can recall the fidelity measure as F(py,;) = TrPfE’k Pout
to assess the overlap between the output state and the expected number of singlets as we will

see in the example below.

Example 6.1.3 (BBPSW Distillation Protocol [17])

We assume that Alice and Bob starts the protocol sharing multiple pairs of pap state. The
fidelity fraction for these states is F(pap) = TrPypag > 1/2. As proved in [17], only then
the protocol is able to distill a smaller number of pairs with higher singlet fraction. We

repeat the following steps and with each iteration the fidelity for output states grows:
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1. Alice and Bob take two pairs of the initial state pap and apply U @ U* twirling op-
eration achieving isotropic states (as observed in the previous chapter) - i.e. two realize
twirling, Alice engages one-way classical communication to communicate to Bob which

random unitary operation U he should apply:

PAB Q) PAB — PF @ PF (6.8)

2. Then they apply locally Uxog operation at each pair they possess locally, where the first

qubit is called a source qubit and the second as a target qubit:
Uxor = |00)(00| + |01)(01] 4 [11){(10| 4+ |10) (11| (6.9)

3. The target qubits of Alice and Bob are measured locally in a computational basis {|0),|1)}.
If Alice and Bob have the same result (they have to engage at this stage two-way classical
communication to verify the results), they keep the source pair pap. Otherwise, they discard
the source pair and can repeat with other pairs.
One can calculate now the improved singlet fraction F for the remaining pairs pap:

_ F2+3(1-F)?

F(Pag) = 6.10
(Pas) F24+32F(1-F)+3(1—F)2 (©.10)

With a huge number of pairs Alice and Bob can obtain arbitrary high F, yet still not F =1, as
the asymptotic rate of this protocol is convergent to zero. Therefore, at a next stage we have
to engage so-called ’hashing protocol’ [47—49] which enables final distillation of singlet
pairs by means of one-way distillation protocol for pairs where coherent information is
positive Ic(A)B) > 0.

In general, for any state p4p, one can state the following necessary and sufficient condition
for distillability of any bipartite quantum state:

Theorem 6.1.4 [100] Any state pap on F = 4 ® H3p is distillable if and only if there
exist two-dimensional projectors P : 7' — C%?and Q: Sy — C?, such that for some n the

state:
pas = (PRQ)psp (P2 Q)" 6.11)

is entangled.

As a consequence, we observe that all NPT two-qubit states pyp € Z(C? ® C?) are two-
way distillable and in general, all NPT states pap € # ((C2 ®C3 ) are two-way distillable.

Furthermore, it implies the following powerful statement:
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Theorem 6.1.5 [100] If a state psp is PPT, then it cannot be distilled.

There exist a broad class of so-called bound entangled states [100], from which no
entanglement can be distilled. The initially discovered class of bound entangled states was
of PPT type due to the above theorem stating that PPT states cannot be distilled even if
they are entangled. However, there is a big open problem in quantum information theory
still unresolved, whether there exist non-distillable NPT entangled states. As we observed
previously that any state can be transformed by twirling to Werner states, this problem can

be reduced to the issue of finding non-distillable Werner states as follows:

Theorem 6.1.6 [101] The following statements are equivalent:
1. Any NPT state is distillable.
2. Any entangled Werner state py is distillable.

Example 6.1.7 (Bound Entangled State [100]) A state p, € %’(@3 ® (C3) is PPT bound
entangled for a € (0, 1) and separable fora =0 ora=1:

a 00 0a0 0 0 a
0a0000 0 0 0
00a000 0 0 0
000a00 0 0 0
pa:8a1+1 a000a0 0 0 a (6.12)
00000a 0 0 0
000000 Ma o vI&
000000 0 a O
a 000 a0 Y¢ o LUa

One-way entanglement distillation

In [50, 51, 49], 1. Devetak and A. Winter proved that one-way distillable entanglement D_,
of a state psp can be represented as regularization of one-copy formula engaging coherent
information. The proof of this theorem was possible only due to the proof of a very powerful
hashing inequality [49] which to date is one of the strongest results in domain of one-way
quantum protocols.

A one-way entanglement distillation protocol consists of:

1. A quantum instrument T = (Tl){‘:l for Alice which is a set of quantum operations
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performed by Alice.
2. For each / (communicated by Alice to Bob via a classical channel), there exists a quantum
operation R; performed by Bob (R; are trace-preserving completely positive maps).

We call it an (n, €)-protocol [49] if it acts on n copies of the state shared between Alice

and Bob and produce a maximally entangled state:

N
Wy) = Z ® |ng) (6.13)

aw

with fidelity 1 — €:

F(|¥n), ) (Ti®R;)pap) > 1—¢ (6.14)

-

Then there holds a hashing inequality for any state pap:

Theorem 6.1.8 [49] For any state pap, there holds:

—(paB) > Ic(A)B) (6.15)

where Ic(A)B) = S(B) — S(AB).

And these results lead to more general formula for one-way entanglement distillation in

terms of coherent information:

Theorem 6.1.9 [49] For any bipartite state pap:

N
D, (pa) = lim DU (pj) (6.16)
with
L
DU (pap) = max Y° Aulc(4)B)p, 6.17)
=1
where the maximization is over quantum instruments T ={T\,..., Ty} on Alice’s system, A; =

TrTi(pa), T; is assumed to have one Kraus operator Tj(p) = AlpAlT and p; = llz(Tl ®id)pap.
Moreover; it is assumed that | is bounded by dimension of A system as L < a’%.

Generally for two-way LOCC, 1. Devetak and A. Winter proved a very interesting result
[49]:

Theorem 6.1.10 For any state pap:

o1
D(pag) = lim - st;pIC(A’>B’)w (6.18)
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with any two-way LOCC operations V and the coherent information refers to the output state
— n
0 =V(pi).

Since the concept of the coherent information is fundamental for definitions of distill-
able entanglement and quantum channel capacity, we recall below the observation about a
multipartite system ABB’ where BB’ part is initially possessed by Bob (Alice possesses

A-subsystem) and Bob can transfer B’-subsystem to Eve:

Observation 6.1.11 [127] For a bipartite state papp € B( 74 ® AR Hp) shared between
Alice and Bob (B and B’ system) there holds:

I.(A)BB') < I.(A)B) +25(B') (6.19)

Proof. One can easily observe that for subadditivity of entropy S(BB') < S(B) + S(B’) and
for the Araki-Lieb inequality |[S(AB) — S(B')| < S(ABB'), the left hand side can be bounded
as follows: S(BB') —S(ABB') < S(B) +S(B') — S(AB) + S(B') = I.(A)B) + 2S(B’) which
completes the proof. []

As observed, there are two classes of quantum states which cannot be generally distilled
by means of two-way LOCC protocols: separable states and bound entangled states that we
elaborate on further. If we consider now a domain of one-way distillation, we have to add
one more class of all symmetric extendible states [126], from which no entanglement can be

distilled by means of one-way LOCC. That is a subject of the following observation [126]:

Observation 6.1.12 [f any bipartite state psp has a symmetric extension Pypp, SO that
PaBB = Pap'e and pap = Trgpapp, then for the one-way distillable entanglement there
holds:

D_(pap) =0. (6.20)

Proof of the above theorem is immediate and follows from quantum entanglement
monogamy (cf. [26, 30]). If Alice sends classical information to Bob and they distill singlet
in the protocol then the state can not have symmetric extension since Bob’s colleague, say
Brigitte (corresponding to index B’) could also receive the same message from Alice and
finally share the singlet with Alice too. But Alice’s particle cannot be maximally entangled
with two different particles at the same time (this is just the entanglement monogamy
property). So a symmetric extendible state can not have one-way distillable entanglement
nonzero.

Basing on theory of entanglement distillability we state the following conjecture in do-
main of one-way communication linking it directly with symmetric extendibility of quantum

states:
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Conjecture 6.1.13 [128] Any state pap on 7 = 4 Q@ Hp is one-way distillable if and
only if there exists a two-dimensional projector P : 7" — C? such that for some n > 1 the
state:

Pas = (P@id)pSt(P@id)' (6.21)

is not symmetrically extendible.

For a potential proof, it is an immediate observation that one-way distillable quantum states
cannot be symmetric extendible [126], yet it is an open question if there exists a two-qubit
state that is not at the same time symmetric extendible nor one-way distillable. Since we know
conditions for symmetric extendibility of two-qubit states [123, 112], this conjecture if true
would simplify analysis of entanglement of two-qubit states and capacity of channels acting
on such spaces substantially. On the contrary, if there exist two-qubit states that are neither
symmetric extendible nor one-way distillable then they would be one-way counterparts of
bound entangled states for two-way distillability in higer dimensions. An analysis of this
subject seems to be of a great importance for further studies on quantum secure protocols
and structure of entanglement.

As an example, it is worth mentioning Werner states [167] and the hypothesis about NPT
(non-positive trace-preserving) bound entangled states [53, 59]. As discussed in a previous
chapter, the structure of the Werner states is as follows:

id+ alP

pw(o) = Lrad (6.22)

where P = ij;lo lij) (ji|. The state is separable for 1 > o > —é, NPT for —% > o > 1and
two-way -distillable for —% > o > —1. Applying the conditions for symmetric extendibility
[112], we found that for d = 2, the state is non-symmetric extendible for —0.8 > a > —1.

We analyzed potential one-way distillability of the state for the region of non-symmetric
extendible Werner states with non-positive coherent information, namely for —0.8 > o >=
—0.85559. The latter condition excludes all those states being distilled by well-known
one-way hashing protocol.

The analysis was performed for two-copies of the state and over 10® random filtering
operations on Alice’ side and random unitary operations on Bob’s side. However, the
protocol was not able to distill states with positive coherent information which suffices to
distill entanglement with the hashing protocol.

Therefore, it is an open question if the state is one-way distillable in the region —0.8 >
a >= —0.85559 or it is one-way bound entangled’ which would be a counterpart of bound

entanglement concept in two-way communication domain.
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6.2 Entanglement measures

As we could already observe, of profound importance is the method of quantifying entangle-
ment which is a subject of entanglement measures theory.

All entanglement measures E : #(7#) — R>( have to meet the following necessary
conditions although there are still discussions which conditions they should meet [98, 13]:
1. Monotonicity under action of any LOCC operation A:

E(pag) > E(A(pag)) (6.23)

Its strong monotonicity version assumes that one can apply probabilistic LOCC (i.e. after
action of probabilistic LOCC on the state psp, one gets the state pA g With probability p;) and

then we require:
E(pag) > ZPiE (PAg) (6.24)

2. Vanishing on separable states, 1.e. for any separable state pap, it is required that:

E(pag) =0 (6.25)

In this context, there are some additional postulates related to entanglement measures which
support to a great extent analysis of entanglement properties:

3. Normalization on singlet states: E(|¥1)(¥4|) = logd.

4. Asymptotic continuity:

|E(pn) _E(Gn)|

n— Gull] — 0 = 0, 6.26
lon Gl o (6.26)
where p,,, 0, € #(s;,) and dim 74, = d,,.
5. Convexity for any ensemble of states {p;,p;}:

E(ZP:‘P:‘) <Y piE(pi)- (6.27)

i

Some measures can possess also additivity property for any two states:

E(p®o)=E(p)+E(o) (6.28)
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but in general they are either sub-additive (<) or super-additive (>). For such cases as we

will see further, it is convenient to consider a regularized measure E*(pap):

E(p%r
Ew(pAB) = lim —(pAB)

n—yoo n

(6.29)

In general, as defined by G. Vidal [166], any function E : Z(5) — R>o which is just
monotonic under LOCC operations is called an entanglement monotone. To be more precise,
we expect that any entanglement monotone (and any entanglement measure) is invariant
under local unitary operations and does not increase under action of LOCC and this is why
we restrict our attention only to the non-increasing monotones (under action of LOCC), and
in particular, to one-way entanglement monotones (non-increasing under 1-LOCC). It can be
assumed that [166] an entanglement monotone is non-increasing ’on average’ under action

of LOCC (which is a more restrictive version of monotonicity), i.e.:
E(p) > Y piE(p:) (6.30)
i

where after action of probabilistic LOCC on the state p, one gets the state p; with probability
pi. In the following, the new entanglement monotone based on the best symmetric extendible
approximation in is an example meeting such a condition.

We have already considered geometric measures of entanglement like the trace distance
measure, the Bures measure, the Hilbert-Schmidt measure and the fidelity of entanglement
or relative entropy of entanglement. All are related by direct connections with geometry of
analyzed states and its geometric distance or similarity to either separable states or symmetric
extendible states. The latter is considered as far as the subject of analysis includes action of
1-LOCC operations [126].

Further, both aforementioned distillable entanglement and entanglement cost are exam-
ples of operational measures of entanglement [13]. They are defined implicitly due to the
asymptotic regime considered and are operational due to the direct relation to operations
LOCC that form engaged quantum protocols % in a laboratory by Alice and Bob in order to
distill entanglement or engage entanglement into production of requested quantum states.

We invoke another measure built directly on a concept of extendibility where for a given
state p4p, one searches for its tripartite extensions.

Squashed entanglement [32] is defined as:

1
Es(PaB) = plgf; 3 [Sae + S — SE — SABE] (6.31)
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where the infimum is taken over all extensions papg so that psp = Trepape and Sy stands
for the von Neumann entropy of the system X. Squashed entanglement is monotone, vanishes
on separable states and is convex.

In what follows, we show how new upper bounds on one-way entanglement distillation
and new entanglement monotones can be built applying the above theorems and the concept

of symmetric extendibility.

Symmetric extendible component in quantum states

In this section we consider vulnerability of quantum states to the loss [128] of non-symmetric
extendibility property asking how easily the quantum state becomes symmetric extendible
by distraction of its sub-system or how much of symmetric extendibility can be extracted
from the state. When the former recalls lockability of entanglement measures, the latter
relates to the best symmetric approximation subject responding to the question: how much
of non-symmetric extendible component has to be mixed with symmetric extendible state so
that it becomes non-symmetric extendible?

The general idea of locking a property of a quantum state relates to the loss or decrease
of this property subjected to a measurement or discarding of one qubit. It has been shown
[103, 32] that entanglement of formation, entanglement cost and logarithmic negativity
are lockable measures which manifests as an arbitrary decrease of those measures after
measuring one qubit.

Herewith, we analyze in fact locking of non-symmetric extendibility in sense that dis-
carding one qubit from the quantum state that is not symmetric extendible leads to the loss
of this property. Further, we derive implications for quantum security applying one-way
communication between engaged parties Alice and Bob.

We shall show now that the property of non-symmetric extendibility of an arbitrary state
pap can be destroyed by measurement of one qubit and in result, it presents how easily a
quantum state can be removed of one-way distillability and security.

Let us consider bipartite quantum state shared between Alice and Bob on the Hilbert
space J ® Ay = CIH2 © C4+?

dP, 0 0

1 0 00 O
= 6.32
PAB 2d—1 0 00 0 (6.32)

g7 0 0 o
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where P, is a maximally entangled state on C¢ ® C¢, 6 = Y%~ | 0)(i 0| and < is an arbitrary
chosen operator so that p4p represents a correct quantum state. This state is represented in
the computational basis |00),|01),|10), |11) held by Alice and Bob and possess a singlet-like
structure. Whenever one party (Alice or Bob) measures the state in the local computational
basis, the state decoheres and off-diagonal elements vanish which leads to a symmetric
extendible state [126]:

d 1o
Yap = _1P++2d_1;|10><l0| (6.33)

2d

from which no entanglement nor secret key can be distilled by means of one-way com-
munication and local operations. Clearly this example shows that from a non-symmetric
extendible state possessing large entanglement cost and non-zero one-way secret key one can
easily obtain a symmetric structure by discarding small part of the whole system destroying
possibility of entanglement distillation and secret key generation by means of 1-LOCC.
Thus, it is interesting to consider how much of symmetric extendibility is embedded in
a given state p4p as it can be expected that the more symmetric extendibility is hidden in
a state, the less vulnerable for losses of one-way distillable entanglement and security it is
[128]. Besides analysis of symmetric structures in projected subspaces, we will also propose
to perform this task by means of the best symmetric extendible approximation [122, 113]
that decomposes the state into a symmetric extendible component O,,y; and non-symmetric

extendible component Gyys:
PAB = mfxlcex, + (1 =2A)0nex (6.34)

We denote by A, (p) the maximum weight of extendibility [122] of psp where 0 <
Amax(p) < L,thus, all symmetric extendible states have the weight A,,,c = 1 and due to
the maximization of A over all potential decompositions of p into a symmetric extendible
and non-symmetric extendible component, the state ., does not contain any symmetric
extendible component, i.e. A4y (Opexr) = 0. It is proved in [124, 122] that in case of one-way
protocols only the non-symmetric extendible component can be effectively utilized for gener-
ation of a secret key and it confirms that the notion of symmetric extendibility is crucial for
consideration of one-way entanglement and key distillation [Fig. 6.2].

However, we show that there exist states which do not possess any symmetric extendible
component in the aforementioned decomposition but there can be a large symmetric ex-
tendible component embedded in them. An example of such a state is given above (8.40) and

one can derive the following statement about general structure of such states:
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Fig. 6.2 Best symmetric extendible approximation of a state pap = maxy A Gy + (1 — 1) Gpexs-
Q,cp denotes the set of separable states, €, denotes the set of symmetric extendible
states and € stands for the set of quantum states. There holds a natural inclusion relation:
Qqep C Qgym C Q.

Lemma 6.2.1 [128] Consider a state y on Hypg = H#4 Q Hy @ Hy R Hy ~CLoCle
CleCi:
y=p®o (6.35)

being a composition of an arbitrary chosen state 6 € B( 7y @ A ) and a non-symmetric
extendible state p € B(} ® A3) with no symmetric extendible component Ay, (p) = 0.
Then for the best extendible approximation of y there holds Xax(y) =0, i.e. there is no
symmetric extendible component in 'y € B(# ' )-

Proof.
Conversely, assume that there exists decomposition of y4/pp With non-zero symmetric
extendible component, i.e. A # 0:

Yaa'Bg = ACext + (1 —A) Pe (6.36)

then both components would be supported on .74 4/gp' and one can search for a decomposition
of yaapp after tracing out A’B’-part. Due to linearity of a partial trace operation I'x(-) =
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Trx(-) we obtain:

1—‘A’B’(’)/AA’BB’) = }LFA’B’(Gext) + (1 - }L)FA’B’ (pne) (637)

and, further, basing on a symmetric extendibility property of composite systems [126] one
derives that tracing out A’B’ from &, does not destroy its symmetric extendibility and
produces symmetric extendible state Gy (0 results from tracing out A’B’ from p,,):

p= lgext + (1 - l)ﬁne (6~38)

Thus, the initial assumption would imply existence of a non-zero symmetric extendible
component of the state p that contradicts the aforementioned decomposition. []

In the following, one can make an immediate observation about any private quantum
state! [103]:

Corollary 6.2.2 [128] Any private quantum state Yapa'g' € B(-Haparp'):

L s
sws =5 Y )il ©Uipap U], (639)
i7j:O
where U; and U are arbitrary unitary transformations, does not possess symmetric extendible

component, i.e. Aygx = 0.

Remark. The proof is conducted in analogy to the proof of 6.2.1 but this state represents a
twisted composition of singlet and an arbitrary chosen state p/gr where AB-part is the key
part of the state and is not symmetric extendible due to the observation that secure states
cannot be symmetric extendible [122].

Basing on previous studies of entanglement measures and importance of symmetric
extendible states, we introduce the following one-way best symmetric approximated en-

tanglement monotone (as a counterpart of BSA - best separable approximation in [113]):

Definition 6.2.3 [128] For any p € B(5} ® 3) having best symmetric decomposition

Pap = maxy ACuy + (1 — A)Opexs, the best symmetric approximated entanglement monotone
is defined as:

E¥(p) =1 = Amax(p) (6.40)

'Vide sec. Quantum private states and secret key.
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Proof. (We will prove that the quantity meets the conditions to become an entanglement
monotone.)
1. If p is separable, i.e. also symmetric extendible, then A, = 1 and ES(p) = 1 — A0 = 0.
2. E*(p) is invariant under local unitary operations since application of local operations Uy
and Up on o,y leaves it extendible to the third part B’, i.e. E*(Uy ® UBPU,Z ® U;) > E*(p)
and vice versa.
3. For any bi-local operations V;(-) (with allowed one-way communication, where V;(-) =
Ai(-)A}L QR A;(+), Z,-A,AZ = I and A; denotes local POVMs on Alice’s side and A;(-) denotes

completely positive trace-preserving map on Bob’s side), there holds:

E*(p) =1=Amar(p) = Y (1=A"(p:)Tr(Vi(p)))

> ZE‘“(pi)TF(Vi(P)))

and p; = V;(p)/Tr(Vi(p)). To achieve this result we followed the reasoning in [113] and the
fact that the set of symmetric extendible states is closed under 1-LOCC operations which
means that any bi-local operations associated with one-way communication cannot generate
non-symmetric extendible state from a symmetric extendible state so they can only increase
the symmetric extendible component in the output state, i.e.:

Vz(p) = Vi(ﬂfaext + (1 - 2~>Gnext) — Pi= licjeﬂ + (1 - /li)GineXI; (6~41)

and we observe that A; > A as the local operations can still operate on the state Oy, in such
a way that the output state can possess some symmetric extendible component but not vice
versa (we recall the observation that initially, 0,y does not contain any symmetric extendible
component). []

It is interesting to notice that for two-qubit states on C> ® C? there holds a non-trival

observation about best symmetric approximated decomposition:
P =AGeq+(1— 1) ¥)(¥| (6.42)

with o, being a symmetric extendible component that appears in p with highest probability.
The proof of this observation can be based on BSA with separable components [113] where
p = a0y, + (1 — o) |¥)(¥| (remembering that p € B(C? @ C?)). As set of separable states
is a subset of the convex set of symmetric extendible states, then for any dimension o < A.
Further, due to the fact that any two-qubit state has best separable decomposition into a
separable and projective entangled component, we conclude that A6, = 0tGyp + B|¥) (V|

for arbitrary chosen f3.
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These propositions can simplify potentially many research problems like analysis of
CHSH regions vs. symmetric extendibility of states [121] represented in the steering ellipsoid
formalism or just further analysis on security and distillability of all C> @ C? states.

A. Sanpera and R. Quesada pointed out in [141] that there is a strong relation between the
best separable approximation and the max-relative entropy. The max-relative entropy can be
defined as: Dpax (0 || p) =logmin{A : 0 < Ap} and suppo C suppp and it is interpreted as
a probability of finding a component ¢ in decompositions of p. Then for the best separable
approximation of a state p, Dmax(Osep || p) is interpreted as the maximal probability of
finding Oy in the best separable decomposition of p.

Following these results, we can immediately propose a similar max-relative entropy
monotone based on the best symmetric extendible decomposition, i.e. Diax(Gexs || p) Where
O stands for the extendible component in a state p. This leads immediately to A =
max (2~ Pmax(%ex[P)) where maximization is over the set of symmetric extendible states such
that suppo,,y C suppp.

An open problem [128] is, whether for one-way distillable entanglement we can state that
D (p) < (1= Aax(p))D—(Onexr)? If the answer is negative, then it would be interesting to
analyze a general relation between D_, and D_,(0.y ). This issue seems to be substantial
for bounding the one-way distillable entanglement for a state p in terms of the one-way

distillable entanglement of its maximal non-extendible component.

6.3 New upper bounds on one-way distillable entanglement

We analyze now if similarly to the distance from separable states one can construct an
appropriate entanglement measure basing on (5.23) [126]. The normalized distance from the
set of extendible states does not satisfy though all necessary conditions [163, 164] that every
measure of one-way distillable entanglement has to satisfy: introduction of the normalization
factor 645 causes that Rg, ,(p) becomes explicitly dependant on the dimension of the system
AB, therefore, for protocols increasing dimension of the input state the parameter is not a
monotone [126]:

Al. If oyp is separable then RgAB(GAB) = 0 due to the fact that every separable state is
extendible.

A2. Local unitary operations leave R, ,(04p) invariant that is satisfied due to invariancy of
distance measures under local unitary transformations, i.e. Rg,,(0aB) = R, ,(Us ®
UBGABUX & U;)
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A3. (Restricted 1-LOCC monotonicity.) The parameter RgAB(GAB) of one-way distillable
entanglement does not increase under non-increasing dimension 1-LOCC, 1.e. A:

B(Hap) — B(H5g) with nap = max[da,dp], n;z = max[d;,dg] for nap > nyz, then

AB®
Ré”gg(A(GAB)) < RéaAB(GAB) (643)

This condition may be simply proved due to non-increasing of R(p ||c) under a subclass
of 1-LOCC operations A that is stated in the lemma 4.2.1, i.e. the set of symmetric
extendible states &4 is mapped under 1-LOCC into a set of symmetric extendible
states &7 5. Namely, because A(&yp) C &5 and the relative entropy is monotonic under
CP maps, and assuming that o™ is an extendible state that realizes the minimal value
in eq.(5.23) we have:

Rey(p) = dagR(pllc”) = 6;zR(Ap|Ac”)

where nap > nyz derives the condition 845 > 655 (the parameter d4p is defined in
5.23).

However, we show further that the entanglement parameter can be utilized for bounding
one-way entanglement of distillation due to preparation of the measure in asymptotic regime.

In general, every entanglement parameter of type E(0) = ainfyca Z(0||p) where
2(co||p) is appropriate distance between ¢ and p, A denotes the characteristic set to which
the distance is measured and & normalizes the parameter so that E(|W)(¥.|) = logd is
not monotonic, i.e. 35 E(0) > E(A(0)). For Rg,, unitary injection of input state psp into
higher dimensional space gives Rg,,(p) > Rg_(A(p)).

Additionally, following analysis in [98, 58], we show that the entanglement parameter

satisfies:

B1. (Continuity on isotropic states.) We may simply show that this parameter is continuous
on isotropic states p(d,, F;,) with F,, — 1,d, — oo that means

Ré”(p<dnaFn))
logd, -

as then Rg(p(dy, F,)) — logd, that is easy to check.
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Following the papers [98, 102] and the above definition we define the distance in the
asymptotic regime as follows [126]:

Re,, (PaB™")

R%, . (pap) = limsup (6.44)

n—soo

Having defined above regularized parameter R (paB), we are able now to determine
an upper bound on the one-way distillable entanglement. In [49] Devetak and Winter have
proved a very powerful conjecture (discussed above) called "hashing inequality"

D, > S(pg) — S(pas)

from which one may find particular states of non-zero D_,. For the very features of measures
that bound the distillable entanglement D_,, defined in [98, 58], where was shown that
monotonicity and continuity on isotropic states are sufficient for any properly regularised
function to be upper bound for D_,, we may prove now the following theorem exploiting
only distillation protocols in the line of the proof:

Theorem 6.3.1 [126] For any bipartite state pap there holds:

D_,(pag) < R%, . (PaB) (6.45)

Proof. Any one-way distillation protocol can be reduced to the distillation protocol

[98, 58, 102] where the input is p®" and the output is a family of the states p(d,,, F,) with

limy_ye0 2% — D_(p) and F, — 1.

n

We may always put d, < n/j, for ngp = min|dy,dp| since there holds D_,(p) < lognap.
Thus, we can consider only 1-LOCC non-increasing dimensions of input and so monotonicity
of Rg,, holds.

By analogy with the theorem put in [98, 58, 102] the properties (A3) and (B1) imply that
R‘Z;AB (pag) is an upper bound for D_,. The regularisation (6.44) with supreme value enables
the upper bound of D_,. []

6.4 Reduced one-way distillable entanglement

We can now propose a new bound on distillation of entanglement by means of one-way LOCC.
This result is based on the aforementioned observation [50, 51] that one-way distillable
entanglement D_, of a state pqp can be represented as regularization of one-copy formula:

p! (pag) = maxy ¥r_ A1 (A)B),, where the maximization is over quantum instruments
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T ={Ti,...,T.} on Alice’s system, A; = TrT;(pa), T} is assumed to have one Kraus operator
T;(p) :AlpAlT and p; = %I(Tl ®id)pap. Basing on the results of Observation 6.1.11, we
derive a general formula for the bound on one-way distillable entanglement applying the
reduced quantity:

Definition 6.4.1 [127] For a bipartite state papg € B(74 ® 75 ® Hp) shared between
Alice and Bob (B and B’ system) the reduced one-way distillable entanglement is defined as:

DY | (pagp) = iqf}f[Dg) (% (pag)) +Ap._,] (6.46)

where % denotes unitary operations on Bob’s system with a possible transfer of subsystems
from Bob to Eve, i.e. % (pap) = Trg (1 2 Ugp ) papp for some unitary Ugg. Ap_ = 2S(pp)
denotes the defect parameter related to increase of entropy produced by the transfer of

B’-subsystem from Bob’s side to Eve and pg = Trap(I @ Ugp ) Papp'-

Remark. It is substantial to note that in a case of an odd dimension of the space of the system
possessed by Bob, i.e. dimPB(Hpp) = 2k+ 1 for some k € N, we can always perform
isometric embedding E : B(Hpp ) — % (H ;) of the space to make it even on Bob’s side,
which can be done e.g. be adding an ancillary system P, = |0)(0| to Bob, also of
an odd dimension and then perform a local unitary operation on Bob’s side. After this
operation Bob can always split his system which show that the definition can be always
applied for the bipartite state shared between Alice and Bob, for any dimension on Bob’s side.
Since such an isometric embedding on Bob’s side is a local operation, it does not change
distillable entanglement for the system shared between Alice and Bob. Thus, in general,
D_,(pasp) = D—(p,zz)- In a consequence, one can always generate pY b (pzz) We
can apply this reasoning to all following statements about the reduced one-way distillable

entanglement.

Theorem 6.4.2 [127] For a bipartite state papp € B(54 @ 75 @ Hy) shared between
Alice and Bob (B and B’ system) there holds:

D_.(pagp’) <D— | (Pass’)

where D_, | (pagp) = lim,, pY | (Pshg)/n denotes regularized version of reduced one-way

distillable entanglement for one copy. Particularly, for identity operation % = id on Bob’s
side one obtains: D_,(papp') < D_,(pap) +Ap_, where Ap , =2S(pp').

The left inequality is an immediate implication of the following lemma for the one-copy
formula [127]:


http://mostwiedzy.pl

A\ MOST

6.4 Reduced one-way distillable entanglement 79

Lemma 6.4.3 [127] For every bipartite state psgpg there holds:

DY (pagp) < DY | (pass) (6.47)

Proof. 1t suffices to use results of Observation 6.1.11. to notice that for a chosen set of
instruments T on Alice side for calculation of D(_l>) (papp) the inequality holds as extension of
inequality from Observation 6.1.11. by multiplicands A; on the left and right side. However,
if in case of calculating Dg) (pap) there exists a set T’ maximizing D_, (pap) better than T,
then right hand side of the inequality can be only greater. [

To prove the inequality asymptotically it suffices to notice that statements of this lemma
hold also for the arbitrary chosen state p,, = p“”". Let p,?BB/ be a state maximizing D_, (pspp')
as an asymptotic regularization of coherent information ( cf. def. 6.1.9).

ABB'.
AP

L1.(A)BB") < i[1.(A)B) +2S (pE))]. Since the maximization over quantum instruments T
is on Alice’s side, we can perform this operation on both sides of the inequality which

Basing on Observation 6.1.11, one can immediately derive for the maximizing state p

completes the proof.
It is crucial to notice that the ’defect’ parameters A for the reduced quantities are sub-

additive and hence, can be exploited in case of composite systems and regularization:

Corollary 6.4.4 [127] For the reduced quantities of {K_,,P,Q_,,D_, } for composite systems
there holds: Ax(p ® 6) < Ax(p)+Ax(0) and Ay(ART) < Ay(A) + Ay (T') where X =
{K_,,D_,} stands for states* and Y = {Q_,, P} for channels® respectively.

To prove the above corollary it suffices to use subadditivity of entropy for composite systems
since Bob can act with a unitary operation before he discards some part of his subsystem. This
property of the parameters enables regularization in the asymptotic regime of the reduced
quantities for large systems p®".

Example 6.4.5 (Activable multi-qubit bound entangled states)

As an example illustrating this bound we consider an activated bound entangled state pyy
[46] which is distillable if the parties (Alice and Bob) form two groups containing between
40% and 60% of all parties of the system in the state pyj.

If Alice or Bob posses less than 40% of the system or system is shared between more than
two parties, then the state becomes un-distillable. This state for large amount of particles
can manifest features characteristic for 'macroscopic entanglement’ with no 'microscopic

entanglement’.

%Vide chap. Quantum Privacy.
3Vide chap. Quantum Channels.
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For definition of the state, let us consider the family py of N-qubit states:

ox= X 2SS+ X AW |+ ) () (6.48)
o=+ k0

where ]‘Pki> = \%(!klkz . ky_10)E|kiky ... ky_11)) are GHZ-like states with k =kiky .. .ky_

being a chain of N — 1 bits and k; = 0,1 if k; = 1,0, thus, the state is parameterized by 2V~

coefficients. The states |¥5) = %(]00. ..0) £|11...1)) denote the standard GHZ states.

Let us consider now a bipartite splitting & where Alice takes 0.6N of qubits and Bob
takes the other 0.4N qubits. We can immediately show that:

D_(pr) < —2(A) + 245 +2Y ) log(Ay + A5 +2) X&) (6.49)
k k

since for Bob transferring one qubit to the environment, we obtain undistillable state py_—
and Do, (pn—1) = 0 which obviously implies D_,(py—1) = 0. It is noticeable that even for a

large macroscopic system with N — oo:

D_(pr) < —2(A) + A5 +2) A)log(Ay + A5 +2) ). (6.50)
k k

It can be easily shown that with the same method it is possible to achieve an upper bound on
one-way quantum channel capacity Q_, which is a subject of analysis in the next chapter.
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Chapter 7

Quantum channels

7.1 Types of quantum channel capacities

Quantum channel capacity Q(A) of a channel A is a measure of reliability of a channel in
transmitting quantum information from a sender to the receiver and has its roots in classical
coding theorem by Shannon [151, 152] who analyzed transmission of classical information
over noiseless and noisy channels respectively. We focus in this section on recalling the most
fundamental approach to defining the quantum version of this concept [9, 10, 125].

Namely, let us define a quantum source [9, 10] Q = (4,T") generating a sequence
= {pl,p2 .. .,p"} where the state p! acts on 7%, p? acts on JZ%2 and p* on J°"
respectively. Then, the entropy of a source Q is defined as:

(n)
S(Q) =lim sup Stos )

n—soo n

(7.1)

A coding protocol (or scheme) consists of a sequence of trace-preserving encoding maps &,

and respectively, decoding maps Z,:
&y B(AE) — B(AE) (7.2)

Do » B(A") — B(A") (7.3)

The code space J£.°" is a space of a code %, onto which the initial states are encoded
in a direct analogy to the classical space of codewords. Further, a channel A®" acts on the
encoded state and produce a state on the 7" which will be finally decoded by 2, to a state
on " [Fig. 7.1].
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A
A
|q)) / En A Dn [ |LIJ>
A
Alice Bob

Fig. 7.1 Alice encodes her state with an encoding operation &, which generates a state
|¥) € 6, of a code %, that she sends through n uses of the channel A. Then Bob applies
decoding operation to decode the state ]‘i’> with high fidelity. The rate of the code %, is
R= %log dim %, and the quantum capacity of a quantum channel A is an optimal rate over
all possible codes.
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As observed, the model of a coding scheme is in direct analogy to the classical coding
theorem, where a message sent by a sender Alice is firstly encoded (it can be performed
on multiple copies of the message in parallel) by her, then sent via a noisy channel which
introduces some errors to the encoded information and at the final stage, it is decoded by Bob
who tries to retrieve an original message.

Basing on the definition of the encoding and decoding operations, one can define the

(n,€)-code as such a coding scheme which meets the following condition for the fidelity:

min_ F(|9){(@], ZnoA™" 0 &(|9)(9])) > 1-¢ (7.4)
9) e

The rate of the code is defined as:
1 . @n
R = —logdimJZ, (7.5)
n

The source €2 can be sent reliably over a quantum channel A if there exists a coding scheme
so that:
lim min_F(|9)(9|,ZuoA""0&,(|9)(9])) =1 (7.6)

) e

and we call the rate R for transmission over the channel A achievable if there exists a sequence
of subspaces .77, in #,*" such that:

logdim.7¢,
n

R = lim sup (7.7)

n—soo

Then, the quantum capacity of the quantum channel [9, 10] (called also the subspace
transmission capacity of a quantum channel) is defined as a supremum over all achievable
rates R of all possible codes on the input states which is in analogy to definitions of distillable

entanglement and quantum key:

O(A) = sup{R : R achievable}. (7.8)

Intuitively it responses to the question: how many qubits can we sent faithfully through n
uses of the channel (where the inputs can be entangled)? It is worth mentioning the alternative
approach to this definition of a quantum channel capacity which is based on entanglement
transmission over the channel. Namely, the alternative definition of the rate R is built on the

entanglement fidelity definition:

R= max {S(p,):Fu(p,ZnoA?"0&,)>1—¢} (7.9)
Pn€ B(HT)
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where the entanglement fidelity F, is defined for a bipartite system where one part of the

system is sent through the channel A:
Fe(p,A) = F(I¥) (¥[, T @ A)(I¥) (F])) (7.10)

where |W) is a purification of p and F, is not dependant on the choice of this purification.
The rate R is achievable for the channel A if there exists a source Q (and entropy S(Q)) that
can be sent reliably via A channel, i.e. lim, e F,(0n, Zy 0 A" 0 &,) = 1.

The quantum channel capacity defined as a supremum over the aforementioned achievable
rates R is also called the entanglement transmission capacity of a quantum channel Q(A) It

is proved that both quantities are equal [9]:

O(A) = Q(A) (7.11)

If the transmission process is assisted by a classical communication between parties Alice
and Bob we talk about either one-way quantum channel capacity Q_, (A) (one direction com-
munication) or two-way quantum channel capacity Q.,(A) (bidirectional communication)
(or zero-way when no classical communication is exchanged between the parties).

The above definitions of quantum channel capacities reflects the process of transmission
of quantum states through the channel, however, due to the very definitions endowed with
infinities, they are not operationally very useful for direct estimation of the quantities.
Therefore, of a great importance are alternative definitions or bounds on the quantum channel
capacities.

In particular, the quantum capacity of a quantum channel can be defined in terms of
coherent information which is one of the best known definitions of the quantum capacity. It
can be formulated by means of the coherent information even when the communication is

assisted by one-way or two-way classical communication between Alice and Bob:

Theorem 7.1.1 [48, 49] Let A : B(#4) — PB(H#B) be a quantum channel, then:

0y(A) = O_,(A) = lim L max I.(A"YB"), (7.12)

n—oon | WA’A")

where ]VIA/A”> denotes a pure state of the system A’A®", i.e. n copies of A together with a
reference system A’, and the state |®) results from sending the subsystem A" through n copies
of the channel:

o =1 A" (Jy4") (y" ")) (7.13)
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For two-way quantum channel capacity, there holds:

1
Qo (A) = lim — max I.(A)B")y (7.14)
Ry AT 0
with @ resulting from action of n copies of a channel A and two-way LOCC operations O on
the system A’A":

o = O[L@ A" (|y4") (y4"))] (7.15)

Noteworthily, a quantum channel assisted by forward communication (one-way classical
communication) has the same quantum capacity as a quantum channel unassisted by such

communication (zero-way classical communication) and there holds:

Qp(A) = 0 (A) < Q:(A) (7.16)

We also know that a single-letter formula for quantum channel capacity is in general smaller

than the asymptotically regularized version:

0y (n) =W (A) = g 1(A)B)a < Qo(A) (7.17)
WAA

where we consider only one copy of A. The system AA’ is in a state |I/IA,A>, over which the
maximization is considered and ® = I ® A(|yA™) (yA™4|) - the system A is sent through the
channel A. Further, since Qg(A) = O_,(A), we will use the simplified notation for quantum
channel capacity Q(A) assuming that it can be assisted by one-way communication which
does not change its value. This notation has been also used widely in literature during recent
years.

In a context of this discussion, we have to recall the observation that one can analyze a
classical content of the final output states after decoding the quantum states which can be
performed by collective POVM operations performed by Bob. This leads us to the definition

of the classical capacity of a quantum channel and its famous Holevo formulation:

Theorem 7.1.2 [92, 150] The classical capacity C(A) of a quantum channel A is:

(1) A®n
C(A) = tim ST (7.18)
n—oo n
where the Holevo capacity stands for:
CW(A) = max ¥y, p1(A) = max [SCYpid(pi) — Y piS(A(p:))] (7.19)

{pi:pi} {pispi} 5
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with X(-) denoting the Holevo function, {p;,p;} an ensemble of quantum signal states,

Y. pi =1 and p; > 0. Every p; is an input signal state to the channel sent with probability p;.

It is fundamental to note that the Holevo function xy,, 51 (A) can be interpreted as the
amount of classical information sent through the A channel from Alice to Bob. Alice
prepares the signal states p; with a priori probability p; and sends them through the channel.
Bob finally tries to recognize which signal state was sent by Alice, by means of collective
measurements on his side and he analyzes classical information after his measurements.

For the Holevo capacity cH (A), it is assumed that Alice prepares the input state as a
product state p; ® p2 @ ... ® p, with each p; as a potential signal state for a single use of the
channel A. Thus, no entanglement between the input states is allowed in this formula although
Bob can apply measurements entangled on his received states. That is also the reason for
consideration of more general scheme where the input states can be entangled and it results

. . . . . . . . () (a@n
in necessity of using the regularized version of this capacity as: C(A) = limy,_,co AT

A o d 0(A) =

n

The subject of regularization of both quantities as C(A) = lim,,_sco

lim;, e Q(If’l) relates to the question of additivity of classical capacity and quantum capacity
of quantum channels, i.e. whether Q(A; ® Ay) = Q(A1) + O(Az) and CD(A| ® Ay) =

CW(A)) 4+ C(A,). The answer to this question is negative and for many years was

a big open question of the quantum information theory since for classical channels the
information theoretic quantities are additive, e.g. if a channel A; and A, are classical then
CH(A; @A) = CD(A}) +C(A;z) and in a result C(D(A) = C(A).

For general quantum channels, M. Hastings proved in 2009 [84] that classical capacity of

quantum channels is non-additive:
CM (A1 @A) > CD(A) +CD(Ay) (7.20)

and as we will see further, there are also existential proofs of this property in case of quantum
channel capacity of quantum channels [153]:

Q(Al ®A2) > Q(Al) + Q(Az) (7.21)
It is also substantial to note that in general, there holds:
C(A) > Q(A) (7.22)

In the following sections, we focus on the class of quantum capacities of quantum
channels assisted by one-way classical communication between Alice and Bob which is

directly related to the application of symmetric extendibility of quantum channels.
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7.2 Simple test for quantum channel capacity

As we could observe, it has been proven [15] that there is a strong connection between
entanglement distillation [17] and quantum channel capacities. No-cloning principle has
been used to prove that for some region quantum depolarising channel has zero capacity even
if does not destroy entanglement [26].

Following the idea [26] developing restriction on qubit depolarising channel from approx-
imate quantum cloning we shall utilise general notion of symmetric extensions of quantum
states (see [55, 56, 161]) to provide a general rule and examples of channels with zero
one-way capacity. We show that every state pag(A) which has a symmetric extension p,pp’
has special featured one-way distillable entanglement D_, and quantum channel capacity Q
according to its quantum channel implied by Jamiolkowski isomorphism.

Combining the observation from a previous chapter that any symmetric extendible state
has zero one-way distillable entanglement with Choi-Jamiolkowski isomorphism between
states and channels we get immediately the following:

Observation 7.2.1 [126] A sufficient condition for quantum capacity of a given quantum

channel A to vanish is symmetric extendibility of the state pag(A) isomorphic to the channel.

Proof. Proof of the above theorem is immediate and follows again from quantum
entanglement monogamy (cf. [26, 30]) and the fact that the set of symmetric extendible states
is closed under 1-LOCC operations. If the state p4p, being Choi-Jamiolkowski isomorphic
with the quantum channel A, is symmetric extendible (which means that A is an extendible
channel) then for n copies of p4p (isomorphic with n copies of A), one still gets a symmetric
extendible state pﬁ;‘ and so A®" is still symmetric extendible. Even if one would add any
additional 1-LOCC operations between the parties engaged in the coding-encoding protocol,
then the output state is still symmetric extendible (in accordance with the 1-LOCC closeness
of the set of symmetric extendible states) and one still cannot achieve any singlet states from
the output states so the channel capacity is zero Q(A) = 0.

Conversely, assume that the quantum capacity of the channel is positive Q(A) > 0. Then,
in accordance with the definition of the quantum channel capacity, the coherent information
on the output state pfl;’ is positive and there exists a protocol, i.e. "the hashing protocol",
which from the state pﬁ’,’ isomorphic with the channel (even in the asymptotic regime, n — o)
is able to distill k& copies of singlet states |¥)(¥|, for some k > 0. But we know that
the set of symmetric extendible states is closed under 1-LOCC operations and "the hashing
protocol" cannot produce k singlets from a symmetric extendible state. This implies that

g = pfg could not be symmetric extendible. The last statement holds due to the fact that
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o®" is symmetric extendible if ¢ is symmetric extendible (for any n), as already proved in
the chapter 4. [

In the following, we present a special classes of channels which are directly related to
the concept of symmetric extendibility which proves a great importance of that concept for

quantum channels theory.

(Anti)degradable channels

We recall now the degradable channels and anti-degradable channels [52] basing on the
Stinespring dillation for a given quantum channel. We already mentioned in the introductory
chapters treating of quantum channels that a channel A acting on a state p4 can be represented
by a unitary operation U acting on the system in this state and ancillary system of the

environment E:
A(pa) = Tre[U(pa®|0)£(0))UT] (7.23)

Then the complementary channel (or a dual channel) A¢ acts on the environment, i.e.:

Ac(pa) = TralU (pa @[0)£(0))U]. (7.24)

Then we call the channel A degradable if there exists another channel Ap which is able
to transform (degrade) the channel A into its complementary channel A¢ when acts on the
output of that channel:

Ac=ApoA. (7.25)

Further, a channel A is anti-degradable if there exists such a channel A4, which transforms
the complementary channel A¢ into A:

A= AAd o Ac. (726)

We can find an immediate relation of anti-degradability of quantum channels with

symmetric extendibility:

Lemma 7.2.2 [123] A channel A is anti-degradable if and only if its Choi-Jamiolkowski

d—1

representation py = % ¥ =0 [ (1@ A(i) () is symmetrically extendible.

As a natural consequence of this fact, one finds that for all anti-degradable channels A4,
there holds Q(A4s) = 0. Moreover, all necessary and sufficient conditions for symmetrically
extendible states hold also for anti-degradable channels isomorphic with them by means of

the Choi-Jamiolkowski isomorphism.
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Entanglement breaking and k-extendible channels

A special class of channels are those which always generate separable states, i.e. if Alice
possesses two maximally entangled particles in a state ¥ )45 and sends one of the particles
to Bob via the entanglement breaking channel A, then they will share a separable state in the
output:

Definition 7.2.3 [105] A channel A is called entanglement breaking if pap = [[ @ A]|¥4) (¥4 |

is a separable state where W) = Ld Y& ii).

It is worth mentioning that such channels have very simple Kraus representation with rank-
one operators V, i.e. A(p) =Y,;Vip Vl-T. Further, it can be represented in a so-called Holevo

form :

Alp) =Y RiTr(Fip) (7.27)
k

where R; are density matrices and F; are POVMs on p. In this scenario the sender Alice
performs POVM measurements Fj on the state and send the outcome k via the classical
channel to Bob who basing on that prepare the output state R;. In a result, all such channels
have zero two-way capacity Qs (Agprear) = 0. It is also noticeable that for any channel A

and an entanglement breaking channel Agpg,.qx there holds:

Qs (AEBreak @A) = Qs (A) (7.28)

which means that assistance of entanglement breaking channel does not change capacity of a
quantum channel.

A next class of channels with zero two-way capacity generates bound entangled states:

Definition 7.2.4 [106] A channel A : M,,, —> M, is binding entanglement if p = [[ @ A|Py
(p € B(C"®C")) is a bound entangled state.

As we will see later, in contrary to the case of entanglement breaking channels, binding
entanglement channels (for which Q(Agging) = 0) can activate entanglement in the assisted
state. Thus, in general for this class Q(Agping @ A) # Q(A) + Q(Agpging) (Which is a an
example of non-additivity of quantum channel capacities).

As already observed, quantum channels generating symmetric extendible states have zero
one-way quantum channel capacities, such channels are called symmetric side channels or

symmetric extendible channels:

Definition 7.2.5 A channel A is called k-extendible if pap = [l @ A]|W+) (¥ | is a k-extendible
state where |V ) = \/LEZ?:_OI |if).
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An example of such a channel can be %—erasure channel: A gsure(p) = % p+ %]I generating
symmetric extendible state from a singlet when one of its subsystems is sent through. Thus, in
accordance with the above definitions, every entanglement breaking channel is oo-extendible
channel.

7.3 New upper bounds on one-way quantum channel ca-
pacity

The best known derivation of the one-way quantum channel capacity Q(A) [18, 11] is
expressed as an asymptotic regularization of coherent information (as an analogue to def.
6.1.9):

O(A) = lim ~ suple(pa, A") (7.29)

e n p,

with parallel use of N copies of A channel. Coherent information for a channel A and a
source state ¢ transferred through the channel is defined as: I.(c,A) = IZ(I@ A) (|¥)(¥|)
where YW is a pure state with reduction o and coherent information of a bipartite state pap
shared between Alice and Bob is defined as: I8(p4p) = S(B) — S(AB). We will use further
the following notation: I2(pag) = I.(A)B).

Motivated by the reduced quantity of the one-way distillable entanglement rate and the
observation 6.1.11, we derive further the reduced version of quantum channel capacity [Fig.
7.2] and show that it is a good bound on quantum channel capacity (we remember also that
Qo(A) = O (A) which is not the case for distillable entanglement):

Definition 7.3.1 [127] For a one-way quantum channel App : B(Hpp) — B(H#55,) the

reduced one-way quantum channel capacity is defined as:
O | (Agy) = nflO") (% (Agw)) +Ao] (730)

where 7/ denotes unitary operations on Bob’s system with a possible transfer of subsystems
from Bob to Eve after action of Agp channel, i.e. % (App/(pPpp)) = TreUpp App (Ppp’)
for some unitary Ugp : B(H55) — B(E%A%g,). Ag =2sup, , S(TrgUpp App (Ppp')) denotes
the defect parameter related to increase of entropy produced by the potential transfer of

B’-subsystem from Bob’s side to Eve.
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Alice Alice
I,
+ + -
|¥ )A(BB‘) (P P s
) e Uy
B'B Agg Bob
e

Eve

Fig. 7.2 Alice sends BB’ part of the singlet state |‘PX( BB,)> (‘I‘X( BB,)| through the channel Agp.

After this action, Bob can locally act with a unitary operation Ugp on BB’-subsystem and
transfer the part B’ to the environment possessed by Eve.
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Theorem 7.3.2 [127] For any one-way quantum channel App : B(Hpp) — B(#55) there
holds:

O(App) < Q1 (Agp) (7.31)

where Q | (Agg) = lim,, oW | (Agg,) /n denotes the reduced quantum capacity.

To prove this inequality for regularized quantum capacity and its reduced version it is

sufficient to derive the below lemma for a single copy case:

Lemma 7.3.3 For any one-way quantum channel App : B(H 39 ) — B(H = there

)
holds:
0 (Agp) < 0N | (Agp) (7.32)

Proof. The proof of this lemma is straightforward with application of the observation
6.1.11 that for a state pgg maximizing coherent information on the left hand side of the
observation the above formula holds also for a possible transfer of B’ to the environment. It
is worth recalling that an action of the unitary operator on a state does not change its entropy
and in a result the coherent information for any partition of the system.[]

Further, one can complete the proof of the theorem in the asymptotic regime:

Proof. To prove the inequality of Theorem 7.3.2 asymptotically it suffices to notice
that statements of Lemma 7.3.3 hold also for the arbitrary chosen state p, = p®". Let
p,IfB/ be a state maximizing Q(App) as an asymptotic regularization of coherent informa-
tion, i.e. Q(Agp) = lim,_e }ZIC (pr/,Agg,) which one can represent as I.(A)BB') for the
aforementioned Choi-Jamiolkowski isomorphism between states and channels.

Basing on Observation 6.1.11, one can immediately derive for the maximizing state

pEE': 11.(A)BB') < 1[I.(A)B) +2S(p%)] where I.(A)B) = I.(Trgpl? ,AS") and pf =

; BB/
. . . / / .
However, if there exists a state 6> for which I.(65% ,Azp) > I.(Trypf? ,Ayp), then it

proves that right hand side of the inequality in the lemma can be only larger than in case of
the chosen state pr, which completes the proof.

Finally, the subadditivity of entropy can be applied to verify that in case of the regular-
ized one-way quantum channel capacity its defect parameter cannot be larger than Ag =
2sup, , S(TrsApp (Psp)), since sups  S(TrsAgy (Opp)) < supp: S(TrenAgp (Ppg)) <
nsup, S(TrgApp (ppp)- O

Example 7.3.4 Let us consider the graph state [88] |9) of a 3n+ 1-qubit system associated
with a mathematical graph G = {V', &}, composed of a set V' of 3n+ 1 vertices and a set &
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of edges {i, j} connecting each vertex i with some other j:

) = Q) CZij|%) (7.33)

i,JeEE

where 3n—+ 1 qubits are initialized in the product state | %) = Q,cy |Wi) with |y;) = %QO,) +
|1;)). Afterwards, one applies a maximally-entangling control-Z (CZ) gate to all pairs {i, j}
of qubits joined by an edge:

CZ,'J' = ‘0,’0j><0,’0j‘ + |0i1j> <0,‘1]‘| + ’1,‘0j><1,‘0j’ — ‘1i1j><1i1j‘- (7.34)

If Alice takes no more than n qubits from the graph system that will use to establish
communication with Bob who uses other n qubits in this graph state, then the state pff (with
n qubits on Alice side and n qubits on Bob’s side) is symmetric extendible to a state p‘é‘nB which
means that the channel isomorphic with this state has a zero capacity. A natural symmetric
extension of p48 is a state pff = Tr|9)(¥| resulting from tracing out an arbitrary chosen
qubit B’ from graph 4. However, if Alice takes n qubits and Bob takes n+ 1 qubits from the
graph system, the resulting state p‘;,ﬁrl is not symmetric extendible anymore.

Now we will search for the one-way quantum channel capacity of a channel Agp, iso-
morphic due to the Choi-Jamiolkowski isomorphism, with a state pfff{ = (I®App)|¥) (¥
As above, after discarding B' 1-qubit system the state would become symmetric extendible
and we obtain Q(Agp) < 2.

The power of the above results appears especially in application of Theorem 7.3.2 to any
channel reducible to anti-degradable channel which Choi-Jamiolkowski representation is
symmetric extendible [123] or channels reducible to degradable channels which have known
capacity [154].

7.4 Super-activation of quantum channel capacities

For completeness of the presentation, we consider in this section a matter of additivity
of quantum capacities whether there exist quantum channels for which: Q(A} ® Ay) >
O(A1) + Q(Az). The existential proof of non-additivity of quantum channel capacities is
based on finding such two channels which have zero quantum capacities but in pair can
transfer faithfully quantum information with non-zero rate. The idea [153] is based on
pairing two quantum channels, namely, a symmetric extendible channel and a private binding

channel.
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The following powerful theorem proved in [153] is a basis for offering a positive answer

to this question and relates a quantum privacy concept with quantum channel capacity:

Theorem 7.4.1 For any quantum channel A, there holds:

0ui(A) = SUPQ(A® Ag) > SP(A) (735)

where Agyy, is any symmetric extendible channel.

For capacity Q(A) of quantum channels A assisted with unlimited supply of symmetric
extendible channels Ay, there holds:

Theorem 7.4.2 [154] For all channels A : B(H#y) — B(HB):

0s(A) = 0L (A) = sup I.(A)BC)o (7.36)

\Waarcn)

where @ = Tacp @ A(|Waarcp) (Waarcp|) with optimization over all states |Wyacp) invariant
under permutation of C and D.

It is worth mentioning that for any channel A: Q(A) > Q(A).

The quantum channel used in the proof of the non-additive inequality is an example
of zero-capacity quantum channel with positive privacy (an example of a binding channel
generating private bound entangled states), i.e. the four-dimensional private channel Az [104]
and is paired with a 1/2-erasure channel A4, Which leaves the input state p unchanged
with probability % and generates a maximally mixed stated otherwise, i.e. Acpgsure(p) =
0+ 3L

The channel Ay has as an input a tensor product of two qubits and has the following
Kraus matrices M, (in Kraus representation: Ay (p) = Y MkpM,j and ZkMkMZ =1I):

{\@H@\OMO!,\/%GZ&@ ’1><1|7\/g<72®0y, §H®Gx,\/ 1 —gox ®Xo,v/1—qoy ® X1}

(7.37)
where g = 1;(2@ and oy, oy, 07 stand for Pauli matrices and:
Xo— (2V2HV2 0 x = (2V2V2 0 (7.38)
0= Al — .
0 3V2-V2 0 IV2+V2

The private capacity P(Ag) of this channel is lower bounded by 0.02 as follows [104]:

I[(X;B)—I(X;E) > 1—qlogg— (1 —¢g)log(1—g¢q) > 0.02 (7.39)
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which in result gives also a bound on the quantum capacity of this private channel assisted
with a symmetric extendible erasure channel: Q(Ag ® Aerasure) > 0.01. This clearly indicates
non-additivity of quantum channel capacity and proves a great importance of a concept of
symmetric extendibility for a theory of quantum channels.


http://mostwiedzy.pl

A\ MOST

Chapter 8

Quantum privacy

8.1 Quantum private states and secret key

The concepts of quantum privacy and quantum secret key have their roots in classical
communication theory and classical cryptography which have a long tradition. Many classical
quantities in this discipline, in similarity to classical channels theory, are redefined to a
quantum version.

In a classical and quantum realm, a secret key shared between two parties Alice and Bob
allows them to perform private communication over a public channel. A public channel
denotes possibility of accessing the communication by other parties, e.g. an adversary Eve
who tries to attack cryptographically their communication and overhear their messages. Thus,
whenever Alice and Bob start with a state p4p, one can always consider its extension to the
third adversary party Eve papg who can try to influence the state by operations on her side.

Thus, in the ideal scenario, the secret key shared between Alice and Bob is decoupled
from Eve’s system in a state pg and is used by Alice and Bob to encode a message in
cryptographically secure way. Then the extended state representing a classical key has a
form:

(d) <
Page = (Zi 2\”>AB<”|)®PE (8.1)
i=
It is so-called ccqg-state, i.e. a classical-classical-quantum state.

Quantum states, from which one can extract secret key, are called private states or p-dits

[96, 103, 48-51]. As we can observe in the following definition, the private states have a

characteristic singlet-like key part and the shield part:
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Definition 8.1.1 [103] A private state or a p-dit is a state Yaparg € B(H4 R Hp R Hy @
Hy) (for dimensions dy = dp =d):

[ S
Vs = Y. lii)ap(Jil <§§)UiPA'B'UJT (8.2)
i,j=0
where the arbitrary state of a subsystem A’B’ (a shield) is psrp and U; are unitary operators.
For d =2, the state is called a p-bit.

In this case, Alice and Bob can achieve a secret key from the key part (AB part) of the
state. The shield protects in some sense the secure correlations between Alice and Bob
from unwanted influence of the adversary party Eve. In a trivial scenario, the shield can
vanish and the private state shared between Alice and Bob is just a maximally entangled state
) = E i),

In analogy to distillation of quantum entanglement, one can formulate distillation of a
private state [96, 103] from a given state psp which could be finally a resource for extraction
of a classical secret key [Fig. 8.1].

In the following we find a formal definition of the process of p-dit distillation from any

quantum state:

Definition 8.1.2 [103] For a bipartite state pap € B(H#4 @ Ag) consider a sequence P,
of LOCC operations such that P,(p53) = pa where p, € B (%(n) ® <%’j;n)). Then the set
P =y_1{P:} is called a p-dit distillation protocol of the state pap if:

lim [[p, — 74, = 0. 83)

with a p-dit 'y, which key part is of dimension d, X dy. For a chosen distillation protocol &,

its rate is defined as:

1
R(2) = Tim sup &% 8.4)
n—soo n
Then the distillable key of the state pap is defined as:
Kp(pag) = S;PRQ@)» (8.5)

where supremum is over all possible distillation protocols .

We take supremum over all accessible protocols to Alice and Bob to find the most optimal
one which extracts a maximal possible number of private states (if any). We can also define a

rate at which a protocol is able to distill a classical secret key:
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Fig. 8.1 Spatially separated Alice and Bob share n pairs of quantum states psp. They
operate on the pairs with local quantum operations and engage also a public channel of
communication, e.g. a mobile, to communicate classically. After action of this key distillation
protocol, they achieve a private states Yapa/p'-
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Definition 8.1.3 [96, 103] For a tripartite state papg € B(Hx @ Hp R HE) consider a
sequence P, of LOPC operations such that P,(p 5y ) = pn where p, € B (e%j(n) ® %(n) ®
%”E(n)) is a ccq-state (classical-classical-quantum state) with dim %(n) = dim ﬁ%(n) =dy:
dy—1 E
Pn="Y, pijlij){ijlas©p}; (8.6)
i,j=0

Then the set &2 =\J,,_{P,} is called a classical key distillation protocol of the state papg if-

Tim low — pf, || =0, (8.7)
where
d,—1
P, = d—( Y li)asii]) @ pf (8.8)
no =0

and pE are arbitrary states in %(%”E(n))

For a chosen distillation protocol &2, its rate is defined as:

logd,

R(Z) = lim sup (8.9)
n—yoo
Then the distillable classical key of the state pap is defined as:
Cp(paBe) = SI;PR(QZ); (8.10)

where supremum is over all possible distillation protocols .

There holds a fundamental equivalence between the rates of the two aforementioned
protocols, namely, the distillable key of a state p4p is equal to classical secret key of a state
Ppap, Which is a subject of the following theorem [96, 103]:

Theorem 8.1.4 For any bipartite state pap € B(H4 & Hp), there holds:

Kp(pag) = Cp(pas) (8.11)

Since we can distill a secret key from any state which is distillable (i.e. the output state
of the protocol is a singlet state), it is a trivial observation that any entanglement distillable
states are key distillable states. Yet, it was not obvious for many years whether one can
distill a secret key from bound entangled states (as mentioned previously, entangled PPT

states from which no pure maximal entanglement can be distilled by any 2-LOCC quantum
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protocol). The answer to this issue is positive and proved in [103, 97], following by the
example:

Example 8.1.5 (PPT private states) We present a bound entangled state Yaga'p' from which
one can distill a key, i.e.: K_,(Yaparp) > 0:

B(t9+11) 0 0 £ —1)
0 (3—P)% 0 0
= 8.12
YABA'B 0 0 - 0 (8.12)
P(i—1) O 0 S(wn+m)

The state is PPT for p < % and |/ 1_Tp(d —1)>d, 1= p& and 1| = [(pa + ps) /2]%" are
extreme Werner states, so-called hiding states, where pg = ﬁngm and p, = ﬁPAsym.
Psym and Pygym denote projectors on symmetric and antisymmetric subspace respectively. It
is crucial to note that to achieve security, one needs to engage large | and n to approximate a

perfect key.

One-way secret key distillation

In analogy to one-way distillable entanglement D_,, we can consider one-way distillable
key K_, where Alice and Bob can use quantum local operations and only one-way classical
communication from Alice to Bob. This is an alternative representation of K_, to the
definition 8.1.2 with LOCC constrained only to one-way LOCC. As proved in [48-50], the
one-way distillable key K_, for a state p4p can be formulated as a regularization of one-copy
formula K(_1>) in terms of quantum conditional mutual information.

A one-way secret key distillation protocol is defined for cqqg-states papr (Which is actually
a broader class than a set of ccq-states) and reflects the fact that Alice starts with some POVM

operations on her side and then sends the result to Bob. Thus, the state is [48]:

page = Y, P(x))alx| @ pge (8.13)
xe&

and the protocol operates on n copies naturally:
Pige = L P (W )alx" @ pig (8.14)
xn

where x" = x1x5...x, and
X" = |x1) @ |x2) @... |xn) (8.15)
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PEE = P © Py © - P (8.16)
The one-way secret key distillation protocol consists of (in similarity to entanglement
distillation)[48]:
(n),

1. Alice acts with a quantum operation T : x” — (I,m) on her subsystem p,:

T(p\") = Y P(C = 1,K = m|A, = x,)|1)(I| @ |m) (m] (8.17)

She uses the state of the system K = m as a key and sends information about C = [ to
Bob. 2. For each C =1 (communicated by Alice to Bob via a classical channel), there
exists a quantum POVM operation D; performed by Bob on his part: D; = {D,(,ll) }%:1. Ina
consequence, he achieves his version of the key K’ with a probability:

We call it an (n, €)-protocol [48, 49] if it acts on n copies of the state shared between
Alice and Bob and meets the following conditions (the number of possible messages sent by

Alice is bounded L < 2" for some constant F ):

1.
PK#K')<e (8.19)
2.
K—1 K—1 1
1Y, POK = m)lm)(m| =} —lm)(mlll <& (8.20)
m=0 m=0

3. And there exists a state pp such that for all m:

1Y P(Ay = x,,C=1IK =m)|[){l|®py — poll1 < & (8.21)

Xl

The achievable rate R is possible if for all n there exist (n,€)-protocols such that for

n — o one gets: € — 0 an %logM — R. The one-way distillable key is then defined as
[48, 49]:

K_,(p) = sup{R : R achievable}. (8.22)

These results lead 1. Devetak and A. Winter to a lower bound on the one-way distillable
key and more general formula for one-way key distillation in terms of quantum conditional

mutual information:
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Theorem 8.1.6 [48] For any ccq-state papg, there holds:
K—)(pABE) ZI(X 2B)—I(X IE) (8.23)

As stated above, one can use [48, 49] a general tripartite state pspg to generate a secret
key between Alice and Bob. Alice engages a particular strategy to perform a quantum
measurement (POVM) described by Q = (Qy)xc2- Which leads to: page = Y, |x) (x]a ®
Tra(pape(Qx) ® Ipg). Therefore, starting from many copies of pspr we obtain many copies
of cqq-states papr and we can restate the theorem defining one-way secret key K _.:

Theorem 8.1.7 [48] For every state papg:

(1) Xn
K
K. (p) = lim # (8.24)
with
KD (p) = max I(X :B|T)—I(X : E|T) (8.25)
T|X

where the maximization is over all POVMs Q = (Qx)xc 2~ and channels R such that T = R(X)

and the information quantities refer to the state:

Orape = Y R(t1x)P(x)|1) {17 © [x) (x|a @ Tra(pase(Qx) @ Ik). (8.26)

X

The range of the measurement Q and the random variable T may be assumed to be bounded
as follows: |T| < d3 and | Z'| < d3 where T can be taken a (deterministic) function of 2 .

8.2 Shareability of quantum correlations vs. quantum pri-

vacy

As already mentioned and in analogy to the case of entanglement distillation, no one-way
secret key can be distilled from symmetric extendible states:

Observation 8.2.1 If a bipartite state pap has a symmetric extension Pagp!, S0 that Papg =
pPap g and pap = Trg papp, then for the one-way distillable key there holds:

K. (pag) =0. (8.27)

Proof of the above theorem is immediate and follows again from quantum entanglement

monogamy (cf. [26, 30]), and could be conducted in a similar way as in case of one-way
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distillable entanglement. If Alice sends classical information to Bob and they distill key in
the protocol, then the state can not have symmetric extension since Bob’s colleague, say
Brigitte (corresponding to index B’) could also receive the same message from Alice and
finally could share the same key with Alice too.

As all symmetric extendible state do not posses any private key, we can expect that in
close neighborhood to the set of such states all other states can have only a small amount
of distillable private key. That would have to be true assuming at least local continuity of
private key K_,(+) in such a neighborhood. To anylyze this subject, we start reminding an
important theorem about entropic inequalities for conditional entropies of sufficiently close

states in terms of a trace norm:

Theorem 8.2.2 [4] For any two states pap and Pap on Hrg = Hx Q Hp, let € =|| pap —
pag ||1 and let dy be the dimension of .y, then the following estimate holds:

IS(A|B) — S(A|B)| < 4elogdy + 21 (1 — &) +2n(¢) (8.28)

In particular, the right hand side of (8.28) does not explicitly depend on the dimension of
T p.

Basing one the above results and the definition of K_,, we prove continuity of the quantity
K(_1>) (p) for one copy of a state p and further, consider behavior of the measure in the

asymptotic regime:

Lemma 8.2.3 [128] For any two states p and p on ;5 = Hy @ H#p, lete =|| p —p |1
and let d be the dimension of 7y, then the following estimate holds:

KD (p) — KD (p)| < 8elogds +4n (1 — &) +4n(e) (8.29)
Proof.  One can put for the quantity K(_1>)(p) = S(BC) — S(ABC) — S(EC) + S(AEC) =
—S(A|BC) + S(A|EC) and respectively for p there holds kW (p) = —S(A|BC) + S(A|EC).
Further, engaging the results of (8.28) it is easy to conduct the following implications for a

chain of inequalities:

KW (p) - KD ()| =
= |[S(A|BC) — S(A|BC)] + [S(A|EC) — S(A|EC))]
< |S(A|BC) — S(A|BC)| + |S(A|EC) - S(A|EC)|
< 2[4elogds +2n(1 —¢€)+2n(¢e)]


http://mostwiedzy.pl

A\ MOST

8.2 Shareability of quantum correlations vs. quantum privacy 104

Since it is not possible to distill any secret key by means of one-way communication and

local operations from all symmetric extendible states, one can easily derive the following:

Corollary 8.2.4 [128] For any state p on Jtap = 74 ® Hp being in distance € to the
nearest symmetric extendible state G in sense of a trace norm: € = infgcq || p — O || where

Q denotes a convex set of symmetric extendible states on 7.y, there holds:
KW (p) < 8elogdy +4n(1 — ) +4n(e) (8.30)

Example 8.2.5 As an example of application of the above corollary we will consider two
states very close to one another in sense of a trace norm || - ||| from which one is symmetric
extendible and the another is non-symmetric extendible. This shows that for one-copy
applications the theorem can be used operationally to estimate one-way secret key rate of

quantum states. Following results of [126], let us consider two arbitrary instances of a state
on g = CleCd:

d—1

Y 1i0)(i0] (8.31)

i=1

1 €
2d—1_2(d—1)]

Y(e)=|—— 2|P

() = [y — +&/2P; +]
which is non-symmetric extendible for € > 0. Namely, one can put into the inequality (8.29)
two states Y(€ = 0) and Y (€ > 0). Since for all symmetric extendible states p there holds:
kW (p) =0, then:

KD (Y(e > 0)) < 8elogds +4n(1—€)+4n(e).

where € < %.

It is proved [165] that in any open set of distillable states, all asymptotic entanglement
measures E(p) are continuous as a function of a single copy of p, even though they quantify
the entanglement properties of p®" in the large N limit.

However, the aforementioned theorem does not cast any light on the behavior of function
K_,(-) on the boundary of a set of all one-way distillable states adjacent to symmetric
extendible states just due to the open conjecture 6.1.13. Motivated by this insight we put
an open question in the following form for €-neighborhood of symmetric extendible states

having zero one-way secret key rate:

Conjecture 8.2.6 [128] For any state p on F¢ip = 74 X Hp being in distance € to the

nearest symmetric extendible state G in sense of a trace norm: € = infgcq || p — G ||1 where
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Q denotes a convex set of symmetric extendible states on 7,y s, there holds:

K_.(p) <8elogdy+4n(l—¢)+4n(e) (8.32)

8.3 Reduced secret key

In this section we propose a new reduced measure [127] of the one-way secret key that
simplify in many cases an analysis of one-way security of quantum states.

In the following we define a modified version of the one-way secret key rate K_, basing on
the results of [145, 96] for reduced intrinsic information and reduced entanglement measure.

Definition 8.3.1 For the one-way secret key rate Kg) (papp') of a bipartite state papp €
B(74 @ H3pp) shared between Alice and Bob the reduced one-way secret key rate Kg) i

(papp') is defined as:
K9 | (pasp) = i%f[KS) (% (pas)) + Ax_,] (8.33)

where %/ denotes unitary operations on Bob’s system with a possible transfer of subsystems
from Bob to Eve, i.e. % (pag) = Trg (I @ Upp ) papp for some unitary Ugp. Ak = 4S(pp)
denotes the defect parameter related to the increase of entropy produced by the transfer of
B’-subsystem from Bob’s side to Eve and pg = Trap(I @ Ugp') Papp-

The reduced one-way secret key rate is an upper bound on K_, which we prove now for
every cqq-state p:

Theorem 8.3.2 [127] For every cqq-state papg there holds:

K.(p)= r}grolo ) <K, l(p) (8.34)
(1) "
where K_, | (p) =lim,_e %W,Particularly, for the identity operation % = id on Bob’s

side one obtains: K_,(papp) < K- (pap) +4S(pp').

To prove this theorem one can start showing how the formula behaves for one-copy secret
key:

Lemma 8.3.3 For every cqq-state papg there holds:

kW(p) <k L (p) (8.35)
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Proof.
Since
I(A:B|C) = S(AC)+ S(BC) — S(ABC) — S(C)
I(A:E|C)=S(AC)+S(EC)—S(AEC)—S(C)
then:

KD (p) = max [S(BC) — S(ABC) — S(EC) 4+ S(AEC)]

To prove the thesis of this lemma it suffices to show that:

k% (PasB)E) < kY (Pass'E)) +4S(B') (8.36)

due to the fact that in case of application of %/ without discarding subsystem B’ one obtains

an equality. We denote by p,p(p/g) transition of B’-subsystem to the environment. Both parts

(Alice and Bob) use the maximizing 1-LOCC protocol to find the secret key rate, thus, we
(1)

omit further the maximization symbol for K~ which reflects a choice of the maximizing

protocol by Alice and Bob, and can rewrite the inequality 8.36 as:

S(BB'C) — S(ABB'C) — S(EC) + S(AEC) <
S(BC) — S(ABC) — S(B'EC) + S(AB'EC) +4S(B')

It is easy to note that application of unitary operations on Bob’s side do not change the
inequality mainly due to the property of unitary invariancy of the von Neumann entropy. To

simplify the proof one can decompose this inequality into following two inequalities:

S(BC) — S(ABC) +2S(B')

S(BB'C) — S(ABB'C) (8.37)
S(EC) — S(AEC) +25(B') '

<
S(B'EC) —S(ABEC) <

or equivalently considering the assumption that the initial state is of cqq-type and A’ repre-

sents classical distribution {p;} we can rewrite the first inequality into the form:
(Y pipP”) —H(pi) = X piS(p?*) = ST pipf©)
1 4 4
+H(pi) + Y piS(pC) < 25(B)
1
and similarly for the second inequality which gives in result a more compact structure:

X (X pipPPC) — 2 (L pipP€) < 28(B)
x(XLipipP EC) — x(Li pipF€) < 28(B)
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However, the above was proved in Observation 2.7.1 about the Holevo function [127] that
completes the proof. []

Finally, we will extend this result in the asymptotic regime proving Theorem 8.3.2:

Proof. To prove Theorem 8.3.2 it suffices to notice that (8.35) holds under 1-LOCC and
an arbitrary chosen % for any p, = p®". Moreover, existence of the defect parameter Ag
enables regularization of the reduced one-way secret rate since in the asymptotic regime
after application of unitary operations on Bob side one can apply subadditivity of entropy to
estimate entropy of the transferred B’ part which implies K_, (pagpp) < K (pap) +4S(pp).
U

It is interesting that our results reflect E-nonlockability of the secret key rate [34] which
means that the rate cannot be locked with information on Eve’s side.

Monogamy of entanglement has been used to prove that for some region the quantum
depolarizing channel has zero capacity even if does not destroy entanglement [26] which
is a particular application of symmetric extendibility of states to evaluation of the quantum

channel capacity. The following examples will show application of the concept:

Example 8.3.4 As an example of application of Theorem 8.3.2 we present a state which
after discarding a small B’ part on Bob’s side becomes a symmetric extendible state [126].
This example is especially important since the presented state does not possess [127] any
symmetric extendible component in its decomposition for symmetric and non-symmetric
parts, thus, one cannot use the method [122] to find an upper bound on K_, by means of
linear optimization. Let us consider a bipartite quantum state shared between Alice and Bob
on the Hilbert space 7, @ #p = C2 @ C4+2:

Yap 0 0 &
1 0O 0 0 O
= — 8.38
PAB 2l 0 00 o (8.38)
g7 0 0 Yup

where o/ is an arbitrary chosen operator so that pap represents a correct quantum state.
This matrix is represented in the computational basis |00),|01),|10),|11) held by Alice and
Bob and possess a canonical maximally-entangled state structure. Whenever one party (Alice
or Bob) measures the state, the state decoheres and off-diagonal elements vanish which leads

to a symmetric extendible state [126]:

d =
1rAB_2d_1P++2d_1 izzl|zo><10| (8.39)



http://mostwiedzy.pl

A\ MOST

8.3 Reduced secret key 108

Jrom which no entanglement nor secret key can be distilled by means of 1-LOCC [55, 56,
122, 126]. Therefore, applying Theorem 8.3.2 one derives K_,(Yap) = 0 and K_,(pap) <

K-, | (pag) =4

Example 8.3.5 Let us consider again the graph state [88] |9) = &; jc s CZij|%) of a 3n+1-
qubit system associated with a mathematical graph ¢ = {V',&}, composed of a set V" of
3n+ 1 vertices and a set & of edges {i, j} connecting each vertex i with some other j: where
3n+ 1 qubits are initialized in the product state |%) = Q;cy |Wi) with |y;) = \%(|Ol> +11:)).

If Alice takes no more than n qubits from the graph system that will use to establish
communication with Bob who uses other n qubits in this graph state, then they will be not
able by any means to set secure one-way communication. This results from the fact that the

state pB

. (with n qubits on Alice side and n qubits on Bob’s side) is symmetric extendible

to a state pff which means that K_, (p‘z“f ) = 0. A natural symmetric extension of p‘z“f isa
state P38 = Trp|9) (9| resulting from tracing out an arbitrary chosen qubit B’ from graph
¢. However, if Alice takes n qubits and Bob takes n+ 1 qubits from the graph system, the
resulting state pg‘rﬂl is not symmetric extendible anymore. Exemplary, for n =2 this state

has spectral representation:

P48 = 5 (19000l +o0) o) (8.40)

where |¢o) = [04)[08) + [14)[18). [91) = [04)|18) — [14)[0) and {|0)4 = |00 —01 — 10—
11)4,[1)4 =004+ 01+ 10— 11)4,]0)p = |001 + 010+ 100 — 111)p, |1)p = |000 — 011 —
101 — 110)g}. This state is isomorphic to a qubit bipartite state and meets the condition
[123, 124] for C*> ® C? Bell-diagonal states to be symmetric extendible: 4 det(pap) >
Tr(pi B)— % One can easily show the isomorphism of p’z“fﬂ for any n with a qubit bipartite

state structure (8.40). Thus, for one-way secret key of the state there holds: K_, (pffﬂ) <
K.l (P?yﬁq) =4, since after discarding one qubit B’ on Bob’s side his system would become

symmetric extendible.

Dual picture for one-way distillable entanglement and private informa-

tion.

Our results for one-way secret key and quantum channel capacity lead immediately to similar
reduced formula for private information and one-way entanglement distillation quantities.
The private capacity [50, 51] P(A) of a quantum channel is equal to regularization of

private information:

(D) A®n
P(A) = lim A7)

n—yoo n

(8.41)
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where a single-letter formula is:

PUO(A) = max(I(X,B) —I(X,E)) (8.42)
X,pf

with maximization over classical random variables X and input quantum states p2 depending
on the value of X.

Absorbing T into X variable in Theorem 8.1.7! leads to definitions for private information
and private capacity [51], thus, following Lemma 7.3.3, we can derive an upper bound on
private information and private capacity via their reduced counterparts:

Definition 8.3.6 [127] For a one-way quantum channel App : B(Hpp) — B(H55) the

reduced private information is defined as:
PU L (App) = inf[PU (% (Ag)) + Ap) (8.43)

where 7/ denotes unitary operations on Bob’s system with a possible transfer of subsystems

from Bob to Eve, i.e. % (Agp (Ppp')) = TrUpp App (Psp). Ap=4sup,  S(TreUpp App (Pps'))

denotes the defect parameter related to increase of entropy produced by the transfer of B’-

subsystem from Bob’s side to Eve.

Theorem 8.3.7 [127] For a one-way quantum channel App : B(App) — B(55) there
holds:
P(App) <P | (Agp) (8.44)

where P | (Agg) = lim, P |(V) (Agp)/n denotes the reduced private capacity.

The proof can be conducted in analogy to Theorem 7.3.2 and Lemma 7.3.3, however, for
regularization of reduced private information it is crucial to derive the below lemma for a

one-copy case:

Lemma 8.3.8 [127] For every one-way quantum channel Agp : B(Hpp) — B(H55,) there
holds:

P (Agg) < PV | (App) (8.45)

Proof. To prove this lemma it suffices to absorb variable T into X in Theorem 8.1.7. for the
definition of private information and conduct the proof in analogy to the proof of Lemma
7.3.3 for a channel Agp and a chosen state p sent through it. [J

'Vide chap. Quantum Privacy.
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Finally, we can state an observation about the private capacity of a quantum channel
A being Choi-Jamiolkowski isomorphic with a symmetric extendible state pap, 1.€. pap =
[T AJ[¥T) (P, basing on the results for the secret key:

Observation 8.3.9 If a one-way quantum channel A is Choi-Jamiolkowski isomorphic with
a bipartite state pap having a symmetric extension Papp:, SO that Papp = Pap'p and Pap =
Trg papp, then for the private capacity of this channel, there holds:

P(A)=0. (8.46)

Proof of the above theorem is immediate and follows from the definition of the secret
key. As already observed, absorbing T into X variable in Theorem 8.1.7% leads to definitions
for private information and private capacity [51], thus, a zero secret key for a symmetric
extendible state p4p implies a zero private capacity for a channel isomorphic with this state
(we have indeed a dual picture between the secret key and the private capacity be means of
the Choi-Jamiolkowski isomorphism).

Alternatively, one can justify that due to the extendibility of the channel A isomorphic
with p4p, extendible to three parties papg shared between Alice, Bob and Eve, after action of
a local filter on Alice side Fx: page = [Fa @ Ipg]pape[Fa @ Ipg], we get the same ensembles
of states (245 and 204 ¢) shared between the pairs: Alice and Bob, and the pair: Alice and Eve
respectively. Due to additivity of the property of symmetric extendibility and the closeness
of the set of symmetric extendible states under 1-LOCC, we can extend this result to the
asymptotic regime for any symmetric extendible states p} . This implies the zero private

capacity.

%Vide chap. Quantum Privacy.
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Quantum entanglement in time

Recent years have proved a great interest of quantum entanglement monogamy concept
showing its usability in quantum communication theory, especially in domain of one-way
communication and its applications to quantum secure key generation [123, 124, 122, 112,
48, 119, 126, 127]. While spatial quantum correlations and especially their non-locality
became a central subject of quantum information theory and their applications to quantum
computation, potentiality of application of temporal non-local correlations is poorly analyzed.
The crucial issue relates to the very nature of time and temporal correlations phenomenon
with their understanding within the framework of modern quantum and relativistic theories.

Non-local nature of quantum correlations in space has been accepted as a consequence of
violation of local realism, expressed in Bell’s theorem [12] and analyzed in many experiments
[5, 70]. As an analogy for a temporal domain, violation of macro-realism [118] and Legett-
Garg inequalities [117] seem to indicate non-local effects in time and are a subject of
many experimental considerations [146, 6, 114, 155]. However, the open problem relates
to the mathematical structures that could represent quantum states correlated in time in
similarity to multipartite quantum states in space. In this chapter we analyze a variation of
the consistent histories approach [77-80] with a concept of entangled histories [109, 110]
built on a tensor product of projective Hilbert spaces that can be considered as a potential
candidate of mathematical structures representing quantum states correlated in time. In
particular, we focus on showing that entangled histories demonstrate monogamous properties
reflecting the phenomenon in case of spatial quantum entanglement. It is worth mentioning
that the two-state-vector formalism (TSVF) [2] brings another perspective on representation
of quantum correlations in time broadly discussed in the literature.

However, it is crucial to note that in this context many "obvious’ facts about structure and
behavior of spatial correlations and tensor algebra of spatial quantum states cannot be easily

transferred into the temporal domain as the tensor structure of temporal correlations is richer
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due to the binding evolution between instances of ’time’ and the observation-measurement
phenomenon that is also a subject of this chapter.

The outline of this chapter is as follows: in first section, we present the well known
concepts of consistent histories approach [79] and present new concepts of entangled histories
[40, 41] which are substantial for further considerations on monogamies and entanglement in
time as such [130]. In the following sections, we introduce partial trace on quantum histories
and show that quantum entanglement in time is monogamous for a particular history [129].
Monogamy of quantum entanglement in time for a particular history seems to be an inherent
feature of quantum correlations in time and as such is the opposite to symmetric extendibility
of a history in time, in similarity to monogamy of quantum entanglement in space. In the final
section, the Tsirelson bound on quantum correlations in time is derived from the entangled
histories [129, 130].

We believe that further research on temporal correlations and time evolution will be
substantial for development of quantum information theory including applications to quantum

cryptography or quantum computation but also to quantum gravity theory.

9.1 Entangled consistent histories theory

The decoherent histories theory (or consistent histories theory) has a long tradition [85—
87,77-82, 109, 110] and is built on the ground of well known and broadly applied Feynman’s
path integrals theory [69] for calculation of probability amplitudes of quantum processes,
especially in quantum field theory or quantum electrodynamics. It is presented also as a
generalization of quantum mechanics applied to closed systems such as the universe as a
whole and discussed as a necessary element of future quantum gravity theory [85].

For readers interested in deepening this matter, it might be useful to refer to the literature
[79, 85-87, 74]. In this section we focus on introduction to the concept of a consistent history
and its recent modification, an entangled history [40, 41]. We present also a proposal of a
temporal partial trace operator [130] acting on € *-Algebra of history operators as a tool
necessary to achieve reduced histories, in similarity to a partial trace operator acting on a
multipartite quantum state.

For the sake of the concept of a consistent history, it is substantial to note that for an
evolving system (e.g. a non-relativistic particle being in an initial state |yp) which evolution
is governed by the Hamiltonian H), we can ask questions about the states of the system
at different times #; < f; < ... <t,. It could be performed during the repeating measuring
process where a question at time ¢, could be represented naturally by a projector P,. The
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alternatives at a given time ¢, form an exhaustive orthogonal set of projectors {P®} where:

Y px =1 (9.1)
Oy
P%P% — §, 5 P% 9.2)

and I stands for the identity operator.

Therefore, the alternative histories could be represented by the sets of alternative operators
{P}, {Py?},..., {P™} at different times t; < #, < ... < t,. A particular history is then
represented as a tensor product Proj(#) > |H) = P @ Pi"' © ... P (® operation
behaves here just like the tensor operation ®). This could be perceived that the system had a
property P at time #; [79].

We could interpret that during this process we project the global state of the system onto
the n-fold tensor product O, P achieving a consistent wave function which can be used
to deduce probabilities of the events [130] in accordance with the Born rule.

The fundamental tool introduced in the consistent history framework which connects
different times is the bridging operator [77] %(t,,t;). It is a counterpart of an unitary

evolution operation having the following properties:

B,n) = B,n) (9.3)
B(t3,12)B(02,11) = Bltz,h) 9.4)

and can be represented for a unitary quantum evolution as HB(ty,11) = exp(—iH (tp —t1))
(with the evolution governed be a Hamiltonian H).

Since we assumed for a given time that }, P = I, for the sample space of consis-
tent histories |H%) = P% @Pf_”]‘ ®... @Plal @P(;X0 (@ = (o, _1,---,0)) there holds
Yo|HY) =1

Further, the consistent histories formalism introduces the chain operator K(|H%*)) which

can be directly associated with a time propagator of a given quantum process:
K(|H®)) = P2 B(tn,ty—1) P ... Bta, 11 )P B(t1,10) Py (9.5)

The operator K : Proj(74, @ 7 | @ ... ;) — Proj(74, — 4, ) performs mapping
of a history from Proj(s€, ® 7, _,
Hiy — A, (.8 P=[y,) ().

Equipped with this operator, one can associate a history |[H%) with its weight:

®...® H;,) onto an operator performing the map

W(H*)) =TrK(|H*))"K(|H*)) (9.6)
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being by Born rule a counterpart of relative probability and can be interpreted as a probability
of a history realization.

As an example, suppose that the system is in a state |yp) € 7 at time #y and evolves to
time #, under the bridging operator %(t,1y), then applying the Born rule one can determine
the probability that the system at time #; has a property F;,:

Pr(P,,t1) = ||P,2(t,t0)|w)? 9.7)
= (Wl %" (11,10)P, B(11,10) | ¥0) 9.8)

= Tr(%#'(t1,10)P, B(t1,10)[W0)) 9.9)

(9.10)

where [W] = |wo) (W as discussed further.

The set of histories is coarse-grained as the alternatives are defined for chosen times, yet
not for every possible time [85, 86]. It means that the set of potential histories is partitioned
into the set of mutually exclusive classes called coarse-grained histories, those which are
observable during the process of measurements. Coarse graining of measurements is a
natural feature of "standard" quantum mechanics. The consistent histories theory describes
also fine-grained histories and relations between the sets of coarse-grained and fine-grained
histories, however, this is not a subject of this presentation and it does not change generality
of the following conclusions.

Recent years show also an extensive discussion about a subject of so-called consistency
or decoherence of allowed histories [85—87] which is directly related to the degree of
interference between pairs of histories in the set of histories. The consistent histories
framework assumes that the family 1 of histories is consistent, i.e. one can associate with a
union of histories a weight equal to the sum of weights associated with particular histories
included in the union [40, 41]. This implies the following consistency condition (o and 3

are indexes of the histories from the same history family):

(H*|HP) = TrK(|H*))"K(|HF)) = 0 for o # B
(H¥HPY=00r1 (9.11)
YocalH*) =1 forcq €C

There are different conditions for the so-called decoherence functional TrK (|[H®))TK (|HP))
discussed, including the weaker condition that TrK (|[H*)) K (|HP)) ~ &, pP(o) (medium
decoherence and P() standing for probability of a history |[H%)) or the linear positivity

'The family of consistent histories is such a set of histories .Z = {|H%)}q—(a,.0, ,,...) that X |[H*) =1
and any pair of histories from the set meets the consistency condition.
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condition by Goldstein and Page [75] but as observed by F. Wilczek [40, 41], it is unclear at
this moment if the variants are significant.

It is helpful to assume normalization of histories with non-zero weight which enables
normalization of probability distributions for history events, i.e.: |H) = 1) _ 140, 41, 130].

V (H|H)

If the observed system starts its potential history in a pure state P, = |¥o)(¥o/|, then a

consistent set of its histories create a tree-like structure (Fig. 9.1). Further, the consistency
condition implies that the tree branches are mutually orthogonal.

P,

o

Ptz,1 Ptz,z Ptz,s Ptz,a Ptz,s Ptz,e Pt2,7

Fig. 9.1 If the observed evolution is initiated in a state [P;,| = |[Wo) (W0, then the history family
can be represented as a tree-like structure where each branch represents a potential history.
The branches are mutually orthogonal due to the consistency condition. The exemplary red
branch represents history |H) = P,; © B, | © Py,.

The consistent history framework does not consider non-locality in space or time as such
[83], however, since the space of histories spans the complex vector space, we can consider

complex combinations of history vectors, i.e. any history can be represented as [40]:

) =) ailH') 9.12)

where @; € C and .# > |H') represents a consistent family of histories which is actually a
complex extension of the consistent histories framework and ¢; parameters are normalized

to give a normalized history as mentioned above.
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Having defined above, the histories space can be also equipped with an inner semi-definite
product [77] between any two histories |¥') and |D):

(P|®) = TrK(|%))'K(|®))]. (9.13)

It is fundamental to note that a history |H%) can be consistent or inconsistent (physically
not realizable) basing on the associated evolution Z of the system [79] as its consistency is
verified by means of the aforementioned inner product engaging bridging operators. Thus,
a temporal history is always associated with evolution and for completeness, there should
be considered a pair consisting of a family of histories and the bridging operators {.%,T'}.
Whenever we analyze features of a spatial pure quantum state, it is assumed that all necessary
knowledge is hidden in the vector |y) so actually we analyze only one-element history

objects [y] = |w)(y| from a perspective of a temporal local frame.

Example 9.1.1 Let us consider now a family of inconsistent histories on three times for an

evolution of a %—spin particle assuming that the bridging operator is trivial, i.e. % =1:

HY) = [;]olel

H') = [lokTok)
H) = [lokTok]
H) = ok ok
HY = [oklok]

(9.14)

with the operators projecting e.g. on the spin up in z-direction: [z7] = (1+ 03)/2 etc. Then

clearly the consistency condition is not kept as:

(H'|H?) = Tr(K(H"))'K(|H?))) (9.15)
l+o0114+40351—011+031+03
r
2 2 2 2 2

1
= ETr(l +01+ioy+03)(1 — 01 —ior+ 03)

1
= ;#0

=T

Example 9.1.2 We consider also, as an example, histories of a decaying particle [41]. For
this example, we assume that the particle decays emitting a photon either at time t| with a

probability amplitude o or at time ty with a probability amplitude 3.
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In case of emitting the photon at time t|, an auxiliary system associated with the particle will
change its state from |0) to |1). If the particle decays at t; time, then the auxiliary system
changes its state from |0) to |2).

We additionally assume a trivial (98 = 1) evolution for both systems otherwise. Thus the
history state for such a bipartite system consisting of the particle P and the auxiliary system

A can be represented as:
\Hpa) = a|Dy,) ®|1)+ B|D,,) @2) (9.16)

with the local histories for the auxiliary system A:

) = [el]oe..ol]o [1] ®0]...0[0 (9.17)
n
2) = [2]0R2]®...0 2] ©0]®]0]...]0]
~

15}

We will measure then at some time t > t, the auxiliary system A in a basis {|¢o) = \%(|O) +
1)), |¢1) = %UO) — 1))}, post-selecting on P = |9){(@1| and tracing out the auxiliary
system afterwards. Then the remaining particle would be in a history state:

|Hp) = a|Dy,) + B[ D) (9.18)

9.2 Towards monogamy of quantum entanglement in time

We consider in this section a concept of entanglement in time basing on the entangled con-
sistent histories framework. In particular, we discuss monogamous character of quantum
entanglement in time for a particular history in similarity to monogamy of quantum entangle-
ment in case of a spatial singlet, leaving a general discussion for all classes of histories and
allowable evolutions as a subject of further research.

Since the algebra of histories with ® operation is a form of tensor algebra, it inherits
the properties of a standard tensor algebra with ® operation and all mathematical questions
valid for vectors representing spatial correlations are mathematically valid for temporal
correlations although not necessarily having similar physical interpretation [130].

Quantum entanglement for spatial correlations shared between two parties A and B, say
Alice and Bob, denotes that the state pap € HB(7#4 ® H3) of their bipartite system cannot
be represented as a convex combination pap =Y ; pipj‘ ® plig (which represents a separable
state). The maximally entangled state of a bipartite system shared between Alice and Bob in
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space, so-called singlet, is represented as [Pap) = Ld Y |ii). For the sake of spatial quantum
entanglement, it is crucial to define the reductions of multipartite states and their extensions.
To find a reduced state p4 of a local state possessed e.g. by Alice, it is necessary to trace out

Bob’s system from the bipartite state psp which is performed by the partial trace operation:

pa = Trepas = Y (ilpaslis) (9.19)

1

where the operation can be performed in a computational basis |ig) of B-subsystem.

We will conduct further a similar reasoning for reductions of entangled histories, defining
an operation of a partial trace over chosen times of a particular history state.

Now, it is substantial to note that any history |Y) = F, ®...® Fy can be extended to / ©Y as
identity I represents a property that is always true and does not introduce additional knowledge
about the system. Conversely, if one considers reduction of a history to smaller number of
time frames, then information about the past and future of the reduced history is lost. Let us
consider the potential history of the physical system |Y;, ;) =F,0F_10...0 HLoOF OF
on times {#,...1p}, then at time #; the reduced history is |¥;,) = F;. That was the trivial
case of factorizable history, in analogy to factorizable quantum states in space, e.g. for
|@aBE) = |04) ® |0B) ® |@E), the reduction over E results in |¢pap) = |¢a) @ |@p). To find
reductions over complex superpositions of histories, it is necessary to define a partial trace
operator over a history.

In analogy to partial trace for spatial quantum states, we introduced in [130] a partial
trace operation on a history state in accordance with general rules of calculating partial traces

on tensor algebras:

Definition 9.2.1 For a history |Y,, ,,) acting on a space H = 76, @ --- & 4, a partial
trace over times {t;...tip1t;} (j > i) is:

dim .#

Trlj...l‘l'+1ti‘Yl‘n...l‘o)(Yl‘n...l‘o’ - Z (ek|Yln...l‘0)(Yl‘n...lo|ek) (920)
k=1

where F = {|ey) } creates an orthonormal consistent family of histories on times {t; .. .t;;1t;}
and the strong consistency condition for partial histories holds for base histories, i.e.
(eilej) = Tr[K(le;)) 'K (|e;))] = &ij.

We proposed further a general form of maximally entangled history in similarity to a
singlet state of a bipartite system |V ) = \/LNvazl i) @1i), 2 <N < oo
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Proposition 9.2.2 [130] A history state 'maximally entangled’ in time is represented by:
1 N
¥Y)=— ei)©lei), 2<N < oo 9.21
¥)=75 ; lei) © lei) (9.21)

with a trivial bridging operator I and {|e;)} creating an orthonormal consistent histories

family.

It is important to note that one can always employ such a bridging operator that |'¥) could
become intrinsically inconsistent which means it would be dynamically impossible [79], thus,
an identity bridging operator is associated with the above state.

Further, one could also introduce TGHZ and TW states substantial for studies of multi-
partite correlations and their applications (e.g. for secret key generation, quantum algorithms

or spin networks) in analogy to spatial |GHZ) and |W) states with trivial bridging operators:

[?GHZ) = 5 (le) N + [e1) )
[TW) = = (ler) @ le) © -+ © le)+ 9.22)
le0) ©ler) @+ O leo) + -+ +eo) O leo) © -+ Oler))

Example 9.2.3 Let us consider as an example potential entangled histories of a spin—%

particle at three times {t3,t2,11 } evolving trivially by % = 1. In the following, we present an

exemplary family of entangled history states which span a space of potential histories:

H) = V2(floktek ]+ ok ]ok")

H) = V2 lokfet+ok]okY)

) = V2(floktek ]+ ok ok )

HY) = V2(loktek ]+ ok T]ok])
(9.23)
If we consider a state |®) = LZ\HI) + %]HZ) then a particle, measured at time t| and

having a spin up in a direction 7", can evolve within the history |H1) with probability
P(|H")) = % and be in the history |H?) with probability P(|H?)) = %
Noteworthily, one can also find in the space of histories . = span{|H"),|H?),|H?),|H*)}
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the following GHZ-like vector [40] (normalized for |a|*> + |B|* = 1):

o @ 2 B .3 B
E|H )+E|H )+%|H )+E

= o'l ek +BlT ok ok]

'¥) |H*)

(9.24)

It is worth mentioning that recently [40, 41] the concept of Bell-like tests have been pro-
posed for experimental analysis of entangled histories. We further consider the Mach-Zehnder

interferometer (Fig. 9.2 where H = %

AR ] ) to discuss the matter of monogamy of

quantum entanglement in time [130].

In the following let us consider an intrinsically consistent history on times {#3,1,,#;,% }:

IA) = a([@3.1] O 6, O [@11] 4+ [@32] O I, © [@12]) © [@o] (9.25)

where o stands for the normalization factor, [@; ;] = |@; ;) (@i ;

and potentiality of the history
means that one can construct a history observable A = |A)(A|. Now, after tracing out the

time #,, one gets the reduced history on times #; and #3:

A1) = a([@3.1] © [@11] +[@32] © [1.2]) (9.26)

which displays entanglement in time apparently. Noticeably, we have to show that to
be in agreement with the partial trace definition and Feynman propagators’ formalism
[69], the history |A;) cannot be extracted from the following |[TGHZ)-like state |¥), i.e.
AV (At] # Ty [9) (%] [130].

We stress that the history state |¥) is also allowed in the setup of the aforementioned

interferometer (Fig. 2) as a potential history:

¥) = 7([03,1] © [@2,1] © [@1,1] + [032] © [@2.2] © [@12]) (9.27)

We observe that the reduced history [@3 1] ® [@; ;] is correlated with [, ;] and not with
[¢2.2]. Thus, we cannot simply add the histories: [@3 1] © [@1,1] + [@32] © [@1 2] as a reduction
of |¥) over time #,. It would imply decorrelation with the next instance of the history in such a
case, i.e. it could be always expanded to a history e.g. (@, ] © ([@3,1] © [@1.1] + [@32] © [@1 2]).
This result is in agreement with the Feynman’s addition rule for probability amplitudes since
this scenario would mean e.g. existence of detectors in the consecutive step performing

measurements of the light states.
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Moreover, we can apply a similar reasoning for presenting a monogamous feature of
quantum entanglement in time to the argument in sec. (3.2) Quantum entanglement is
monogamous, where we showed that a singlet pap = [¥")(¥*| can have only factorizable
extensions of a form papr = pPap ® p. Imagine that for a maximally entangled history (9.2.2)
P11, = |'¥) (W] on times {t1,1, } there exists a purification to a history state |H;,;,.,;, ) then in ac-
cordance with the partial trace definition (9.2.1), the maximally entangled history would have
to be a reduction of |Hy,1s,1,) (Hy ytst, |- 1€ |¥) (W] = X (el © Lyt | Hp ity ) (Hiytotatg | I, © l€)
for some consistent history family .# = {|e;)} on times {r3,74} but due to the consis-
tency condition, one gets |¥) only if |Hy,iy5,) = [Hpzr,) © |¥) (for some history |Hyy, ) =
Y %ilei), where % are complex numbers), otherwise the reduction would be a mixture
of some consistent histories from the family. One can also observe immediately that
(W) (Y| = Li(ei| © Loy |Hytor0s ) (Hiyto31 1, © |ei) implies that for any family base vector
lei), [¥) = Yi(ei| © Lty | Hyytyts2, ) (for some complex amplitude %) and (e;| © (P|¥') @ |e;) =0
for any orthogonal |¥) and [¥'). Thus, |Hy1yr,) = X, Yilei) © |P).

In general, any extension of such a maximally entangled history is of a form py s,;, =

Pry © Pr, Where py, = Y 0ii|e;)(e;| for some consistent history family . = {|e;)} on times
tx.

It is important to note that these considerations are related to |¥)(¥| - observable and
the particular history |¥). Yet, other histories in the Mach-Zehnder interferometer are also
accessible. It shows clearly a physical sense of quantum entanglement in time and further a
concept of its monogamy for a particular entangled history.

Therefore, basing on the above observations, we find temporal monogamy phenomenon
for a particular entangled history of similar nature to the spatial monogamy of quantum
states [43]. On the ground of consistent histories approach, it implies that we cannot build a
tripartite (i.e. defined on three different times) history state py,;,;, where py,s, = Py, = |¥) (V|
and Ty, Pty = Praty -

Besides the aforementioned reasoning derived from Feynman’s quantum paths, one can
refer to a broadly used explanation [43] for spatial monogamy of entanglement between
parties ABC (or further {#3,#,,#; } for temporal correlations). As mentioned in previous
section, it states that A cannot be simultaneously fully entangled with B and C since then
AB would be entangled with C having a mixed density matrix that contradicts purity of the
singlet state shared between A and B.

For the history spaces one can build naturally %*-Algebra of history operators equipped
with a partial trace operation (9.20) and follow the same reasoning for entangled histories.

We can summary these considerations with the following corollary about monogamy of
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L 10.)

I(p2,1> ) I(‘P3.2>

l®,,) P,

oy 16..2)

Fig. 9.2 The Mach-Zehnder interferometer with an input state |@y) - a vacuum state is
omitted which does not change further considerations. The beam-splitters can be represented
by Hadamard operation acting on the spatial modes. One can analyze the interferometer
via four-times histories on times #y < f; < t, < t3 for the interferometer process: |@y) —

Zo11) +1912)) = 5 (le21) +1922)) = F5(193.10) + |93.2)).

temporal entangled histories [130]:

Corollary 9.2.4 There does not exist any such a history |H) € Proj(7#®") so that for three
chosen times {t3,t2,t1 } one can find reduced histories |¥,,,) = \/Li(|eo) ©leg) +er) @ ler))
and |¥1,,) = 75 (e0) © leo) +er) © fen)).

This corollary holds for any finite dimension n and also for general entangled states of
the form 9.21.

As a consequence, there does not exist such a temporal observable KAI AyA; SO that
A1A, parties are maximally entangled and A»A3 are maximally entangled simultaneously on
times {#3,%2,; }. However, in principle there exist observables of different histories that do
not commute and cannot be observed at the same reference frame by an observer that are
maximally entangled between A1A; and AyAs [131].

Further, we discuss as an example a simplified scheme for experimental generation of
|GZH)-like state in time. Recently F. Wilczek et al. [42] have proposed an experimental test
for entangled histories in laboratory using a modified Mach-Zehnder interferometer which

proves a physical sense of these considerations.
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Example 9.2.5 We present below a protocol for generation of |TGHZ) state that can be

implemented in laboratory on the Mach-Zehnder interferometer with a set of detectors [42]:

76HZ) = = (0 0 ) - o ko k) ©.29

V2
We start with a bipartite system at time ty consisting of a spin—% particle P being in a state
|¢o) = \%(\Zﬂ +127)) (|90) = |x)) and a reference system R, consisting of three qubits in
a state |000) which actually can be even perceived as a clock for the process. Thus, at time
to the system PR is in a state (for states at each particular time, we write down the spatial

state of the system in |-) notation):

to: [¥)pk = %mm +1¢))]/000) (9.29)

Then, at a later time t; we act on the system with the CNOT unitary operation where the
control system is the particle and negation is performed on the first qubit of the reference
system R (the CNOT operation changes the reference qubit if the controlled state is |77)),
basing on the state of the particle (we will repeat this action on times t, on the second qubit,
and at t3 on the third qubit):

1

L 1
_\/5|z >|OOO>+\/§\Z )[100) (9.30)

where CNOTpg, acts on the particle and the first qubit of the reference system.

111 |Wy)pr = CNOTpg, @Ig,r, | ¥4y ) PR

At time ty we act on the particle and the second qubit of the reference system achieving:

1 |Ws,)pr = CNOTpr, @ IR, py | Y1, ) PR )|000) )|110) (9.31)

1 i+ n 1 i
=—=lz —lz
V2 V2
Finally, at time t3 we repeat this operation but on the particle and the third qubit of the

reference system:
131 |Ws)pr = CNOTpr, @ IRk, |¥s, ) PR

)[000) + M111) (9.32)

1 i+ 1 -
=—=z —=|z
V2 V2
After this step, we can measure the reference system in the computational basis {|000),|001), .
If we measure the reference system projecting on |000) then particle has been in the history
'] ©[z7] © [zT]. If we project it on |111), then the history of the particle (with which we

correlate) has been in 77| ®©[z7]|®[z7].

LY.
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Finally, if we measure the reference system on \%(|000> —|111)), the particle has been
in the history state |TGHZ) = \%([ZJF] ool - ]oz o).

9.3 Tsirelson bound on Leggett-Garg Inequalities from en-

tangled histories

For many years have been studied the violation of local realism (LR) [12] and macrorealism
(MR) [118] in relation to quantum theories in experimental setups where measurement
outputs are tested against violation of Bell inequalities for LR and Leggett-Garg inequalities
(LGI) [117] for MR. For quantum theories, the former raises as a consequence of non-
classical correlations in space while the latter as a consequence of non-classicality of dynamic
evolution. Macrorealism consists of the following assumptions about the reality:

Macrorealism. A physical object is at any given’ time at a definite quantum state.

Noninvasive measurability. It is possible to determine the state of the object without any
effect on the state and the subsequent evolution.

Induction. The properties of an ensemble of quantum states are determined by the initial
conditions exclusively (and not by the final conditions.)

In this section we recall the result [130] that entangled histories approach gives the same
well-known Tsirelson bound [38] on quantum correlations for LGI as quantum entangled
states in case of bi-partite spatial correlations for CHSH-inequalities which saturates the
inequalities by quantum mechanical probability distributions.

We take a temporal version of CHSH inequality which is a modification of Legett-
Garg inequalities. Then Alice performs a measurement at time #1, choosing between two
dichotomic observables {Agl),Agl)}. Bob performs a measurement at time #» choosing
between {Bgz) ,Bgz)}.

Then, for such a scenario the Leggett-Garg inequality can be represented in the following
form [25]:

Stgr =cia+ca1+ci1—cpp <2 (9.33)
(1) B2

i 7
formed at time #; and 1;.

where ¢;; = (A ) stands for the expectation value of consecutive measurements per-

Since history operators build a €*-Algebra for normalized histories from projective
Hilbert spaces equipped with a well-defined inner product, one can provide reasoning about
bounding the LGI purely on the space of entangled histories, and achieve the quantum bound

21/2 of CHSH-inequality specific for spatial correlations.
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The importance of this analytical result is due to the fact that previously it was derived
basing on convex optimization methods by means of semi-definite programming [27] and by
means of correlator spaces [71] (related to probability conditional distributions of consecutive
events).

We will now recall the theory by B.S. Cirel’son about bounds on Bell’s inequalities that

is broadly used for finding quantum bounds on spatial Bell-inequalities:
Theorem 9.3.1 [38] The following conditions are equivalent for real numbers cy, k =
I,....mI[l=1,....n:

1. There exists € *-Algebra </ with identity, Hermitian operators Ay, ...,Am,B1,...,B, € o
and a state f on </ so that for every k,1:

AkBl = BlAk; I S Ak S ]I; I S Bl S ]I; f(AkBl) =Ckl- (934)

2. There exists a density matrix W such that for every k,l:

Tr(AwBW) = ¢y and A7 =T; B} =1L (9.35)

3. There are unit vectors Xy, ...,Xm,Y1,-..,Yn in a (m+n)-dimensional Euclidean space such
that:

(X, y1) = cu. (9.36)

For a temporal setup one considers measurements A =1© AW (measurement A occurring
at time 71) and B = B(®) © I, which will in an exact analogy to the proof of the above theorem
for a spatial setup [130].

The history with "injected’ measurements could be represented as |H) = a AB|H)ATBT
where o stands for a normalization factor. The history observables are history state operators
which are Hermitian and their eigenvectors can generate a consistent history family[40].

For an exemplary observable A = Y, a;|H;)(H;|, its measurement on a history |H) gener-
ates an expectation value (A) = Tr(A|H)(H|) (i.e. the result g; is achieved with probability
|(H|H;)|?) in analogy to the spatial case.

Thus, one achieves a history |I—NI ) as a realized history with measurements and the expec-
tation value of the history observable (A).

It is noticeable that |H) and |H) are both compatible histories, i.e. related by a linear

transformation. Thus basing on these results, we can state the following lemma:
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Lemma 9.3.2 [129] For any history density matrix W and Hermitian history dichotomic
observables A; = I@AEI) and Bj = B;z) ©1 where i,j € {1,2} the following bound holds:

Stgr = citcenteor—cn (9.37)
= Tr((AlBl +A 1By +A>B; —Asz)W)
< 2V2

Proof. The proof of this observation can be performed in similar to the spatial version of
CHSH-Bell inequality under assumption that the states are represented by entangled history
states and for two possible measurements {A(I]),Aé])} at time #; and two measurements
{B(ll),Bgl)} at time ;. These operators can be of dimension 2 x 2 meeting the condition
Al.2 = B? = [. Therefore, they can be interpreted as spin components along two different
directions. In consequence, it is well-known that the above inequality is saturated for 2v/2
for a linear combination of tensor spin correlation that holds also for temporal correlations.
Additionally, one could also apply for this temporal inequality reasoning based on the
following obvious finding [38] that holds also for the temporal scenario due to the structure
of €*-Algebra of history operators with ®-tensor operation:

A1B1 +A1By+AyB1 —ABy, < (9.38)

1
E(A%+A%+B%+B%> < 2V21

U

Despite its long tradition, the field of entangled consistent histories becomes now a new
promising arena for discussion of the entanglement phenomenon in time. It is possible
mainly due to extension of the paradigm of the consistent (decoherent) histories into the
realm of complex superpositions of decoherent histories allowing occurrence of the quantum
entanglement between two ’potential’ histories of an evolving object.

We have to recall at this point that the consistent histories framework is a ’local’ theory
as already emphasized by R. Griffiths [79, 80, 83] and as such is in some opposition to the
modifications proposed by F. Wilczek, J. Cotler et al. and the author of this thesis. However,
as already proved these modifications have a well-established physical sense [42]. This slight
but of a great importance enhancement of the theory of consistent histories opens brand a
new exciting research field in quantum entanglement in time. It will be of utmost meaning for
further development of quantum information processing, quantum field theory and quantum

gravity theory.
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Chapter 10
Conclusions

Recent years have seen enormous advances in quantum information theory proving it has
been well established as a basis for a concept of quantum computation and communication.
They have proved also a great interest of symmetric extendibility concept showing its usability
in quantum communication theory, especially in domain of one-way communication which
was a subject of this PhD thesis. A natural relation between monogamy of entanglement and
symmetric extendibility concept was established [55, 56, 161] with an important application
to analysis of Bell inequalities for multipartite settings where some of the parties possess the
same sets of measurement settings.

Much work [1, 15, 17, 16, 10, 48-50] has been performed to understand how to operate
on quantum states and distill entanglement enabling quantum data processing or establish
quantum secure communication between two or more parties. One of the central problems
of the quantum communication field is to estimate efficiency of communication protocols
establishing secure communication between involved parties or distilling quantum entan-
glement [145, 96, 97, 48-50, 153]. Most simple communication scenarios are those that do
not use classical side channel or use it only in one-way setup. The challenge for the present
theory is to determine good bounds on such quantities like the secret key rate or quantum
channel capacity and distillable entanglement of a quantum state, that allow to estimate the
communication capabilities. We engaged the concept of symmetric extendibility of quantum
states to simplify this discussion by introduction of new upper bounds on these quantum
quantities [126, 123, 124, 122, 112, 127] and new entanglement monotones, and parameters.

It seems also that symmetric extendibility is fundamental for studies on recovery and en-
tanglement breaking channels including its neighborhood [119] as well as for such measures
like squashed entanglement and quantum discord [136] or analysis of directed communi-
cation in 1D/2D spin chains [89]. Recently a great attention has been paid to the so-called
k-extendible maps [136, 35, 23] and recovery maps [68, 24] where it is proved that small
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value of squashed entanglement implies closeness to highly extendible states. These results
and the results presented in this dissertation show importance of symmetric extendibility no-
tion for analysis of one-way quantum communication rates and sufficiently prove importance
of the notion for quantum communication theory.

In particular, the key results presented in the PhD thesis include:

- It has been proved that due to the Choi-Jamiolkowski isomorphism between quantum
states and quantum channels, the convex optimization methods can be used as a quick test of
non-zero quantum channel capacity. This result can be achieved in particular for quantum
channels having hight entanglement transmission and having zero-way quantum capacity.
We discussed symmetric extendibility in a context of quantum channel capacities and their
super-activation.

- We analyzed the geometry of the convex set of symmetric extendible states having
symmetric extensions of k-rank. We proved that the set is closed under action of 1-LOCC
operations, and even if the parties engaged into a quantum protocol apply 1-LOCC to multiple
copies of the symmetric extendible state, then they cannot go beyond the set.

- We discussed the entanglement measures and introduced new one-way entanglement
monotone based on the best symmetric extendible approximation. We introduced new
entanglement parameter based on relative entropy proving that it is a new upper bound on
one-way distillable entanglement.

- In this thesis we provided efficient upper bounds avoiding a massive overestimation of
communication rates. We considered two pairs of quantities: private capacity P, quantum
one-way secret key K_, and one-way quantum channel capacity Q_,, one-way distillable
entanglement D_, providing new efficient upper bounds. We proved that in some cases the
bounds explicitly show that the corresponding quantity is relatively small if compared to
sender and receiver systems. The main method is again the fact that all the above quantities
vanish on some classes of systems. Moreover, we introduced ’defect’ parameters A for the
reduced quantities resulting from possible transfer of sub-systems on receivers’ side which
are (sub)additive and hence, can be exploited in case of composite systems and regularization.

- We analyzed symmetric extendibility of composite systems introducing the extendible
number notion for a quantum state as the characteristic number assessing extendibility of a
quantum state.

- We analyzed the relations between symmetric extendibility and monogamy of quantum
entanglement and the Bell theorem, discussing also separability of quantum states in a context
of their symmetric extendibility.

- The challenge for the present quantum information theory in domain of one-way

communication is to better understand behavior of all quantum states in the region of non-
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symmetric extendibility and in particular in a region of non-positive coherent information
[48] where no known one-way protocol for distillation of entanglement and private key exists.
Inspired by these findings, we proposed further an important conjecture about distillability
of all non-symmetric extendible states and analyzed behavior of a secret key rate in a
neighborhood of symmetric extendible states. This would substantially simplify the full
characterization of two-qubit states in terms of their privacy and distillability. In relation to
this question, we analyzed Werner states in the domain of non-positive coherent information,
which would indicate one-way NPT bound entangled features in the case that the conjecture
was not true.

- We also studied the behavior of the private key in the neighborhood of symmetric
extendible states, showing that for one copy a quantum state close to the symmetric extendible
state can possess only a small number of private keys.

- We showed that the concept of monogamy of quantum entanglement can be transferred
to the domain of temporal correlations and as such opens a new research area for applications
of the tools presented in this thesis.

- We proved that in the paradigm of the entangled consistent histories, a particular history
is monogamous in similarity to a quantum state entangled in space. Further, we derived the
Tsirelson bound on the temporal Leggett-Garg inequalities basing on the entangled histories
which is the first such a derivation in the literature.

The symmetric extendibility concept built on symmetry of quantum states finds out to
be one of the central concept for the quantum information theory, especially in domain of
one-way communication. Due to its natural relation to monogamy of quantum entanglement
which is a key resource in quantum information processing, the symmetric extendibility of
quantum entangled states has a chance to be one of the building blocks of further research
in this area. In a context of symmetric extendibility of quantum states, future research can
be focused on complete characterization of non-symmetric extendible two-qubit states and
their distillability, but also on development of new entanglement measures based on the
concept and analysis of symmetric extendibility of two-qudit states. As aforementioned, the
symmetric extendibility is also fundamental for the theory of k-extendible channels which
is now a new stream in the theory of quantum channels. For quantum privacy, it would
be fundamental to develop better methods of detection of symmetric extendibility of given
correlations shared between Alice and Bob. Finally, monogamy of quantum entanglement in
time opens a new research field for development of the symmetric extendible concepts in

domain of quantum correlations in time which now is a brand new research field.
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