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Abstract

We propose an alternative approach to measure the amount of entan-
glement for a given state. Our method is based on the PPT criterion: first
we form a convex combination of a state pap with its partial transpose
phE: p(N) = (1 — N)pap + ApliL; then we search for the largest allowed
value of A such that p(\) remains a density matrix. Finally, we define the
entanglement measure as Epr(pap) =1 — A.. We provide some examples
of our measure for Werner and Bell diagonal states. For pure states, this
measure can distinguish between product states and entangled states. For
mixed states, we can show that this measure is zero, if and only if the state
is separable. The amount of entanglement is a function of the eigenvalues
of a given state and its partial transpose for entangled states. This mea-
sure has been shown to be invariant under local unitary operations. We
show you the examples that the amount of entanglement does not increase
under particular LOCC operations. However, it is still elusive in general
whether the amount of entanglement does increase or not.
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1 Introduction

Quantum theory is one of the most successful theories of the 20th century. Physi-
cists use it to explore the behavior of matter such as atoms and molecules on a
microscopic scale. It also shows that such behaviors are totally different from
macroscopic scale or classical world which is described by Newton’s laws. Nowa-
days, quantum physics is relevant in various fields, such as biology, chemistry,



computation and information. Especially in computational and information ar-
eas, quantum features offer more efficient operations than classical one [1]. The
important quantum feature is entanglement which we will be discussed through-
out this work.

We will focus on how to measure the amount of entanglement for a given
state. There are many criterions to distinguish between classical and quantum
correlations [14]. PPT is the best criterion among them in lower dimensional
quantum systems. Partial transpose of a density matrix can be used to identify
entangled states from separable. Unfortunately, PPT-criterion cannot differen-
tiate the amount of entanglement among entangled states. However, we realize
that it is possible to measure the entanglement for a given state by the use of
partial transpose of the density matrix. Our entanglement measure is based on
the PTT-criterion [2] which holds only in 2 ® 2 and 2 ® 3 dimensional quantum
system. This method is simpler than those methods in literature [3].

We would like to give you a map to follow this article. In the second sec-
tion, we will discuss some aspects of quantum correlations and Bell’s theorem
which are fundamental to the idea of quantum entanglement. In the third sec-
tion, Quantum states are also discussed. A density matrix is the most general to
express quantum states. Next, we would like to discuss quantum states change
under certain of operations. The idea of PTT-criterion is briefly discussed in
the fifth section. We also provide you with some examples of PPT-criterion in
action in this section. A number of entanglement measures, which were proposed
by various researchers, will be reviewed in Section 6. We then summarize some
properties that all entanglement measures should satisfy. In the Section 7, we
introduce our entanglement measure which we call PT-entanglement measure.
We apply this measure to the Werner states and Bell decomposition states and
derive some of its properties. Later, we represent that PT-entanglement measure
satisfy three basic properties of entanglement measure. The first one is that the
entanglement is zero if and only if a give state is separable. Secondly, the en-
tanglement is invariant under local unitary operations. The last one is that the
entanglement does not increase under LOCC operations. For the third condi-
tion, we demonstrate that the amount of entanglement does not increase under
LOCC operations for a particular set of operators. The lower and upper limits
of PT-entanglement measure have been derived by using Weyl’s and Ostrowski’s
theorems. In the last section, we summarize our results, draw conclusion and
point to some open questions.

2 Quantum correlations and Bell’s theorem

In 1935, Einstein, Podolsky and Rosen [4] formulated a quantum mechanical
thought experiment to claim that quantum theory is an incomplete theory which
is called EPR-paradox. Later Schrédinger published two papers to discuss EPR-



argument [5]. Here the word entanglement was introduced. Quantum entangle-
ment continuous to play an important role in quantum information, quantum
teleportation, quantum cryptography and quantum computation [1].

2.1 Einstein’s argument

Originally [4], a EPR-pair is created from a source in a certain quantum state.
Later they are separated from each other one of which is given to Alice and
another is obtained by Bob. According to Einstein assumption on locality and
separability, there is no interaction between EPR-particles. Alice and Bob con-
sider the measurement results of the positions and momenta of a EPR-pair. There
are perfect correlations between both the positions and their momenta. A mea-
surement of either positions or momenta on one particle will allow us to certainly
predict the results of the position or momentum measurements on the other par-
ticle. Because the position and momentum operators do not commute, Alice and
Bob cannot obtain the position and momenta of their particles simultaneously.
However, Alice and Bob are allowed to communicate via classical channels. Then
Alice and Bob may possibly obtain the position and momenta of their particles
in the same time. Let us consider Bob’s measurement in the first place. Bob can
choose to measure the momentum of his particle. On the other hand, Alice can
choose to measure the position of her particle. At this point, Bob can asks Alice’s
result of the measurement and he immediately know the position of his particle .
By means of this process, Bob perfectly knows the position and the momentum of
his particle simultaneously. But Bob cannot certainly know the position and the
momentum of his particle in the same time because of the commutation between
position and momentum operators. The position measurement will disrupt the
correlation between momentum values. Then EPR-argument was claimed that
quantum state is incomplete.

Later, Bohm [6] proposed another model of EPR-correlation which involves
a spin system. The advantage of this model is that it can be performed experi-
mentally [7, 8]. Let us now consider the system with total angular momentum J
zero. Imagine, it explodes into two parts carrying opposite angular momenta fA
and jB in which jA + jB =0.

Suppose now Alice receives part one with angular momentum jA. Bob gets the
other one with opposite angular momentum jB. Classically, Alice can predict the
the sign (direction) of Bob’s angular momentum precisely via the measurement
on her system. If Alice chooses to measure the sign of the angular momentum
along the z-axis and she gets +j%, say spin-up along the z-axis, she can conclude
immediately that Bob’s angular momentum is -j% , spin-down along the z-axis.
Bob just asks Alice about her result and he will predict the sign of his angular
momentum in advance without measuring on his system. In the same fashion,
Bob can perform a measurement of angular momentum along the y-axis. If he gets
+7%, immediately, he can conclude that Alice’s sign of the angular momentum is



-j4 along the y-axis.

Actually, Alice and Bob can measure the spin between the x and z-axes or
y and z-axes but they cannot measure the sign of the angular momentum along
the x, y, z-axeses simultaneously. The results of measurements are based on Ein-
stein’s local realism which is the combination of the principle of locality with
the realistic assumption: meaning that all objects must objectively have their
properties already before these properties are measured, and distant object can-
not have direct influence on one another (relativity). From this statement, we
can conclude that if Alice measures angular momentum along the z-axis and gets
+7%, the sign of Bob’s angular momentum -7% is a real physical property whether
Bob measures or not and it is already there.

Above situation can be found in daily life (classically). Actually, from a quan-
tum point of view, the EPR argument goes one step in advance. We can measure
Alice’s angular momentum along the x-axis and the y-axis with certainly. The
problem is that the observable of angular momentum along the z-axis and the
y-axis do not commute. Then these spin operators satisfy uncertainty principle.
What does not agree with the postulate of quantum mechanics about the mea-
surement and uncertainty principle. The quantum mechanical interpretation of
the above situation is that the measurement is a selection process. We can write
the quantum-state, a singlet state, of the system as follows !

\‘I’AB>—7 [+5%) © |=ip) — [=3%) @ [+iB), (1)

[ Whp) = |+JA ® [=jp) = [=J4) ® [+7B)) - (2)

If angular momentum along the z-axis of Alice’s system is measured and found to
be 43§, the state |[+j%) @ |—j%) is selected from the quantum state | ¥ ;) which
is an entangled state. A subsequent measurement of Bob’s angular momentum
along z-axis merely ascertains that the system is in the state |+j%) ® |—j%) not
in |[+5%) ® |—j%) or |+j3) ® |—j5) or any other states. In the same way, Bob can
choose to obtain an angular momentum along the y-axis. If his measure result
is +7%, the state |[+j4) ® |—j%) is selected from |¥? ). Later, Alice’s measure
along y-axis will be produced from |+j%) ® |—j%) not any other states.

But from the EPR-argument, we can predict Alice’s angular momentum along
the z-axis and the y-axis simultaneously. Let say, if Alice decides to measure
her angular momentum along z-axis, Alice quantum state will be described by
| UL ;). We know that Alice cannot measure the angular momentum along the
y-axis directly. But she can conclude from Bob’s measurement along the y-axis
for instance. From this situation, Einstein claimed that quantum mechanics is an
incomplete theory because Alice can determine the sign of the angular momentum

!The composite system will be discussed later.



along the y-axis and it is an element of reality but it is not contained in Alice’s
wave function |l ;). Then the wave function is not a complete description of
the physical system.

2.2 Bell’s inequality

From the statement of the EPR argument as we mentioned before, it seems
that quantum mechanics needs something which has not yet been discovered
to describe the EPR behavior. Something that quantum mechanics needs must
contain variables, which are called hidden variables A [9], corresponding to all the
elements of reality. It should be the answer to the problem of non-commuting
quantum observables.

John Bell [10] showed that the predictions of quantum mechanics in the EPR
argument are actually different from the predictions of hidden variable theory.
There are two key assumptions in Bell’s analysis which is based on Einstein’s
local realism principle.

Al. Each measurement shows an objective physical property of the system. This
is sometimes known as the assumption of realism.

A2. A measurement taken by one observer has no effect on the measurement
taken by the other. This is sometimes known as the assumption of locality.

We now consider a two-component system and a pair of instruments that
can measure a two-valued variable on each of the components. The possible
results of a measurement are taken 4+1. Therefore, we assume that there is
a function A(a,\) = +1 that determines that results of the measurement on
the first particle, saying on Alice side. Similarly, we assume that there is a
function B(b, \) = %1 that determines Bob’s results. Here a and b are referred to
measuring angles of Alice’s and Bob’s angular momenta, respectively. According
to Einstein’s principle of locality, we assume that the result of a measurement on
the first particle does not effect to the measurement on the second particle and
vice versa.

We wish to construct the classical correlation between the results of the mea-
surement on two particles. The uncontrollable parameters A\ are subject to some
probability distribution §(A) which it has been called local hidden variables. The
classically correlation function is taken a form

Cu(a,b) = / A (a, \)B(b, \)§(N\)dA. (3)

where A (a,\) = B(b,\) = +1 and [§(A\)d\ = 1. The absolute values of the



Figure 1: Choice of directions leading to a violation of the Bell’ inequality.

expectation values cannot exceed unity [10],

|A(a, )| <1,

B, A)) <1
Using above statement, we can show that [11, 12]

Cula, b) — Cu(a,d) < 2. (4)

n ‘Cd(e, b) — Culé, d)

This expression is known as Bell’s inequality. Now we consider a quantum cor-
relation which can be written as [11, 12]

Com(@,0) = (V4| J1-a @ Jo - b|W4) = —cos b, (5)

where 0; is the angle between a and b. If we set the directions which are shown
in Fig. 1, we have

|Com(0) = Com(20)] + |Com(8) — Cym(0)]
2 cos — cos 20

2

<
< 1. (6)

The inequality is violated for a wide reange of . The maximum violation occurs
for = /3, we obtain a contradiction,

S
5 =

Quantum mechanical prediction are not compatible with Bell’s inequality (prob-
abilistically). This shows that difference between quantum mechanics and the
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theory satisfying Einstein’s locality principle. We may ask a question what does
this mean from the result of calculations. To answer this question, we have to
reconsider the assumption Al and A2 that used to derive the Bell inequality.
The combination of A1 and A2 is known as local realism. They work very well
on every experiment (classical world). Therefore Bell shows that one or both of
these assumptions must be wrong.

How do we interpret from Bell’s inequality. Some physicists say the locality
must be dropped because the quantum world is not locally realistic. On the other
hand, some say realistic point of view must be ignored. But what we can say from
Bell’s results of calculations is that either or both of locality and realism must
be dropped from our point of view of classical world if we would like to deeply
understand quantum world. Then EPR-correlation is not the contradiction of
quantum theory but it is a fundamental feature of quantum world.

3 Density Matrix

In real situations in quantum mechanics, we often need to consider systems con-
sisting of a huge number of atoms or molecules and they can be in different
quantum states (except for very special conditions when the various atoms or
molecules are prepared in the same state such as in a laser tube). To handle
such a system in quantum mechanics, Von Neumann and Weyl [13] introduced
the concept of density matrix.

Consider a quantum system which occupies of a number of states |V;), with
respective classical probabilities p;. We shall call {p;, [¥;)} or {p;} an ensemble
of pure states. The density operator of the system is defined as

p=D_pilWi) (Wil. (7)

The classical distribution satisfies

ZpizlapiIP;k,PiZO . (8)

3.1 Pure and mixed states

Consider the set of all states which it is called pure states

p=w) (¥, (9)

where |U) is a state vector. The average value of an observable Q in a pure state
(| is

(Q) =T (Qw) (w]) = ([ Qv). (10)



The condition on the density matrix to describe pure state is

Pt = (10) () (J0) (¥]) = [¥) (| = p. (11)

From Eq. (7), we can show that in general

= D pw) (v (12)

Then we have

Tr(p?) = Tr (ZP?WQ <‘I’z’|>
- pr. (13)

Using Eq. (11), we can show that Tr(p?) = Tr(p). It means that p7 — p; = 0, the
solutions are p; = 1,0. According to Eq. (8), it must be the case that exactly
one of them has the value 1 and all others are 0. Thus Eq. (7) consists of a single
term and it must be pure state, Eq. (9).

For a mixed state, we can write p = > p; |¥;) (¥;]. The expectation value of

the observable () for a mixed state take the form

<Q> =Tr (szl|\:[ll> <‘;[]2‘) :Zpi <\IIZ|Q|\IIZ> (14)

Obviously, we see that p? # p. It means that there are more than one classical
distribution p; and we also find that

Te(p*) = Zp? <1 (15)

3.2 The density matrix of a qubit

In the context of quantum information and quantum computation, we use quan-
tum bit, or qubit for short instead of the classical bits. The state of the classical
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Figure 2: The visualization of a qubit [1].

bit is defined by either 0 or 1. Analogously, qubits can be represented by two pos-
sible states |0) and |1). The difference between bits and qubits is that a qubit can
be decomposed in linear combinations of states |0) and |1), called superposition

W) = |0) + B[1), (16)

where a and 3 are complex numbers and |a|* +|3]* = 1. The useful visualization
of a qubit is the Bloch sphere (see Fig. 2) [1]. We can write Eq. (16) in form

|W(0, ) = cosg 0) + ™ sing 1), (17)

where 6 and ¢ are real numbers. We now write the corresponding density matrix

p(0,9) = V0, 9)) (¥ (0, 9)|, (18)

and its matrix representation in {|0),|1)} basis is

26 0 qip 0 =i
coS cos 5 sin se

0,p) = L% 2. . 1
pl0, ) [ cosgsm gew s1n2§ } (19)

It is easy to show that p2(0,¢) = p(0, ), as it must be a pure state.
Next we consider the density matrix for the mixed state of a qubit which takes

a form
1{ 1+ 2 x—iy}

p(l’,y,Z) =5 Jf-'-Zy 1— 2 (20>

2

11



We have seen that the density matrix is positive and therefore its eigenvalues are
positive. Thus, we obtain the condition det p(z,y,z) > 0. From Eq. (20), we
have

det p — % (1—171%), (21)

where ¥ = (z,y, z) is called as the Bloch vector. We see that detp > 0 if and
only if 0 < |r] < 1. For a pure state, the density matrix p has eigenvalues 1 and
0. Then det p = 0, which implies that |r] = 1. We can conclude that pure states
are located on the surface of the Bloch ball. On the other hand, mixed states are
located inside space of the Bloch sphere.

3.3 Composite systems

Suppose we have n subsystems in pure states |¥;) € H;, then we can represent
the state of the entire quantum system by the tensor product

U) = [01) @ [Ty) ® ... @ |Ty,) . (22)
If {|71), |J2) s .- |Jn) } are basis of Hy, Hy, ..., H,, respectively, then

{71) ® lj2) @ ... @ [jn) }
is basis of Hy @ Hy ® ... ® H,,. Eq. (22) can be expanded in terms of the basis
O) = > Crgia l71) @ 172) @ . @ ), (23)
J1:J150n

where ¢;, ;.. ;, are complex numbers and

* _
§ Ci1,g15e09nCi1 g1, jn_l

J1,91500n

.....

In this paper, we will be mainly concerned with two subsystems A and B. Then
we can write

(Wap) = |¥a) ® [V5), (24)
or
(Wap) = > ¢jainlia) @ lis) . (25)
JAJB

The density matrix of a pure state can be written

pas = Wap) (Wapl = Y ¢ajsci 5, lia) Gal ® lis) Gsl.  (26)
JAIB-jAIB
The state in Hy ® Hp which are not product states are called entangled. They
can be written only as a superposition of product states. Consider the state

1

}(I)+> - NG

(100) +[11)). (27)
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Let us express |[®T) as a combination of two qubits

(Wa) = al0) +51),
[Wp) =70)+d11).
We would like to find the values of o, 3, and 9:

%<|oo>+|11>> = W) [T
(@ [0) + B11)) (7 [0) + 6 [1)
= av]00) + By |10) + ad |01) + 56 [11). (28)

Equating the appropriate parts, we obtain ay = 36 = 1/v/2 and 8y = ad = 0.
The result Gy = 0 shows that either 3 or v is zero. However, this cannot be
the case, since the condition ay = 36 = 1/4/2. Then we say that the state |®)
cannot be written in product state of |U4) ® |¥g) and we conclude that |®T) is
entangled.

A mixed state of the composite system takes the form

pan =Y pi|Vhg) (Uh . (29)

where pj, define a classical probability distributions with py >0, >, pr = 1. We
will use this notation in later sections. Using Eq. (25), Eq. (29) becomes

_ K k)"
PAB = E Dk E : Ciain (CjAva)
k

JA.JB.JAIB

ja) Gal@liz) sl (30)
If the density matrix of a mixed state can be written in the form

pas =Y pephy ® pf, (31)
k

the state p4p is separable. Otherwise it is an entangled state. We will discuss in
more details on this stuff in section 5.

3.4 The reduced density matrices

In the context of quantum entanglement, we can reduce density matrix operator
which is a useful tool to analysis properties of composite quantum systems [1].
The reduced density matrix for system A is defined by

pa = Trp (pas), (32)

where Trp is a partial trace over system B and p, is called a reduced density
matrix for subsystem A. Suppose that the product state was defined in Eq. (25)

13



and the density matrix is defined in Eq. (59). Tracing out the system B now give
us

Trg(pas) = Z Cinin (Gags) |da) (Gal @ Tx (|js) (Jsl)
jAuijjAva
= Z Cinin (Gags) (Bl 1iB)) ia) (jal
JAB:JAIB
= Y Chugalia) Gal, (33)
JjA ]A

where

JA JA Z CJA JB ,]A JB . (34)

Using Eq. (30), we find a reduced density matrix for subsystem A of a mixed
state

Trp(pag) = Zpk Z C.I;ijB (C;EA,jB)*
k

JAJB.JAIB

- Zp’f Z s (C;‘CAEB) ia (CTB] 178)) 17%) (4]

JAdB.jA B

= Zpk > Chiaalis) GAl- (35)

JAs JA

where

JA Ja Z CJA JB ]A JB : (36)

It is important to point out that, even p,p is a pure state of the composite
system, it is not assured that the reduced density matrix ps and pgp are a pure
state. Let us consider the state in Eq. (27). Tracing out the second system gives
us

pa =Trp (|0F) (@F]) = Trp (%(|00>+|11>)(<00|+<11|))
= % (10) (O[O [0) + 1) (O] (O] |1)
+10) (1 (L[ 0) + 1) (1] (1] 1))

1 1

= 5 (0 0+[1)1]) = 3. (37)
We also find that

=Ty (o) (07]) = 1 @)

14



It is easy to show that p4 and pp are mixed states: we have p% = p% = I /4 and
Tr(p%) = Tr(p%) = 1/2 < 1. This result shows that any mixture can be consider
as part of a pure state.

3.5 The Schmidt decomposition

Consider a pure bipartite state Eq. (25), we can write the coefficient ¢ = udv,
where d is a diagonal matrix with non-negative elements, and u and v are unitary
matrices. Then Eq. (25) can be written

(Wap) = Y uj,divigy, ia) @ |js) - (39)

JjasiB!

1) = ujiilia)
Jja
1) = vy lis)

JB

We now define

and & = dy, we obtain

(Wap) =Y & lla) @ |ls) (40)

where & are called Schmidt coefficients satisfying Y, &* = 1. The bases |l4) and
|lg) are called the Schmidt bases for A and B, respectively.
We find that the reduced density matrices for A and B can be written

pa= Y& |la) (1], (41)

pp =Y & lls) (s (42)

Both reduced states have the same non-negative eigenvalues £?. We know that the
eigenvalues of the states p4 and pp are invariant under a unitary transformation

UpUl = ZglUu LUl = Z& ;) (ngl (43)

where i = A, B and U, |l;) = |n;). Then the Schmidt coefficients are unchanged
under a unitary transformation on one of the subsystems

Ua @1 Wag) = &UalLa) @ [lp), (44)
l

or

I®Up|¥YapB) :Z&UA)@UBUB)- (45)
I
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4 Quantum operations

4.1 Quantum processes

In order to determine the properties of a quantum system, quantum measure-
ments must be performed. In this section, we will show the effect of the quantum
measurements on a quantum system which is described by the density matrix p
in a Hilbert space of dimension N. All quantum operations can be constructed
by composting four elementary transformations [14].

i) Extend the system: We can define a new state after adding an auxiliary
system o to the original one,

p—p =po, (46)
where

o= a ) ] (47)

The auxiliary system is often refereed to as the ancilla or an environment. This
process will expand the size of the Hilbert space.

ii) Unitary transformations: Unitary operations can be perform on the system
P, resulting in a new state

o= =UpaoUl. (48)

iii) Partial trace: This process leads to a reduction of the size of the Hilbert
space. After tracing out the ancilla, we find [1, 15] that the state p” is given by

/1
1Y = Trancz'lla

U (p ®Y qlv) <u|> Ut

= D> D alwUp)p U

v=1 p=1

RK
= ) AipA], (49)
=1

where {| u>}ff:1 is a basis in the ancilla’s Hilbert space and

A=V (W Ulv) 5 T=p+v(K-1). (50)

16



Figure 3: Schematic picture of the quantum operations with and without subse-
lection show in part(a) and part(b), respectively [16]

We see that
RK R K
Y AA = ZZ (U lv) (| UT )
=1 V=1 u=1
R
= Z v|UU*|v>:ZqV:1N. (51)
v=1

=1

iv) Selective measurement: In this process, a probabilistic of the outcome
is well defined which will be discussed in the next sections. This is called a
probabilistic quantum operation.

In conclusion, if we consider the time evolution of the quantum system through
a unitary transformation, we have

p—p =UpU", UU'=1Iy

Furthermore, if an ancilla is added into the system, later removed by a partial
trace, we will end up with operations of the form

RK

RK
p—p = ZAlpAlT S ATA =Ty (52)
; ]

Generally, this is the operator sum representation of a complete positive map
[14]
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4.2 Quantum measurement postulate

Let us define measurement operators A;, with k possible measurement outcomes,
which satisfy the completeness relation Zf AZTAZ. = Iy. If the initial state is p,
after the measurement, the state is p; with probability p;,

pP—pPi= AipAZT ) ;o pi="Tr (AiPAD (53)

Tr (AZ- pAl

Thesse measurements are called selective because the outcomes labeled by 7 are
recorded. Note that the collapse of the wave function happens in the measurement
process that we are performing. Fig. 3(a) shows that the state p collapses into
new states p; with probabilities p;. If we perform the measurements without
recording the results, the state p will transform into a convex combination of all
possible outcomes, Eq. (52), as illustrated in Fig. 3(b).

In quantum mechanics, there are two different types of quantum measure-
ments called repeatable and non-repeatable. In the next two sections, we will
defined these types of quantum measurements.

4.3 Projective measurements

We can represent any observable () in the spectral decomposition as

N
Q=> AP, (54)
=1

where )\; are the eigenvalues of (). The measurement operators are orthogonal
projectors. Let us define A; = AZT = P, and P,P; = ¢6;;F. The orthogonal
measurement operators are P; = |e;) (e,|, where |e;) are the eigenstates of ). In a
non-selective projective measurement, the initial state p is transformed into the
mixture

N
p—p =) PpP. (55)

i=1
On the other hand, if we record the outcomes labeled by \; with probabilistic p;,
the initial state becomes

PipP;

= T pi=Tr(PpP) .
T (ppp) * " r (PipP) (56)

P — Pi

The expectation value of the observable () can be found as
N
(@) =D pidi = Tr (Qp). (57)
i=1
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We observe that the state in Eq. (56) remains the same and will give the same
outcomes, if we repeat the projective measurement.

4.4 Positive Operator Valued Measures

By relaxing the orthogonality constraint on the measurement operators, we are
led to a new set of operators defining a positive operator valued measures as
POVM. Consider the set of positive operators F;, where ¢ = 1....k, acting on an
N-dimensional Hilbert space, which also satisfy the completeness condition

k
> F =1y, (58)
i=1

and F; = FZ-T and F; > 0. A POVM measurement acting on the initial state p
produces the ith outcome with probability p; = Tr(F;p). POVMs are competible
with the general framework of the quantum measurement postulate (see also
section 4.2). If we choose

we find that F; = AZTAZ-. Note that a POVM does not uniquely determine the
measurement operators A; since the unitary transformation U; dropout. There-
fore, the unitaries U; have no influence on the probabilities p; but they contribute
to determining the outcome state p;. Because we do not restrict with the orthog-
onal property of the quantum operators. Then the outcomes state p; change if
the POVM measurements are preformed repeatable.

In this section, we would like to give you an example of a POVM measurement.
Consider a system of a qubit which is described by the density matrix p in term
of the Bloch vector 7

1
p=3U+73), (60)

where & is the vector of the Pauli spin matrices. Then we now set the POVM

operators as
F, = a;I + b;7; - 0, (61)

where 7; is a unit vector in R® and a; and b; are supposed to be non-negative
real numbers. So we can show that F; and 1 — F; are positive operators. The
completeness relation Eq. (58) leads to the conditions

> ai=1, (62)

> biii; = 0. (63)

19



The probabilities for the measurement outcomes of the POVM measurement are

From above result, in order to determine the value of 7, the non-vanishing vectors
b;7i; must span in R® and with the condition Eq. (63), there must be at least four
vectors 71; (i = 1,2,3,4). We give an explicit example which fulfills Egs. (62)
and (63). We now set a; = b; = 1/4 and

ﬁl = (07071)7
B 2?2 1)
ng = —707__ 9

3 3
. V2 \F 1
ng = 5 57 o 9
3 3 3
. V2 \F 1
ngy = —?7— ga—g . (65)

Inserting into Eq. (61) leads to the informationally-complete POVM for a qubit.
The other examples of POVMs can be found in the standard text books [1, 17]

4.5 LOCC operations

In the context of quantum entanglement and quantum information theory, there
is usually a number of parties sharing quantum states. In this paper, we will
restrict ourselves to two parties, say Alice and Bob. They can perform quan-
tum operations locally (LO) on their states and they are also allowed to contact
each other via classical communication (CC). Combining these two processes, we
obtain LOCC or LQCC [3, 18, 19]. Notice that LOs correspond to the general
quantum operation such as POVM, whereas CC leads to classical correlations
between the subsystems.

4.5.1 One-way LOCC operations: Forward and Backward
This type of operations performed by Bob depend on Alice’s operations, but not
conversely. Let us define a map Af5/%, such that

K,L
Afode(pas) = Z (I3 ® By)(Ai @ IP)pap(Al ® IP) (I3 ® BY), (66)

ij=1
where I3' and IP are the unit operators acting on the Hilbert spaces such that
A; - H{* — H3' and By; : HP — HP| respectively. The operations A; and B
also satisfy
K
S Al =i
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and .
T 1B
ijl BijBij =1

By means of the Choi-Kraus [20, 21, 22, 23] representation for any operation
Aroce, we can write
Aroce = Moce ® 15
where A7, c is a completely positive map on Alice’s system and I is the identity
operator on Bob’s system. Then this process is called a one-way LOCC operation

from Alice to Bob.

On the opposite way, backward, the type of operations performed by Bob

depend on Alice’s operations, but not conversely. Let us define a map A#5Z,

such that

K,L
Afode (pas) = Y (A ® )11 © B)pas(I{ @ B)(A]; © I7). (67)

1,j=1

where I and IP are the unit operations acting on the Hilbert spaces such that
A;  H{* — H3' and B;; : HP — HZ| respectively. The operations B; and A;;

also satisfy
K
S Bip =18

L
t _TA
ijl Ay =1

4.5.2 Two-way LOCC operations

and

In this situation, bidirectional classical communication is allowed. Let us define
ﬁ
a two-way LOCC map @?(?Cg such that [18]

A_>B K17 7K27L '|’
AB AB
(I)LOCC pAB 2 : Mll, ,22n (Mll, ,22n) ’ (68)
i1,...,02n=1
where M5 . s given by
AB 2n—1 B B 2n—2 A 2 1 B
Mll, 420 (I +1®Blzn, ) )(A [ R ) ®] )(I ®B7,2n 1, ,1> (I ®BZ2 21)(Ai1®‘[1 )7
(69)
and we have
Kokt
12k415,0 12k+15-%1 _ TA
Z <A2k+1 ) Ao = Ly
tog+1=1
Koy, :
DY £l 19k yeensll _ 1B
igk=1
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We see that a one-way LOCC operation is a subclass of a two-way LOCC oper-
ation.

Actually, there is an another important operation: S-LOCC operations which
can be written as

Az
Ts LOCC (paB)

Mw

A; @ Bi)pag (4 @ By, (70)

=1

where > . (4; ® BZ-)T (A; ® B;) = 14 ® Ig. The class of S-LOCC is larger than
the LOCC class [24].

5 PPT-criterion

5.1 Positive partial transpose

Entanglement is an inseparable state of composite quantum system which repre-
sents the quantum correlation. The question how to distinguish quantum corre-
lations from the classical correlations plays an important role in quantum entan-
glement research. Peres [2] proposed a method to distinguish between entangled
and separable states. This criterion involves with the positivity of the partial
transpose of a given state.

If the density matrix of the composite quantum systems AB can be written

as
N

PAB = Zpipfq ® plg, (71)

then the system is in a separable state, here p; > 0 define a classical probability
distribution which satisfies >, p; = 1, pY4 and p; are density matrices for quantum
systems A and B, respectively. A separable state always satisfies Bell’s inequality,
but the converse is not necessarily true. This means that not all entangled states
violate a given Bell inequality.

Eq. (71) holds if the eigenvalues of the partially transposed density matrices

o =S "0 (0h)" @ ol (72)
and . -
piE = pips @ (pls) (73)

are not negative, which is known as PPT-criterion [2]. From a mathematical point
of view, we use the operator of transposition to map a separable density matrix?
pap — phL (see Fig. 4) both of which live in the region of separable density

2phT is the partial transpose of pap which refers to either pg‘}g or pQBB
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Figure 4: This graph illustrates that the PT-operation maps a separable state to
another separable state, while it may map an entangled state to another state
that cannot be density matrix. The areas of the separable and entangled states
are denoted by SP and EN, respectively. The dash line represent the boundary
of all states.

matrices. On the other hand, if the state p/5 has some negative eigenvalues,
the transposition operator maps the density pap to another matrix outside the
region of density matrix. In this case the density matrix p4p cannot be expressed
in the form given in Eq. (71). The PPT-criterion is exact only for 2 ® 2 and
2® 3 quantum systems [25]. For product spaces involving higher dimensions, this
criterion was shown not be necessary but sufficient.

Consider the states |0%5) = |¥%) @ |U4), we can write the density matrix
Eq. (71) as

N
PAB = Zpi ‘\Ilf48> <‘I’ZAB‘ : (74)

The density matrix p4p can be represented in the computational basis, namely
|0) and |1), by introducing

(Vhp) = Zcflb |a) @ |b) (75)

where ¢!, are complex numbers satisfying the completeness condition Y, ¢f, = 1.
Inserting Eq. (75) into Eq. (74), we obtain
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pap =) > Waww |a) (| @ [b) (], (76)

aa’  bb’

where
Waa'by! = sz ab /b/ . (77)

Then we can find the partial transpose of state p4p with respect to A and B as
follows:

Pis =Y D waaw (Ja) (@) @ D) (] =D waaw |a') (a| @ ) (¢'], (78)

aa’  bb’ aa’ b’
and
p;I‘;BB = Zzwaa/b/b‘a /‘ ® |b b/ Zzwaab’b|a CL‘ ® |b/> < | ( )
aa’ by’ aa’ bt

Let us have a look the action of partial transpositions ,defined in Eqs. (78)
and (79), in a matrix representation. We now consider a M x N-block matrix

W:(ég), (80)

where A, B, C' and D have the size m x n and M = 2m and N = 2n. The partial
transpositions of this matrix are given by [14]

AT BT A C
WTA:<CT DT)’ WTB:<BD), (81)

which is consistent with W7z = (W7a)T,

According to Fano [26, 14], any density matrix pap, in d-dimensional Hilbert
space with d = N K, can be represented by means of Pauli’s spin matrices o; in
the following form

1 N2-1 K2-1 N2-1K?-1
Pan = i <IN®IK+ Yortoi@lx+ Y PIveo+ Y. > tijal-@o—j) ,
=1 j=1 =1 j=1
(82)

where 74 and T]-B are real Bloch vectors of the partially reduced states. The real
matrix ¢ describes the correlation between the subsystems. If ¢ = 0, the state pap
is separable, but the reverse is not true [27]. From the expression in Eq. (82), a
partial transposition flips one of the Bloch vectors,

1 N2-1 K2-1 N2-1K2-1
S CETSD SECTTES SELATLE 3h oe et |
=1 7j=1 i=1 j=1
(83)
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and

1 N2-1 K2-1 N2-1K2-1
= e (wm LTSI LTLEDIDY )

=1 j=1 i=1 j=1

(84)

In the two-qubit case, reflection of all three components of the Bloch vector,

7P — —7P is equivalent to changing the sign of its single component 7,7, followed
by a m-rotation about the y-axis.

5.2 PPT-criterion examples
To watch the PPT-criterion in action, we will consider two families of states, one

in C? @ C?, and one in C? ® C3.

Example 1.1 Consider the Werner state [28] which is a convex combination
of the identity I € C? ® C?, a separable state, and a maximally entangled state

. (x):x‘<b+><<b+}+(1—x)£ = poe(z), @€ [0,1] (85)

where |®F) = (|00) + |11)) /+/2 is a Bell state. Its matrix representation is given
by

1+2 O 0 2z

with eigenvalues

1 1+ 3z

Vq>+ == 4 5
1—2

2 _ .3 _ 4 _
V‘I)+ — Vq>+ — V‘I)+ — T

The partial transpositions of the pg+ with respect to A or B are identical,
reading

1+z 0 0 0
1 0 l—2 22 0
@ =@t O e )
0 0 0 1+z
The eigenvalues of pLT are
(1+x)
M<11>+ (z) = M<21>+ (z) = M%ﬁ (z) = 1
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e ()= L20,

The fourth eigenvalue is negative for x > 1/3, and the state pg+ is entangled
state. On the other hand, the state is separable if x < 1/3.

Example 1.2 Consider the Werner state which consists of a separable state
I € C? ® C? and an entangled state of 2 ® 3 quantum system as

ow (@) = 2 (@) (@1 4 [0 (o) + oD = () (89)

where z € [0,1] and |®;) = (|11) +]22)) /v2 and |®,) = (|12) —|23)) /V2. We
now define the computational basis in C? as

1 0 0
=0, 2=11], B=]0 - (89)
0 0 1
It is easy to show that
1 T T
=+ 15 0 0 0 I 0
0 ++% 0 0 0 —Z
0 0 ) 0 0
= 6
pas () 0 0 0 == 9 o |’ (90)
z 0 0 0 F+5 0
0 -z 0 0 0 i+
and the eigenvalues of pags () are
1—2
V21®3 = V22®3 = V§®3 -5
. 142z 5 2 — 10z 6 2+ 10z
Vigd = — > Yog3 = — 5 » Vaga = T 5 -
@ 6 ® 12 12
Again, partial transpositions of pog3 with respect to A and B are identical,
1 T
=+ 15 ) 0 ) 0 8 0 0
AR B
T — B — 6 T4
Pans () = pags (x) = z o (91)
23 23 0 z 0 1T 0 0
0 0 -2 0 34+ 0
0 0 0 0 0 F+35

The eigenvalues are

)
|
&

N%®3 (z) = Ng@?) (z) =

—_
[\)
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4—-(1-3V5) =
B 24 ’
4—(143V5)a
The third and fourth eigenvalues are non-negative if x < 4/(1 + 3v/5) so
that the state pags(x) is separable, otherwise it is not. From these examples, we
see that the PPT-criterion is easy to distinguish separable states from entangled
states.

M§®3 (z) = Ng@:& (z)

6 A brief review of entanglement measures

There are many approaches to measure the amount of entanglement present in a
pure or mixed states [3]. Many of them are based on physical intuition and they
are often difficult to calculate for a given state. In this section, we briefly review
some of the important entanglement measures.

Let us first collect some properties of an entanglement measure E(p) should
possess. Vedral et al. [29] list a set of requirement that every measure of entan-
glement should satisfy. They are given by

E1. The entanglement measure E(p) vanishes, E(p) = 0, if and only if p is
a separable state.
E2. The entanglement measure E(p) is invariant under local unitary operations,
Uo = Ua ® Up:

E(ULopUlo) = E(p)- (92)

E3.1. The entanglement measure E(p) should decrease, on average, under prob-
abilistic LOCC,

E(p) > ZpiE (pi) (93)

where ' |
and
pi = Tr (A,- ® B,-,OAZT ® BJ) (95)

This is called monotonicity under probabilistic LOCC operation. The operators
A; and B; represent the LOCC operations performed by Alice and Bob, respec-
tively.

E3.2. The entanglement measure E(p) should, on average, decrease under de-
terministic LOCC

E(p) = E(®roccp), (96)

27



where ®occ is defined the LOCC map [14]. This is called monotonicity under
deterministic LOCC

The first condition E1 tells us that every entanglement measure must distin-
guish between entangled and separable states. The second condition E2 states
that if a local unitary transformation is appllied to p,

g = UropUlo,

the amount of entanglement is invariant under this operation, E(p") = E(p). The
condition E3.1 requires that after the measurement the entanglement average
over the possible output states p; is less than or equal to the original entanglement.
Eq. (93) expresses the fact that it is impossible to create or increase entanglement
by performing procedures composed of loach quantum operations and classical
communication(LOCC) alone. Many authors referred the condition E3.1 is more
strong requirement than E3.2. The difference between E3.1 and E3.2 is that
E3.1 stipulates that entanglement cannot increase on average under LOCC, while
E3.2 states that entanglement cannot increase for any operation which acts on
individual systems and is composed of LOCC [29, 18].

Actually, there are other conditions [3, 14] which an entanglement measure
should satisfy. An interesting condition is the convexity of any entanglement
measure:

E4: The entanglement measure F(p) should be convex in the respect to con-
vex combinations of states,

E(pp+ (1 —=p)o) <pE(p)+ (1 -p)E (o)

with p € [0, 1]. This condition guarantees that we cannot increase entanglement
by mixing different states. According to Vidal [31], we will call any entanglement
measure satisfying E3.1, E3.2, and E4 an entanglement monotone. In this paper
we focus on the three conditions E1, E2, E3.2.

6.1 Entanglement measures for pure states

Let us consider a pure state pap = |[Wap) (Vap|. The partial trace ps/p =
Tra/p |Vas) (U] is mixed if pyp is a entangled state. In addition, if it is a
maximally entangled state, its partial trace is also maximally mixed. For a given
pure state |V 4p), we can write using the Schmidt decomposition [1];

|Wap) = Z n;i aibi) (97)

3pA/B represents the state after performing partial trace either A or B.
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where 1; € R are the Schmidt coefficients. You can also use the number of
non-zero Schmidt coefficients as a measure. In order to use the 7;’s to quantify
entanglement, it suggests to use the von Neumann entropy (Shannon entropy) of
pap, which measures how much a state is mixed, as an entanglement measure for
pure states. We define [24, 30]

Eun(pag) = =Tr [TrasppapIn (Trasppan)] = — Z n; Inn;. (98)
It is easy to show that the von Neumann entropy satisfies the following conditions

E2). E,y is invariant under local unitary operation because it is a function
of the n;’s only

E5). E,y is additive: E,y(pap @ 0ap) = Eun(pas) + Eun(cap).

E3.2). Monotonicity under LOCC: From a majorization theorem of Nielsen [32]
which relates LOCC operations (for pure states). Consider two states Schmidt
decomposition

(Wap) = Z ni laibi) , (99)

and

[Dap) =D i lajby) (100)

respectively. The pure state |V 45) can be transformed into the pure state |®4p)
if and only if the Schmidt coefficients of |V 4p) are majorized by those of |®4p),
which we denote by n < p. Suppose the Schmidt coefficients are labeled in
decreasing order, n; > 1 > ... > ny and gy > po > ... > puy. Then we have

k k
n=pe Y n< Zuw =1,.,N. (101)

J=1

By means of Eq. (101), one can show that the von Neumann entropy does not
increase under LOCC operations:

Eun (1Wap) (Pasl) = Zm Inn; < Euy ([Pag) (Pas|) = Zﬂa In p;. (102)

Jj=1 Jj=1

6.2 Entanglement measures for mixed states

In the previous section, we have shown that the entanglement of pure states can
be quantified by using the von Neumann. Unfortunately, this method cannot be
applied to mixed states as follows from considering two specific mixed states

pp=|0t) (¥ —1 (]01) (01] + ]01) (10| + |10) (01] + |10) (10]), (103)

,.;;
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Alice and Bob
e e operations

k nearly

1L pairs,

each in singlet

state o pairs

Figure 5: This figure shows the formation of entanglement states with the a cer-
tain number of maximally entangled pairs m which is manipulated by local op-
eration and classical communication, LOCC, and converted into non-maximally
entangled pairs n. The converse of this process is the entanglement of distillation.

ps = |UY (U 4+ [07) (U | = i(|01> (01] 4 [10) (10]) . (104)

We see that pg is a maximally entanglement state, while pg which is a mixture of
two maximally entangled states which is completely separable. Obviously, both
have the same von Neumann entropy for the reduced density matrices. Thus,
the von Neumann entropy cannot be used to quantify entanglement for mixed
states. Many authors have tried to propose entanglement measures for mixed
states which we will briefly review in the following sections.

6.2.1 Entanglement of Formation (or Creation) and entanglement
cost

The entanglement of formation of the mixed state p4p is defined as the average
entanglement of the pure states of the decomposition:

Ep (pap) =min ) | piS () (105)
where S (pa) = —Trpalogpa is the von Neumann entropy, and the minimum is
taken over all the possible realizations of the state

pap =Y pi|Vig) (Vypg|, (106)
J
and . . '
oy = Tra([ W) (W ). (107)

Eq. (105) tells us about the physical interconvertibility of a collection of pairs
in an arbitrary pure state |V 45) and a collection of pairs in the standard singlet
states [24]. In addition, we can interpret the physical meaning of this measure as
the minimal pure entangled states required to build up the mixed state.
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The entanglement of formation is related to the entanglement cost, Ec. The
physical meaning of this measure is that Alice and Bob would like to create
an ensemble of n copies of the nonmaximally entangled states p3p, from a
number m of the maximally entangled states® P (|]U+))®™ by LOCC operations
P (|TH)®™ — p&7 in the limit as the number of shared pairs goes to infinity,
Er (o597
M, (108)

n

Wooters [33] has shown that, for bipartite qubit states, Eq. (105) can be
expressed as an explicit function of pap as

Ec (pap) = lim

Er (pap) = e(C(par)), (109)
where
e(C)=h (H— V;_Cz) | (110)
h(z) =—zlogz — (1 — z)log(1 — z). (111)
The concurrence C' is defined as
C(pap) = max {0, \; — Xy — A3 — Ay}, (112)

where the )\; are the eigenvalues, in decreasing order, of the Hermitian matrix R =
\/VPaBPaBN/PaB and pap = (0, @ o) plyp (0, ® 0y). plp being the complex
conjugate of psp and o, is the y-component of the Pauli’s spin matrices.

The variational problem of the entanglement of formation is extramely dif-
ficult to solve in general[34, 35, 36, 37]. However, it has been shown that this
entanglement measure satisfies the requirements E1, E2, E3[24].

The explicit form of the concurrence can be found if, for example, we consider
the Werner states,

1
pot () = x |@F) (OF| + (1 — x)4 (113)
I
pus(z) = & [UF) (UF| + 1—x)4 (114)
where the maximally entangled states are defined
®*) = — (]00) £ [11)), (115)
) - f

o) = 7 (J01) & ]01)) . (116)

The concurrence is calculated to be given by [14]

C el = Cpaston = { V2228 )

Only the maximally entangled states, x = 1, is the concurrence equal to one.

AP (Jut)) = |¥t) (U] is the projection operator of the Bell state |[¥+)[33].
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6.2.2 Entanglement of distillation (purification)

The amount of enatanglement of a state pap has been defined by the asymtotic
proportion of singlets that can be distilled using a LOCC-operation. This is the
opposite process of the entanglement formation (see Fig. 5).

The functional associated with this entanglement measure is defined as the
maximum fraction of the maximally entangled states that can be extracted from
n copies of pap by the LOCC operations p%% — P (JU+))*™ in the asmytotic
limit as n — oo,

Ep (pap) = lim [sup (Tﬂ : (118)
n— o0 n
Plenio et al., [3] have proposed another expression of the entanglement of distil-
lation,

Ep (pap) = sup {r : lim [ingr ‘\If (p55) — @ (2’"")}] = 0} : (119)

n—oo

This quantity is sometimes called the free entanglement because it can be viewed
as analogous to the free energy in thermodynamics [15]. Distillable entanglement
is a measure of a fundamental importance, since it tells us how much entanglement
one may extract out of a given state. Nevertheless, the value obtained is generally
small. This means that the formation of states is irreversible, in the sense that
more pure entanglement state cannot be distilled from PPT states than may be
have been used to assist in thier creation [38]. These states are called bound
entangled states.
According to condition E3.2, it must be the case that [16, 39]

Ep (pag) < Er (paB) - (120)

which reflects the irreversible character of state mixing. It is also natural to
consider the difference B (pap) = Er (pa)—EDp (pap), between the entanglement
of formation and distillation, known as the bound entanglement.

The computation of the entanglement of distillation is difficult; it is known
however, that for pure states Ep (pap) is equivalent to the entropy of entangle-
ment [41, 40].

6.2.3 Relative entropy of entanglement

This measure is based on the geometric measure. The measure shows us that the
amount of entanglement in p4p is its distance from the closet disentangled states
oap [41, 42] (see Fig. 6),

Er (paB) = UAfgie%PS (paBlloas) . (121)

where S (pap ||cap) is the quantum relative entropy which is defined by
S(plle) =Tr{plogp—ploga}. (122)
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Figure 6: This diagram shows the structure of the relative entropy of entangle-
ment which is based on distance geometry. The distance represents the amount
of entanglement for a given state.

Audenaert et al., [43] have shown that the relative entropy can be obtained by
using ideas of semi-definite programming and optimization theory [44], resulting
in

B 1 — h(x) , o< 2
ER(pAB(x))_{xlogd%ij(l—x)log% , x>%' (123)

where h(x) is defined in Eq. (111) and pap(x) is the Werner states,
pap () = xo, + (1 — x)os, (124)

and o,(05) are states proportional to the projectors onto anti-symmetric subspace.
Analytical results for Er (pap) has been found in certain cases [29, 35]. Fur-
thermore, it has been shown that Er (pap (z)) satisfies the conditions E1-E3.2
45, 41).

6.2.4 Robustness of entanglement

This entanglement measure was proposed by Vidal and Tarrach [46]. It shows
that the endurance of entanglement by quantifying the minimal amount of mixing
with separable states needs to wipe out the entanglement. For a entangled state
pap, there always exist separable states pse, for which the robustness R(pap ||
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Figure 7: This diagram shows the structure of the robustness of entanglement.
The entanglement state pap can be composed of two separable states p¥ and

PAB:
Psep) 18 given as the minimal amount of ¢ such that

1
— t0ue 125
1+t(pAB+ Psep) (125)

is separable. According to a varity of states ps,, robustness of entanglement is
defined

R(pap) = inf R(pag |psep) (126)

sep

Note that R (pap) is zero if and only if psp is separable. Therefore, by using
local pseudomixture theorem [47], we can also rewrite the state psp as

pap = (1+8)php —spap, 0<s< oo, (127)
or
<o
pas =Y 7k | Vi) (U, (128)
k=1

where Zﬁ;of rr = 1 and r, € R. Then robustness can be expressed as

R(pap) = min {mam cphp =apap + (1 —a)pyp € SP} . (129)

pXBESP

The meaning of Eq. (129) is that R (pap) measures the minimal amount of
the state p’ that must be mixed with the state p; to make psp separable. As
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shown in Fig. 7, we can also interpret this measure as the minimal ratio of the
distance 1 —a of pap from the set SP of separable states with the width a of this

set,
1—
Jr—

- (130)

It has been proved that the robustness is be convex and monotone [46].
The explicit form of robustness can be found for pure states [46]. Consider a
pure state with Hilbert space C? @ C3,

W) = Zai iy @) 3 @ >a0 >0, >af =1, (131)
i=1 =1

where a; are Schmidt coefficients. its robustness is then given by

R([W;) (W) = (Z ai) - L (132)

For a two qubit system, the robustness can be expressed as [46]

A
< <
o5 < Rlpan) 2N (133)

where ) is the negative eigenvalue of ph% and |6) is the associated eigenvector,
|0) =cosf|1) @|1) +sinf|2) @ [2) ; 6€[0,7/4] . (134)

In reference [46], the state p = ppp + (1 — p) |0) (6] is considered where

e 0 0 O
0 ¢/2 0 0 3

0 0 0 g

The robustness of pp is found to be

B 0 ,pTE >0
Rlpp) = { (1 —p)sin20 — pga , otherwise (136)
If weset g1 =q3+q/2=1/4,0 =mn/4 and p=4(1 — F')/3, we find that
R(p) = 2F — 1, (137)

where F is the fidelity [48] of a Werner state.
For a two-qubit state diagonal in the Bell basis, the explicit from of the
robustness has been calculated by Akhtarshenas et al. [49].
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6.2.5 Logarithmic Negativity

We know that the density matrix pap of a bipartite system can be represented
conveniently by using the computational basis, Eq. (76). Its partial transposition
with respect to party A and B of a state pap are defined in Egs. (78) and (79).
The positivity of the partial transpose of a state is a necessary condition for
separability, and is sufficient to prove that N(pap) = 0. Negativity essentially
measures the degree to which pi% fails to be positive. From Eqs. (78) and (79),
we can construct two useful quantities. The first one is the Negativity

lP55] — 1
where || X|| = Try/XTX is the trace norm. The negativity sufficient the deficiency
that it is not additive while being a conserve entanglement monotone [50, 51].
A more suitable quantity for an entanglement monotone may therefore be the

logarithmic negativity which is defined as

Ex (pa) = log, ||p4p]| - (139)

Ey is an entanglement monotone that cannot increase under LOCC-operations
because of the monotone property of the negativity.

The explicit form of Ey can be found if we consider the Werner states [14].
Recalling the states in Eqs. (113) and (114), we find that the negativities are

N (pusa) = N (pas () = { BT 22V

Vidal and Werner [51] have shown the monotonicity of N(pap) under LOCC.
They consider a family M; of completely positive linear maps such that M;(p) =
pip'yp and these maps also satisfy the normalization condition Y, Tr [M;(p)] = Tr(p).
According to the Choi-Kraus representation, we can write the map M;(p) which
is taking into account a local measurement by Bob as

M;(p) = (1a @ M;)p(1a ® M]). (141)

where M; are the Kraus operators which must satisfy the normalization condition
S, M M; < I. Consider the combination

pap = (1+N)pt = Np~,

where p* are density matrices with Tr(p™) =1 and N = N(pap). Then we can
show that

pilpp)”" = Mi(plhp)™" = Mi(pls) = (14 N)M(p*) — NM;(p™).
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Dividing by p;, we have a decomposition of the form

(am)™" = 1 ;N) () — M)

According to the variational form of the negativity [51], we can define the nega-
tivity of (piy5) as follows

N(plyp) = inf {a |(plp)"" = a;Mi(p*) —a-My(p7) } . (142)

where ay = (1+ N)/p; and a_ = N/p;. This variation shows that the codfficient
a_ = N/p; must be larger than the infimum. i.e., N(p4z) < N/p;. Multiplying
by p; and summing, we obtain

> piN(php) < N(pan)- (143)
This inequality shows that the negativity is indeed an entanglement monotone.

6.2.6 Best separable approximation: BSA

Lewenstein and Sunpera [52, 53] have proposed the decomposition of a statistical
operator pap (in C* ® C?)

paB = Npsep + (1 = A) P (|Venr)), (144)

with A € [0,1] is maximal, where ps, is separable and P (|Vens)) = [Went) (Vent|
is the projector for a fully entangled state. This expression exists for any two-
qubit state; however, the decomposition is not unique. We have to search for an
optimal value A,,,, which is sometimes referred to as the degree of separability
and also can be viewed as the degree of classically of the state [54].

The idea of BSA is that, because of the fact that the set of separable states
is compact, for any density matrix pap there exist an optimal separable matrix
psep and optimal A > 0 such that Ap,, can be subtracted from p4p maintaining
the positivity of the difference, dpap = pap — Apsep > 0. According to the de-
composition Eq. (144), this leads straightforwardly to an unambiguous measure
of the entanglement for any mixed state pap

Epsa(pap) = (1= A) Eun ([Wenr)), (145)

where E,n (|Vent)) is the von Neumann entropy of the reduced density matrix
[55] as defined in Eq. (98). For a particular state [52] pw is defined as

1—=z 0 0 0

0 1+ -2z 0

0 —2r 1+« 0 ’
0

0 0 11—z

pw () = (146)

1
4
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with = € [0, 1]. The above state can always be decomposed as
pw () =A(@) T+ (1=A(z))|0) (v, (147)

where |U~) = 1/2(|01) —[10)). For = < 1/3, A = 1, and the state py = I is
separable. For z > 1/3, 0 < A < 1, and a measure of the entanglement of py is
thus provided by the value of the corresponding A,

Epsalpw(r)) =1 — A(z). (148)

Karnas and Lewenstein [53] have shown that the BSA-entanglement measure
does not increase under LOCC operations,

Epsa(par) > Z piEpsa(Pap); (149)

where V; = A; ® B; are local POVM operators satisfying > VZ-VZ-T =1 and p; =

Tr (VipABV;T>. This inequality shows that BSA is entanglement monotone.

7 The alternative method of entanglement mea-
sure: PT-entanglement measure

7.1 Introducing criterion

In this contribution, we propose a new entanglement measure which is based on
PPT-criterion and simple to define.

Consider composite systems of dimensions 2®2 or 2®3. Let us form a convex
combination of the given density matrix psp with its partial transpose ph%,

pan(N) = (1= N pan+ Mk i Ae[0,1], (150)

which interpolates between a density matrix and a matrix with at least one neg-
ative eigenvalue if p4p is entangled.

Definition: We propose a candidate of a measure of entanglement given by

EPT(PAB) =1- )\c (151)

where

Ae = max {Ep (1= pap +Aphp) >0, k=1.4(6) }, (152)
€10,

1s the critical value of \: for \. + ¢ with any positive € at least one of the
eigenvalues Ex(pap(N)) becomes negative.
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PT

P 4p
Werner states; x /
—— - — -—— 1

SP

Figure 8: This diagram shows the structure of PT-measure. See the details in
the text.

The idea of this approach is to quantify how much of the state phL need to
be mixed with the state pap in order to have pap(A) acquire a negative eigen-
value. The value of A, then relates to the amount of entanglement for a give state
PAB-

As shown in Fig. 8, if the initial state p4p is separable, its partial transpose
is also separable. Then the new state pap(\) is the convex combination of the
separable states and also lives in the region of separable states (SP). On the
other hand, if the initial state ps4p is entangled, its partial transpose is not a
density matrix hence it lives both outside EN and SP-region. In this case, the
operator pap(A) will have both positive and negative eigenvalues. Our quest is
to search the critical value \., beyond which at least one of the eigenvalues of
pap(\) becomes negative.

We know that the maximally entangled states lie on the boundary of the area
of entangle states. We will always find one maximally entangled state from our
entanglement measure (Fig. 8). If we set A = A., we obtain

puax (Ae) = (1= A) pap + )‘cpﬁg' (153)

By using above statement, our measure quantifies the amount of entanglement
for a given state by using the variable A as a measure, saying how far of the state
pap from the maximally entangled state which has been created by composting
it and its partial transpose.

In order to calculate the amount of entanglement, we have to find the critical
value of A for which pap(\) acquires a negative eigenvalue. We provide some
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examples of this approach in this section and we will investigate in how far this
candidate for a measure of entanglement also satisfies some conditions E1, E2,
E3 in later sections.

7.2 Pure States

Consider a pure state
(Wap) = alls) ® |1g) + 324) ® |25) (154)

where « and 3 are real numbers which is entangled if both o and S are not zero.
We can express the density matrix as

pap = [1alp) (1alp|+ 5% 2428) (2425|+ a3 (|1als) (2425] + 12425) (1415]) .
(155)
The eigenvalues of the state psp are

V1:V2:I/3:0, 1/4:]_,

since pap = |Vap) (Vapl| is a projective on a pure state. The partial transpose
can be found as

pap = [1alp) (1alp|+ 57 2428) (2425|+aB (|1a25) (2a1p] + [2415) (1423]) -
(156)
Its eigenvalues are

p=a’, =035, ps=af , p=-ap.

We find that the operator p4% always have negative eigenvalues uz or ui4 as long
as a and (3 are not zero. Next, we form a convex combination between the original
density matrix and its partial transpose

pas(N) = (1= Npap+ Mg, 0<SAST. (157)

In order to find the eigenvalues of this state, we have to obtain the characteristic
equation as

det (pap (N) — EI) = (B> — E+ o8> (2A — X)) (E+ Xaf) (E — AafB) =0

where F is a real parameter. We see that there is a pair of eigenvalues +Aa/3
always producing a the negative sign for \ as small as desired. Thus, the critical
value of A is zero and we end up with Epr(p9%) =1—A. =1—0 = 1, otherwise,
the entanglement measure is zero.

Obviously, the measure introduced have does not distinguish between degree
of entanglement for pure states as does the von Neumann entropy, for example.
We just know that if the pure state is separable, the entanglement measure is
zero. On the other hand, if the pure state is entangled, the entanglement measure

is one.
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7.3 Mixed States
7.3.1 Werner states

In this section, we provide two examples for our entanglement measure in space
C? ® C? and C? ® C3?, respectively.

Example 3.1. From Example 1.1, we can show that the state pg+(A; x) is

par(Nz) = (1= N)pa+ () + Mgt (2)

1+ 0 0 22(1-2)\
1 0 1—a 2x) 0
T4 0 2eA 1—u 0 ' (158)
20:(1—-\) 0 0 142

The eigenvalues are

Egr (\jo) = Exs (A7) = (1 — 2+ 22)) /4,
E¥, (\o)=(1—2—2w)\)/4,
Egr (N 2) = (1+ 3z —22)) /4.

If we set © = 1/2, the state pg+(\;z = 1/2) is entangled. We can plot the
graph of the eigenvalues as in Fig. 9 and the third eigenvalue gives a negative
sign if A > 1/2. For & > z., we can see that the third eigenvalue is positive as
long as A satisfies the inequality

11—z
A<
- 2

illustrated in Fig. 10. We find that

1. If 0 < x < 1/3, the Werner state pg+ (x) is separable. Then the state
pa+ (A; ) always gives positive eigenvalues. We see that the quantity (1 —
x)/2x > 1, except for z = 0, but we know that 0 < A < 1. Then we may
say A. = 1 for separable states.

2. If 1/3 < = < 1, the Werner state pg+ () is entangled. The values of A
satisfying the inequality

1l—=x
2x

A >

produce a negative sign for the eigenvalue Ej  (X;z). We see that the upper
part of curve, see Fig. 10, will give the negative sign while the lower part

41



A

0.2 0.4 0.6 0.8 1

=Y. E,

Figure 9: This diagram shows the characteristic of the eigenvalues of the state
o+ (A; 7).

A E, (x)
1 1
A= 1-x 1
2x . = -1 %
2x
ol w3 10 113 1 *

Figure 10: The diagrams show the characteristic of the A — x and Epp(x) curves
of the state pg+(\; ).
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0.2 0.4 0.6 08— 1

o =23 E

Figure 11: This diagram shows the characteristic of the eigenvalues of the state
P223(A; ).

A Eqr(x)
1 1
A 1-4
0 23 10 113 1 *

Figure 12: The diagrams show the characteristic of the A — x and FEpp(x) curves

of the state pags(A; ) where A\ .(z) = —3 <3_3x+(x_?_'48+14x+5x2).
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will produce the positive sign. Thus, we can define the critical value of A

as )
-

Ae() = .

(@) = —

Example 3.2. For the state of Eq. (88), we have

tt+ 5 0 0 0 Z(1-2X) 0
0 gtf o 0 P 0 —5(1-)
P2®3 ()\737) = 8 %O)\ ? % _§>\ 8
Z(1-21) 0 —IX 0 4+ 3 0
0 —Z(1-A) 0 0 0 5
(159)

For above matrix, we cannot find the analytical expression for the eigenvalues.
we consider the value z = 2/3 and we can plot the graph of the eigenvalues as
in Fig. 11 and the first eigenvalue produces the negative sign. We can conclude
that, for ﬁ < x < 1, the first eigenvalue is positive as long as satisfies the
inequality

A<_g 3—3x+ (r—1)v/8+ 1dx + 5z
3 x—4 '

We can show the relation between z and A as Fig. 12 and we can defined the
critical value of \ as

2 (3—3x+ (r—1)v8+ 14z + 52
Ae(x) = ( o :

7.3.2 The characteristics of A\ — z curve of the Werner state.

From above examples, we can conclude that there is a curve, denoted by A\, =
F(x), that separates the area between positive eigenvalues only and a negative
eigenvalue. The behavior of the curve can be described in two situations (see Fig.
13).

1. If 0 < = < z., Al, the Werner state py (z) is separable. The partial
transpose operator maps pw () to another separable state ph? (z) which
also lives inside the separable area (see Fig. 5). Then the state py (\;z) =
(1 — N)pw () + Aol (z) has positive eigenvalues only and is a separable
state.

2. If x. < & <1, A2 and A3, the Werner state py (z) is entangled and its
partial transpose matrix lives in the area of the non-density matrices (see
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Figure 13: This figure shows the generalize characteristics of A — z curve of the
Werner states.

E.. (.l)
1
1-2.(x) i @+EV v
1-2,(x) -4, =1-F (x)
0 X, X .7‘62 1 *
I\ /
Y e
Separable states Entangled states

Figure 14: This figure shows the generalize characteristics of Epp(z) curve of the
Werner states.
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Fig. 1). The state pw(X\;z) = (1 — N)pw (z) + Aph7 (x) is a density matrix
as long as A\ satisfying the inequality

Mz) < F(z) .

On the other hand, it is not a density matrix. Then we can define the
critical value of \ as
Ae(x) = F(x).

In this case, the states that lie on the curve is the maximally entangled
states pprax(Ae; @) = (1=A)pap(z)+Apap(z). These maximally entangled
states are probably not Bell states. That means this curve represents the
boundary between the entangled states and all other states which are not
density matrices (see also Fig. 8).

Consider Werner states pap(z1) and pap(xe) with z; and zy satisfying the
inequality

T, < T < T9 < 1.
Then we find that

1= Ao(e) > A1) > Ao(2) > Ao(1) = 0.

or
0=1-=Ac(z:) <1—=2Ac(z1) <1 —=A(m2) <1—=A,(1)=1.

These inequalities say that the state pap(xs) contains more entanglement
than the state pap(z1) because 1 — A\ (1) < 1 — A.(x2) (see Fig. 14). This
implies that the state pap(z2) is located nearer the boundary of maximally
entangled states than the state pap(z1). In addition, we can say that the
eigenvalues of the state pap(z2) fail to be positive easier than those of the
state pap(x1) when mixing the negative eigenvalues of their corresponding
partial transpose matrices. For the maximally entangled state |®) (®T],
x =1, the critical value of X is 0 because it lives on the boundary. Then at
least one of its eigenvalues is always negative.

For any entangled states pap, we can use A, to classify the family of the entangled
states (see Fig. 15). The states that produce the same values of . can be
grouped represented by the dash line, in one class because they attributed the
same amount of entanglement. In the next section, we will give you a particular
set of the states that produce the same critical value of \.
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Figure 15: This figure shows the group of the states that contain the same amount
of entanglement.

-

Figure 16: This figure shows over all trend of the critical value of A for Bell
diagonal states.
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1- 49 =1-F(x) 1-4% =1-F%(x,)

Figure 17: This figure shows over all trend of Epr for Bell diagonal states.

7.3.3 The characteristics of the A\ — z curve for Bell diagonal states

From the examples studied in Appendix A, we can extract the following features
of the A — x curve:

1. Symmetric case: Consider two Bell states dgp and ogp which may be trans-
formed into each other by a local unitary transformation. When we form
the convex combination pgp(r) = zdpp + (1 — x)opp, we find that the
typically has the form shown in Fig. 16. For some values of A there are

three regions which are separated by two critical values of x, say zY and

)

I. For0<z< x((;l), we find the critical value of \ as

ALY = FO(g).

The operator pgp(A; x) is a density matrix if A < )\gl), otherwise it is not.

II. For x&l) <z < x£2), all states are always density matrices and sepa-
rable.

ITI. For xﬁ” < x <1, we find the critical value of A as
)\9) =F® (x).

Similar to case I, the operator ppp(\; x) is a density matrix only if A < AP
In this particular example, we observe that if we consider the amount of
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entanglement of the states which 0 < z; < xgl) and x?) < 9 < 1, we find

AD = FO(2) = XD = F®) (),

That means there is a symmetry of entanglement distribution (see also Fig.
17), 1 — A, of the convex combination between p;(p) and pa(q).

2. Asymmetric case: Consider two Bell states dpp and ogp which we cannot
find a local unitary transformation mapping them to each other. When we
form the convex combination pgp(z) = xdpp + (1 —x)opp, we find that the
characteristic curve is separated by two critical values of z, say 2 and 2.
In this case, we found one zero eigenvalue, at least, of the state ppp(x). For
some appropriate values of p, ¢, z, we find that the critical value of \ is zero.
We can conclude that the PT-entanglement measure fails to distinguish the
amount of entanglement, if the states considered have zero eigenvalues (see

Figs. 30 and 31).

7.4 Classification of entangled states

In this section, we will show a particular set of entangled states which can be
grouped via the PT-entanglement measure. Consider the set of the Werner states

pot (z) =z |©F) (@F| +(1—x)£, (160)
and 7
put (z) = 2 [UF) (T*| + (1 —2) T (161)

where |®*) and |[¥%) are the maximally entangled states which are defined in
Egs. (115) and (115). We can show that the matrix representations of Egs.
(160) and (161) are given by

l+z 0 0 £z
1 0 l1—z 0 0
po= () = 7 0 0 1-z 0 ’ (162)

+2z 0 0 14+

and
T 0 0

(o) =1 0 14z +2¢ 0
Pu= ) =7 0 42z 14z 0 )
0 0 0 11—z

e}

(163)

their eigenvalues are
1 1+3x
I/@j:/\p:t - 4 3
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1—2
4
The partial transpose of the states above can be found as

2 _ .3 _ A _
Vox jy+ = Vox g+ = Vo jyx =

1+z 0 0 0
1 0 1-2 420 0
PT _ -
P @) =3 0 4or 1-2 0 | (164)
0 0 0 14z

and

Pyt (z) =7 : (165)

and their eigenvalues are

M<11>i/x1/i (z) = N<21>i/\1/i (z) = N%i/\yi (z) = 1
(1 —3x)
g (1) = =2

We find that these states are separable as long as x < 1/3, otherwise they are
entangled states. We now construct the convex combination to determine the
amount of entanglement for those states

1+ 0 0 +2x (1 —N)
1 0 11—z £2z)A 0
+22 (1 —\) 0 0 14+
and

11—z 0 0 +2x A\

1 0 1+ +22 (1 - N) 0

pe=Nm) =21 0 fopa—n) 14w 0 (167)

+22\ 0 0 1—=x

The eigenvalues of these states can be found as
Eéi/qji (A z) = Eéi/qji (A z) = (1 — 2+ 22N) /4,

Egs g (N2) = (1 —x —22)) /4,
Ege jg= (X z) = (14 3z — 22X) /4.
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The third eigenvalue E3 . ot (\; z) is positive as long as A satisfies the inequality

)\<1—x7
- 2z

x e (1/3,1]

and we have
11—z

2z

We see that the set of states {pg+ (), py+ ()} are the same function of A.. If
we set © = 1/2, A\, = 1/2, then the set of the states

{pa=(z = 1/2), pu=(x = 1/2)}

can be grouped together containing the same amount of entanglement. By using
our entanglement measure, the amount of entanglement that these states contain
is 1 — A. = 1/2. Similarly, if we choose x = 3/4, we find A\, = 1/6. The set of
states

Ae(x) =

(168)

{po=(z = 3/4), pux(x = 3/4)}

can be grouped together as well and the amount of entanglement of this set of
these states is 1 — \. = 5/6. We see that 1 — A\.(x = 3/4) > 1 — A\.(z = 1/2).
This implies that the set of states with © = 3/4 contain more entanglement than
the states for which z = 1/2.

We know that there exists the unitary transformation such that

|2%) = [TF)
Consequently, there also exist the unitrary matrices such that
pot (x =1/2) 2 py= (z = 1/2)

and
pot (v =3/4) 2 pyx (v = 3/4)

This statement tells us about the amount of entanglement invariant under unitary
transformations. We will discuss (local) unitary transformations in more details
later.

7.5 A special case of the function F(x)

In this section, we will find some conditions of function F'(z). We know that the
Hermitian density matrix can be written in the spectral decomposition given by

M
pap = u|®) (P, (169)
z
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where v, are the eigenvalues corresponding to the eigenvectors |®;). Now we
assume that the density matrix pap and its partial transpose ph%5 commute,
satisfying the condition [p AB, pig} = 0. That means, they can be written in the
spectral decomposition with the same eventuates. Then we can introduce

M
Pl = | ®0) (@], (170)
l

where f1; are eigenvalues of the state p/i5; corresponding to the eigenvectors |®;).
Using Egs. (169) and (170), we can construct the state pap()) as

M

pas (N) =D [(1 = X) v+ M) [ @) (@] . (171)
l

We know that if pag (A) is the density matrix, its eigenvalues must be positive
values. Then we have the condition
(1 =Xy + Ay > 0. (172)

If the first eigenvalue yu; of p4% are negative. Then we can find the inequality
and the critical value of A as follows

P, (173)
=
and we define the critical value of A
A= —2 (174)
vy — H1

that means if A < A. the state pap (\) is the entangled state, otherwise it is not.
We now define PT-entanglement measure for commuting between pp and p/i%

14 122
Efr(pap) =1 = = = 2 (175)

From Section 7.7, it is easily to show that

[P\pi/@ijpgz/éi =0, (176)
and we find that
1
V\y:l:/c}:l: (1—1’)/4 1—2
M) = = = , 177
(z) Vgi jgr — Pyt e (1 —2)/4—(1—32)/4 2x (177)
d
Epr(z) = or (178)

Above equation is identical with Eq. (168). However, this condition holds if and
only if [pap, phg] = 0.
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7.6 Conditions on entanglement measures

In this section, we will show that our entanglement measure satisfies some con-
ditions required of every measure of entanglement.

7.6.1 The condition E1

Pure states: It was shown in section 7.2 that this measure can distinguish
between entangled and separable pure states but it does not differentiate between
degrees of entanglement of pure states;

Epr (19) (¥],,,) =0, Epr (1) (¥],,,) =1

Mixed states: Our operation cannot create an entanglement state from an un-
entangled state. If we pick up a separable state, the convex combination pp(X)
will always have positive eigenvalues only. That means A\. = 1, then we can say
Epr(pip) = 0. On the other hand, if we consider a entangled state, we found
that \. = F(x), so that Epr(pag) = 1 — F(z). The function F'(x) is related to
the eigenvalues of a given state and its partial transpose.

However, there are some cases that the critical value of X\ is always zero
whether the states are more entangled or not. This situation arises when a given
state pap has a least one zero eigenvalue. We will show the simple case of this
situation. We assume that the state pap and p5 commute. From Eq. (172), we
have the condition for the eigenvalue of pag()). If the first eigenvalue u; of ph%
is negative and the first eigenvalue vy of pap is zero, we immediately get a new
condition for the eigenvalue of pag(\)

Apg > 0.

Obviously, this inequality holds if and only if A = 0. Then we can state that the
critical value of A is zero.

7.6.2 The condition E2

In this section we would like to show that the PT-entanglement measure is in-
variant under the local unitary operations, Urp = Uy ® Up

Epr (plap) = Epr (pan), (179)

where
Pas(N) = (1= NUropasUto + MUropasUs )" (180)

Pure states: Consider the density matrix pap = |Vag) (Vap|, where | 45) (V45
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is either a product or an entangled state. We know that the state pap can be
represented in the Schmidt decomposition Eq. (40). From the definition of Epr,
it follows that the eigenvalues of the state py5 is

byt toorrt Vo
By [(1 — NUA® UppapUl @ UL + A (UA ® UppasUl ® UB) } -
E|U,0Iz((1=NI,oU IZQUL+ MA@ ULEL o (U UL eI
e [UA® I ( ( MA@ Uppapla @Up 4+ Ma Q@ Uppapla ® (Up)' | Uy ® Ip
_ B, [(1 — N4 @ Uppapla @ Ul + M4 @ Uphbls @ (Ug)q . (181)

We use the fact that the Schmidt coefficients are unchanged under a unitary
operator on one of the subsystems Eq. (44). We now that the state psp can be
written in Schmidt decomposition

pap = |Van) (Vas|
- (Z & 11a) ® |zB>> (Z & (ka| ® <k3|>
= D Gtulla) (kal ® l15) (ksl. (182)

and we also write

L4 @Uppapla@ UL = > &&|la) (kal @ U |15) (k| U}
Ik
= ) Gk lla) (kal © |lg) (i), (183)

ik

where |I);) = Ug |lp) and (kp| = (kp|UL. We know that the unitary operation
transforms one set of orthonormal states to another set of orthonormal states.
We can freely choose a computatinal basis of Iy ® Ugpagla ® UJTB in which pap
and [, Q@Uppapla® UJTB have the same matrix elements. Then the states p4p and
1,@Uppapla® UJTB have the same eigenvalues and their linear combinations with
their partial transposes also have the same eigenvalues. So Eq. (181) becomes

= By [(1 = Npas + Aohg] - (184)
Then we can conclude that

Epr(pag) = Epr (UA ® UppaplUl @ U;) :

Mixed states: Consider a given density matrix pap = >, p; |V 5) (V4 5], where
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p; are real and ) .p; = 1. We know that we can also express the state in Fano
form as

]' — — — —
paB = 7 (IA®[B+TA-OA®[B+]A®TB'UB+ZtklUk®0l>-
kl

Under local unitary transform, the state becomes
pap — Uy ® UBPABUL ® U; = pup

and its partial transpose is

(UA ® UppasUl, @ U},) .

Similarly with pure states, we can show that the eigenvalues of state p/y5(\) is

t o 77t ot
By [(1 — N ® UspasUlh @ UL + A (UA ® UppasUh @ UB) } -

o [UA ® I ((1 — NIA @ Uppapla @ U + Ma @ Uppapla @ (UE)T) Ul ® IB}
_ [(1 — Na @ Uppapla @ Ul + Mu @ Ulphhl, @ (Ug)q . (185)
Now we consider
12 @Uppapls @ U

]- — —
= Z<[A®[B+7?A'O_3A®IB+IA®TB'UBO'BU;“'E tklO'k@UBO'lU;).
kil

(186)

pud

If we define 6 = UBJ'BU; and o] = UBElU;, we find that eigenvalues of the
Pauli’s spin matrices are invariant under unitary transform. We now that the
Puali’s spin matices can be represented in the computational basis. Analogously
with pure states, we can freely choose the bases of 6% and &) in which ¢, o7}, 5
and &7 have the same matrix elements. Then the state p45 and IA®UB/)ABIA®UL
have the same eigenvalues. We know that their linear combinations with their
partial transposes also have the same eigenvalues. Using these results, Eq. (185)
becomes

= By, [(1 = Npas + M) - (187)
Then we can conclude that

Epr(pag) = Epr <UA ® UppapUl @ U;) -
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7.6.3 The condition E3

In this section, we provide some examples that the measure of entanglement
Epr(pap) does not increase under LOCC given by @, i.e., Epr(®Procopan) <
Epr(pap). We expect this result to hold for both pure and mixed states. There
are three different ingredients consisted of local operations, classical communica-
tions and post-selection that aim to decrease correlations between two quantum

subsystems locally.

A. Local Operations: LO

Two parities, A and B, perform measurements separately with two sets of
operators satisfying the completeness relations ) . ATA; = I and > BJT-B]- =1
The joint operation of the two parties is described by >, A; ® B; which refers
to a general local measurement. Next we will show an example and we find that
under this local general measurement, the amount of entanglement Ep; does not
increase.

Example 4.3.1: We propose the following Kraus operators { My, Ms}:

cosd O sind 0
Ml_( 0 sin5) ’ M2_( 0 cosé)’ (188)

while satisfy the condition S MJM; = I, and 0 < 6 < 7/4. Now Alice and Bob

choose their Kraus operators as

cosd 0 sind 0
Al:( 0 siné)’ A2:< 0 cosé)

cosd O sind 0
Bl_( 0 sind)’ B2_( 0 cosé)

and they also satisfy ZAiAZT ® Bij» = [, ® I,. Recalling the Werner state in
ij

(189)

Example 1.1, we have

1+2 0 0 2z

1 0 1—-z O 0

po+ () = = 0 01—+ 0 : (190)

2 0 0 1—=x

for which the critical value is z. = 1/3. We now construct

pa+ (Ai2) = (1= A) pa+ (2) + Mgt (), (191)

and we have the critical value of \ as
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=T

2x
Now Alice and Bob perform local operations on their systems, without recording
the results and thus not communicating with each other. The Werner state
transforms to

po+ () — gg+ (T) = Z A; @ Bjpa+ (2) Al ® B]T-, (192)
ij
or explicitly,
1+ 0 0 8x cos? dsin? §
1 0 1—=x 0 0
o+ (x) = 1 0 0 1— 2 0 , (193)
8rcos?dsin®d 0 0 142

while it reads in bra-ket notation as

oo (7) = xp¢+(5)+(1—x)£, (194)
where
po+(0) = % (100) (00| + [11) (11]) + 2 cos® §sin? & (|00) (11| + [11) (00]) ~ (195)

is a new entangled state. For § = 7/4, we recover the Bell state

P+ (5 = g) = % (100) (00] 4 |00) (11| +[11) (00| + |11) (11]) = |@*) (F].

(196)
For § = /3,
por (5=7) = % (100Y (00| + [11) (11]) + g (00Y (11 + [11) 00)) . (197)
and for 6 = 0, we obtain
po+ (6 =0) = % (100) (00| + [11) (11]). (198)

Obviously, the state og+ () is the combination between the separable state [
and non-maximally entangled state® pg+(d). On the other hand, the Werner

®According to the entropy, the density matrix gives the maximum entropy when the prob-
ability distributions are the same for each state, such as Bell states, which it is called the
maximally entangled state.
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Figure 18: This figure shows that the proportional of entanglement in the Werner
state decreases while the angle changes.

state consists of the maximally entangled state |®) (| and the separable one.
We find that the state will contain less entanglement after the performing of local
operations. To confirm this statement, we have to calculate the critical value of
x of the state g+ (z). The partial transpose of this state is given by

1+z 0 0 0
1 0 11—z 8rcos?dsin®d 0
PT .\ _ L
i () = 4 0 8xcos?dsin?é 1—x 0 (199)
0 0 0 1+

The eigenvalues are
b = B3, = (1+2) /4,

E3, = (1 — xcos4d) /4,
Eg+ = (1 — (2 + cos46)) /4

The eigenvalue Ej . is positive as long as x > 1/(2 — cos46) and we know that
—1 < cos46 < 1 then 1/3 < 1/(2 —cos4d) < 1. We see that the critical value
now depends on ¢, changing from z. = 1/3 to x. € [1/3,1]. Ounly for 6 = nn/4,
where n = 1, 3,5, .., the density matrix pg+(d) becomes |®T) (®T| the maximally
entangled state, and we recover the same critical value . = 1/3. Form these
results, we can say that the proportion of the entangled state in the Werner state
decreases while the critical value increases from 1/3 to 1 when cos 46 increases,
see Fig. 18, after performing the local operations. Next we would like to find the
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Cos4d =—1 cos4d =0 rerrennrees cos45=1
L L

BN /

N

0 13 12 X 1

Figure 19: This figure shows that the quantitative dependence of A remain un-
changed.

critical value of A as a function of z. The state og+(\; z) can be expressed in the
matrix form as

14z 0 0 2z(1—\) Z(5)
1 0 1—z  2zAZ(0) 0
o (NT) =7 0 220Z(8) 1-ua 0 ’
20(1=\)Z(5) 0 0 14

where Z(§) = cos? §sin? 6. The eigenvalues are
Egr (No) = (1 —2(1 — X+ Acosd)) /4
Ei+ (Nz) = (1+2(A+cosdd — Acosd))/4,
B3, (\o)=(1—2(1+X— Acosd)) /4,
E3e (\jx) = (1+2(2 — X\ — cos4d + Acos4d)) /4.
The eigenvalue E3, is negative when ever
\ s 1—2z _ 1—2z 2 .
x (1 — cos40) 2x 1 — cos4d

Using the fact that 0 < 1 — cos4d < 2, we find that the condition for \. takes
the form

2
)\C(ZL’,(S) = m . )\c(l')
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From above results, we can state that the maximally entangled state |®T) (dT|
has been transformed to the non-maximally entangled state pg+(0). This implies
that the proportion of the entanglement does not increase under local operations,
while the quantitative dependence of A\. on x remains unchanged as in Fig. 19.
We now state that

1= A(z,6) < 1-A(a),

or

EPT (Z Az & ijq>+ (ZE’)AZ ® B]Jr) S EPT (P<1>+ ([L’)) :
j

Let us consider the particular case of projection operators. If we set § = 0, the

Kraus operators { M7, My} become

M1:<(1)8>,M2:<8(1]), (201)

and Egs. (193) and (199)turn into

14z 0 0 0
1 0 1—=x 0 0
o+ () = = 0 0 1— 2 0 , (202)
0 0 0 1+
14z 0 0 0
1 0 1—=z 0 0
ol @=71 o o 1.2 o (203)
0 0 0 14+

We see that all their eigenvalues are the positive and their convex combination
becomes

1+2x 0 0 0
1 0 1—2x 0 0
U<I>+(>‘7x)_1 0 0 1— 2 0 )
0 0 0 1+

(204)

Obviously, the state Eq. (204) does not depend on the variable A. This
projective operations map the state pg+(x) to the separable area. That clearly
means the amount of entanglement of the state pg+(x) does not increase under
local projective operators.
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B. Classical Communication: CC

Alice and Bob are allowed to talk each others via classical communication
such as a telephone while performing their local quantum operations [3]. This
means they can increase the classical correlations between the parts of the system.
To combine the classical communication and the local operations, we arrive at
LOCC operations which is important to distinguish between classical correlations
and quantum one [3]. The details of LOCC operations have been introduced in
the section 4.5.

C. Post-selection: PS
After LOCC operations, the state psp has been transformed into a new state
Pm

(205)
Tr (Am ® BppapAh ® B;[n)

PAB — Pm =

where the denominator gives the normalization condition. We can collect all
possible results to get [41]

0ap =Y  Am® BnpapAl, @ B, (206)

Example 4.3.2: Basically, Alice and Bob can perform their local operations
at different places. We now allow them to talk to each others via classical com-
munications. In this section, we will show that after ”LOCC+PS” operations, the
amount of entanglement does not increase for a specific set of local operations.

Let us say that first, Alice talks to Bob and then secondly, Bob answers Alice.
This process is refereed to two-way communication. Suppose Alice and Bob again
use the Kraus operators which are based on {M;, My}, see Example 4.3.1. We
now define the operators

a1 = @111 = Q121 = Q211 = A221 = ( COOS(S si?ld ) ) (207)
Gz = G112 = Q122 = A212 = A222 = ( Si85 coOscS ) ) (208)
by = bor = ( om0 0 ) , (209)
o=t = (5" s ) 210

61



To help us to easily understand, we show a diagram of this process in Fig. 20. In
this case, the LOCC+PS gives us eight possible outcomes. We now rewrite the
operators for all cases as

cos’d 0
ainna; = < 0 sinZ§ ) = Ay, (211)
cos d sin § 0 o
@11201 = < 0 cos d sin & ) = A, (212)
26 0
a121a41 = < COB sin2§ ) = As, (213)
cos d sin § 0 o
@12201 = < 0 cos d sin & ) = As, (214)
cos d sin § 0 o
21142 = < 0 cos d sin & ) = 4s, (215)
sin? § 0
921209 = < 0 C0825 ) = A67 (216)
cos § sin & 0 _
tan 2 = < 0 cosdsind ) = 4, (217)
sin? § 0
Q22202 = < 0 cos2 § ) = As, (218>
and
B, = By = Bs — Bs — cos o '0
0 sind
sind 0 (219)
By =By = Br = Bs = 0 cosd
So, we obtain
8
Opr = > Ap ® Buper Al, ® B, (220)
m=1
If we let pp+ = I, it is easily to show that
8 8
> (An® By) (AL, @ Bl) => A, Al @ B,,Bl, = 1. (221)

m=1 m=1

Suppose the initial state, being shared between Alice and Bob, is given by
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Figure 20: This two-way communication process. C' represents the communica-
tion between Alice and Bob. First, Alice chooses the operators a; and then tell
Bob about her operators. After that Bob chooses the operators b;; corresponding
to the operators a; and Bob also tells Alice about his operators. Finally, Alice
chooses the operators a;;, corresponding to both a; and b;;.
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1+2 0 0 2z

The state o+ becomes

(1+x) 0 0 16xc3s®
1 0 (1—2) 0 0
Tor = = 0 0 (-a) 0 (223)
16xc3s? 0 0 (1+x)
We can express the state o4+ in bra-ket form as
1
Oyt = % (100) (00| + [11) (11]) + 4 cos®  sin® & (|00) (11] 4 ]00) (11]) + (1 — ) T
(224)
The partial transpose of o 45 is
(1+2) 0 0 0
1 0 (1—2) 162 cos® § sin® § 0
pr _ +
Ter Ty 0 162 cos® 0 sin® § (1—x) 0 o (229)
0 0 0 (1+2)

with eigenvalues
Ey. = B3, = (1+12) /4,

E;; = (1 — 2 4 162 cos® § sin® 5) /4,
Eg+ = (2 — 2o — 3xsin 20 + 'sin 66) /8.
The third eigenvalue is negative as long as

1
< )
1 —16cos3dsin®é

T

where § € (7/2,7) and (37/2,27). We find that the range of a new critical value

of z is
1 1

- < <

3 ~1—16cos3dsin®6

The fourth eigenvalue gives a negative sign as long as
2

TS 5 3sin20 —sin6o

1.

where 0 € (0,7/2) and (7, 37/2) and we can show that the range of a new critical

value of z is
1 2

< < 1.
3 24+ 3xsin2d — sin 64
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For § = 0,7/2,7,37/2, the state og+ always is separabled. Next we will fine
the condition for A to distinguish the entanglement of the state og+ after LOCC
operations. The o+ (A;z) can be express in the matrix form as

1+ 0 0 x (1= X\) B(9)
L 0 1—z 2AB(J) 0
oas (A7) = 0 2AB(S) 1-—=z 0 ’
x(1—=X)B(9) 0 0 1+x

(226)

where B(§) = 16 cos® dsin® §. The eigenvalues are
1
Eg: (\1) = 1 (1 — 2z — 162X cos® § sin’ §)
1
B, (\x)= 1 (1 — 2+ 16zAcos® §sin’4)
1
B3, (o) = 1 (14 2 + 162 cos® sin® § — 162\ cos® § sin® §)

By (\o) = % (14 2 — 16z cos® § sin® § + 16zA cos® § sin® §) .
The first eigenvalue gives a negative sign as long as
1—2z 11—z 1
16xcos?0sin®d 2z 8cos3dsin® o
where z € (z., 1]. x. is the critical value which depends on the angle ¢ corre-
sponding to 0 € (0,7/2) U (7, 37/2). we obtain
Ac
" Scos?osin o
On the other hand, the second eigenvalue give a negative sign as long as the A
satisfies the inequality

A<

Ac(0)

1—=zx 1—=zx 1

A < =—
—16x cos3 § sin® & 2 8cos3dsin® d

where z € (z., 1]. x. is the critical value which depends on the angle § corre-
sponding to 0 € (7/2,7) U (37/2,2mw). We obtain
e
8 cos3 § sin® &
Obviously, we still have the same structure of A\. Then we can conclude, for this

particular example, that under the "LOCC+PS” operations, the proportion of
entanglement in the Werner state does not increase. Finally, We can say that

1—A(8) <1\,

Ae(8) =
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or

8
EPT <Z A, ® ijq>+ (Zlf)/llL ® BJ) < EPT (pq>+ ([L’)) .

j=1

7.7 'The upper and lower limits of A\, under LOCC opera-
tions

From a particular example of LOCC operations in the previous section, we find

that the PT-entanglement measure does not increase after operating. In this

section, we would like to show a possible way to prove the condition E3.2 by the

use of the variation theorem of eigenvalues [57]. To obtain the critical value of A,
we have to consider the eigenvalues of psp())

By (pap (N) = Ex (1 = X)pap + Aolyp) - (227)

From Weyl’s theorem [57]:

Theorem. Let A, B are n-by-n complex matrices and are Hermitian. The
eigenvalues Ey(A), Ex(B), and Ei(A 4+ B) are arranged in increasing order. For
each k =1,2,....,n we have

Ey (A) + Ei (B) < Ex (A+ B) < B, (A) + E, (B), (228)

or

Ey (B) + Ey (A) < Ex (A+ B) < B, (B) + E, (A). (229)

In our system, the maximum numbers n of eigenvalues are 4 or 6. Here, we
restrict ourselves on 2 ® 2 dimensions quantum system. Using Eq. (227), Eq.
(228) becomes

Ey, (1= Npap) + Er (Ah5) < Ex(pas (V) < Ex (1= Npas) + Er (MhE)

(230)
(1= NEx (paB) + ME1 (plih) < Ex (pap (N) < (1= N)Ey (pag) + AE4 (Pﬁ(g) : )
231

From Eq. (152), if we set A = A., the lowest eigenvalue of psp(A.) will be zero:
Ey (pag (Ac)) = 0. Then Eq. (231) becomes

(1= X)Er (pas) + AcBr (php) <0< (1= A)Ey (pap) + AcEa (0h7),  (232)
and we use the fact that £y < E4. Then Eq.(232) can be written

(1 - )\C)El (pAB) + )‘cEl (pig) <0< (1 - )\C>E4 (pAB> + )\CE4 (pig) : (233>
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We obtain the lower and upper bounds of A. as follows:

: Ey (paB) Ey(pas)
A = 1 <A < = A, (234
Ei (pag) — E1 (p4E) Ey(pas) — Es (p%) (234)

Next we consider separable LOCC operations which have been described in
the section 4.5.2. Suppose we have a set of operators {M;, My, ..., My} which
Mi = Az &® Bz and

N
> MM =1 (235)
After operating, we find the partial transpose of new states as
P
A@PAB]%T - <MipABMiT> = MPPTMT (236)

where M; = (M;)*T are new operators which are taking into account the partial
transpose operations. According to quantum operations, the state p4p transforms
to

N
PAB — 0AB = Z MipapM]. (237)
i=1
We now form a convex combination of the state after performing LOCC opera-
tions

N N
oap(N)=(1-X\) <Z MipABMZ-T) + N <Z Mipf;gz\kj> . (238)

In order to obtain the critical value of X', we have to consider the eigenvalues of
oap (N)

By (cag (N)) = Ej ((1 - X) <Z M,-pABMJ) + X (Z M,ﬁgz@j)) . (239)

Using again Weyl’s theorem, we know that

(1— (ZMpABMT> + NE, (ZMp MT> < By (oap(N)) < ...

< (1- (Z MpABMT> +AEkZMp ). (240)

If we set X =\, Ey (0ap (A\.)) =0. Then Eq. (240) becomes
N N )
(1—N)E, (Z MipABMiT> + \.E (Z MipﬁgMiT> <0< ...
<(1=\)E (ZMpABMT> + \.E (Z M;ph, M) (241)
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Firstly, we consider the LHS of Eq. (241). We have
N N )
(1—\)E, (Z M,-,oABMj> +\E (Z M;ph B! ) <0. (242)
N
Consider Ej, (Z M;pa BMJ), we use Wely’s theorem to obtain the inequality
N
Ey (MlpABMD +...+ B (MN,OABMJTV) < Ej (Z MiPABMJ) L (243)
i=1
N -
and we also apply Wely’s for F, (Z M;phT M ] )
~ ~ ~ ~ N ~ ~
jo) (Mlprng ) + o+ By (MNpigMjV) < B, (Z MiphT v ) .(244)

Then we have

(1-X) Y

N
Z Ey (MipABMiT)
i=1

From Ostrowski’s theorem [57]:

N
Z E, (MiPABMiT>] <0. (245)
=1

Theorem. Let A and M; are n-byn complex matrices with A Hermitian and
M; nonsingular. Let the eigenvalues of A and .MJ-MJT be arranged in increasing
order. For each k = 1,2, ..., there exists a positive real number O such that

Ey (MipABMiT) = O,E; (pa) , (246)
where

Ey (./\42-./\4T ) <0, < E (MZ-MZ.T) . (247)

Combining Eq. (246) and (247), we obtain

By (MM]) B (pap) < O4By (pan) < By (MiM]) Ex (pan)

By (MM]) By (pap) < By (MipapM]) < By (MM]) By (pan) , (248)
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where Ej (pap) > 0. Similarly, we can show that, for partial transpose part, we
have

Ey (MipkENT) = OLEx (055) (249)
where
Er (Mm;) <0, <E (Mm;) . (250)
If B4 (pﬁg) is negative, we can show that
Ey (MiMD Eq (pip) < Bx (MipigMD < Ey (MZMD By (php) - (251)

Using Egs. (248) and (251), Eq. (245) becomes

(1- A + e

ZEl (MM ) Ei(pas)

i=1

Z B (MM ) El(pﬁg)] <0.(252)
A new lower bound of the critical value of A. follows from this inequality:

Ey (paB) :
X, > = A, 253
© 7 Ei(pas) — £E1 (phE) (253)

where
N
-
K= %DIE4 <M2MZ) . (254)
S B (MZ-MZ.T)

1=1

In order to show that PT-entanglement measure does increase under LOCC op-
eration on the average, we need to show that k < 1. We know that the operators
M, require normalization condition Eq. (235). Then we find that

N
B, (Z MJM,-) =1. (255)
i=1
This condition holds for M; as well,
Z MIM)PT =1 (256)
=1

implies that

o (i MJMZ) =1. (257)



Again, using Weyl’s theorem, we obtain
N
E (M{M) + By (MIM) + ..+ By (M{My) < E (ZM.TM) <
e\ M M 1\ Mo Mg ) + oo+ £q MMy ) < Ly CM; | <
i=1

< By (MITM1) + B, (M§M2> Yot B (MJVMN> , (258)
or
E (M{M) + By (MIM,) + .+ By (M{My) <1<
. < By (MfM1> + B, <M§M2> t ot By (M}VMN , (259)
and we also show that
Ei (MINR) + By (MING) + ..+ By (M{Ny) <1<
. < By (MIMI) + B, (Mgm) + ot By (MJVMN> . (260)

Using the LHS of Eq. (259) for £ = 1 and the RHS of Eq. (260) for k& = 4, it
follows that

B, (Z MJM,-) <1<E, (Z M*M) : (261)

i=1 i=1

To obtain the value of x, we need to show that Ej (MZ-TMZ) = E} (MZMD We

know that we can represent the matrices M; in the polar form [57]
M; = U;H;, (262)

where U; are the unitary matrices and H; are the Hermitian matrices. Let us
define Ej, (.MZ.MZT ) = o}, € R and consider the equation

(MZ-MJ ) i) = o [W3), (263)
where |U?) are the eigenstates corresponding to «. Using Eq. (262), we have
(e mUl) [wh) = af|wi)
i? (U; }\1@) — (U; }qf@) . (264)
Next let us define Ej, <.MZT MZ) = i € R and consider the equation
(iag) o) = il

(mulvim) @) = gilel)
H} |®,) = B[®). (265)
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From Egs. (264) and (265), we can state that 8 = ai or Ej (MJMZ> =

E; (MZ-MZ-T) This condition holds for Mi as well. Then we can rewrite Eq.
(261) as follows

B, (Z M,-Mj) <1<E, (Z MM*) : (266)

i=1 i=1

Using Eq. (266), it is easy to show that

N .
&(ZMMQ
> 1.

i=1

K= ~ (267)
E(ZMMQ
i=1
Using the result of Eq. (267), we obtain

Ey (pap) — By (phL) — Ei(pas) — KBy (phL)

Obviously, the lower bound of critical value of A does not increase under LOCC
operations. This means that the lower bound of X, is below the lower bound of
Ae-

Next we would like to consider the upper bound of the critical value of AL.
The details of calculations can be found in Appendix B. The upper bound of X,
is

Ey(paB)
)\l < — )\/(ma:c)’ 269
© 7 Ey(pap) — K'Es(php) ¢ (269)

where
Es (MlT M1> LS B, (MJMZ-)
K = N =2 . (270)
3, B (4104)

=2

We can show that (see also Appendix B.)

By (M) + S B, (a1 a1;)
K = — <1 (271)
> By (M,-TMi>

i=2
Using the fact that of Eq. (307), we may find
Ey(pas) S Ey(pas)
Ey(pap) — Es(pih) — Ea(pas) — K Es (phE)
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Figure 21: The upper and lower bounds, which are derived from Weyl’s and
Ostrowski’s theorems, of A, are decrease under LOCC operations (dash arrows).
The arrow represents the result from the example in section 7.6.3.

Figure 22: There should exist a better variation theorem of eigenvalues that the
upper and lower bounds of A. do increase under LOCC operations (dash arrows).
The arrow represents the result from the example in section 7.6.3.
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We now conclude that the upper and lower limits of the critical value of A do not
increase under LOCC operations (see also Fig. 21.) Unfortunately, this result
leads to the increasing of PT-entanglement measure at the lower and upper limits

of the critical value
1— )\/c(min) Z 1— )\gmin)’

1— )\/c(max) Z 1— )\gmax)‘

However, the results of the examples in section 7 show that the PT-entanglement
measure do not increase under LOCC operations. That means Weyl’s variation
theorem of eigenvalues is weak to show that the upper and lower limits of crit-
ical value of A, do not increase under LOCC operations. We believe that there
must exist the stronger variation theorem of eigenvalues in which leads to such
conditions (see also Fig. 22)

1 — Afmin) < — pfmin)

(& — c ?

1 — )\/C(max) <1-— )\gmax).

8 Conclusion

We have studied PPT-criterion to distinguish between entangled and separable
states. We find that PPT is simple and works very well in low dimensional
quantum systems. Then we use the PPT-concept to study how to differentiate
the amount of entanglement for a given state. We form a convex combination
between density matrix pap and ph%;

pap(N) = (1= N)pap + Aol

From this combination, we can define the entanglement measure called PT-
entanglement measure

Epr(pap) =1— A,

where A, has been defined in Eq. (152). To obtain the amount of entanglement,
we have to search the value of A\, the largest value )., in which the eigenvalues of
the state Ex(pap(\)) are positive. We find that for 2 ® 2 dimensional quantum
system only one eigenvalue is negative. On the other hand, for 2 ® 3 there is that
at least one eigenvalue is negative.

We have studied some characteristics of PT-entanglement measure for Werner
and Bell diagonal states. We find that we always find the characteristic curves of
the \. which is a function of the eigenvalues of the states psp and ph%. For the
Werner states, it is the combination between entangled and separable states via
a variable x, we find that the . is a function of = (see Figs. 13 and 14)

Ae = F(z).
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If and only if the states pap and p4% commute, we obtain the explicit form of
the function F'(z)

¢!
Vi — iy’
where v; is the lowest eigenvalue of p4p and pu; is the lowest and negative eigen-
value of pi%.

For Bell diagonal states, it is the combination of the maximally entangled
states (see Appendix A). Consider the convex combination

F(z) =

opp (1) = (1= 2)psp + 20,

where pgg are Bell diagonal states. Using PPT-criterion, we obtain two critical
values of . Then there are two regions of entangled states and there is one
separable interval entangled regions. We also find that the critical value of X is
a function of the states opp(z) and 05T (z). In this case, we obtain two values
of .. The characteristic curves of the Bell diagonal states have been studied in
section 7.3.3.

We have studied the basic properties of entanglement measures. In this paper,
we mainly focus on three conditions:

E1. The entanglement measure F(p) is zero if and only if the state p is separable.

E2. The entanglement measure E(p) is invariant under local unitary transfor-
mations

E(ULopUlp) = E(p),
where Urp = Uy ® Up.

E3. The entanglement measure F(p) does not increase under LOCC operations

E(®roccp) < E(p),

where ®;0c¢ is LOCC maps.

We have shown that for pure states, PT-entanglement measure can distinguish
between pure separable and entangled states. The Epr is zero if the pure state
is separable. If the pure state is entangled, the Epr is one. For pure entangled
states, the PT-entanglement measure cannot differentiate the amount of entan-
glement among them. In the case of mixed states, we have shown that the Epr
is zero if and only if the mixed state is separable. The amount of entanglement
can be differentiated by a function of a given state and its partial transpose,

EpTzl—Aczl—F(l’),

If the mixed state is entangled.

74



By using the Schmidt decomposition, we can show that the pure entangled
states are invariant under local operations. For mixed states, we express the
density in Fano expression which can be written in term of the Pauli’s spin
matrices. We know that under local operations, the eigenvalues of these matrices
do not change. Then we show that the mixed states are also invariant under local
transformations.

Under particular LOCC operations, we have shown that PT-entanglement
measure does not increase in section 7.6.3

8
EPT (Z Aj & ijABA;‘ X BJ) S EPT (pAB) .

j=1

It is still elusive in general whether PT-entanglement measure do increase or
not. However, we use Wely’s and Ostrowski’s theorems of to derive the upper
and lower bounds of the critical value of A. Unfortunately, the PT-entanglement
measure do increase at these bounds under LOCC operations.

We see that PT-entanglement measure can be shown to possess some funda-
mental properties attributed to a measure of entanglement. But some properties
and problems remain open:

1. The ). is always zero if one of the eigenvalues for a considering state is
zero either a pure or a mixed state. To solve this problem, we have to modify the
convex combination between a given state and its partial transpose. It should be
pointed out that we may form a convex combination between the identity matrix
and the partial transpose of a considering state. Obviously, the problem of zero
eigenvalues will be washed up. This work is in progress.

2. We have shown that in some specific types of LOCC operations, the PT-
entanglement measure does not increase. By using Weyl’s and Ostrowski’s theo-
rems of eigenvalues, we have shown that the critical value of A\ does not increase
on the average under LOCC operations (see Fig. 21). This result leads to in-
crease of the PT-entanglement measure at these limits. However, this result do
not agree with the examples for some certain types of LOCC operations. Then we
expect that there must exist a stronger variation theorem of eigenvalues leading
the PT-entanglement measure do decrease at the upper and lower limits (see Fig.
22).

3. In order to claim that PT-entanglement measure is monotone, we have to
show that it also satisfies the convexity. This work is in progress.

4. PT-entanglement measure is restricted only on 2® 2 and 2 ® 3 because PPT-

criterion is exact only in these dimensions. Then in higher dimensions, there
are some states, which are called bound states, that PPT-criterion cannot detect
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and we believe that our measure will not appropriate in that dimensions as well.
However, it is possible to modify our definition of entanglement measure by using
reshuffling criterion [14] instance PPT-criterion. This part is also in progress.

9 Appendix A

In this section, we will present examples of PT-entanglement measure for Bell
decomposable states. Before we start to solve the problem, we would like to give
you briefly review on Bell-diagonal states (BD) and some their properties. A BD
state is defined by

pep = p1 | 7) ([ +p2 |07) (7| 4+ p1 |UF) (| 4 p1 |U7) (U7

, (273)

4
with 0 < p; < 1 and Y p; = 1. The Bell states are defined in Eq. (115) and

i=1
(116).

According to the Fano form, we know that we can represent the state pgp in
term of Pauli’s matrices. Then pgp can be written as

3
1
PBD = Z (Ig@]g‘FZtZUZ@UZ) s (274)

i=1
where
t1 = p1 — p2 + p3 + pa,

to = —p1 + p2 + p3 — pa, (275)
t1 =p1+p2—Pp3 — D4

For the state ppp to be positive, pgp > 0, the parameters ¢; have to satisfy the
following inequalities

14+t —ty+ty > 0,
1=t +ty+ty > 0,
14+t 4+ta—t; > 0,
l—ti—ty—ty > 0 (276)

Above equations form a tetrahedron with its vertices located at (1, —1,1), (—=1,1, 1),
(1,1 —1) and (—1,—1,—1) [56]. We can see that its vertices represent the Bell
states given in Eqgs. (115) and (116), respectively (see Fig. 23)

According to the PPT-criterion for separability (see also section 5) [2, 25], a
two-qubit state is separable if and only if its partial transpose is positive. That
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Figure 23: This figure shows the geometrical representation of Bell states.

means ppp is separable if and only if ¢; satify Eq. (276) and thus

14ty +ty +t3
1=t —to+1ts
T4t —ty—ty
1—ty 4ty —ts

Y

AV AVAR AVARAYS
c o o o

(277)

Inequalities (276) and (277) form an octahedron with its vertices located at
(£1,0,0), (0,£1,0) and (0,0, £1). We find that the tetrahedron of Eqs. (276)
consists of five regions: a central region are separable region. There are other four
smaller equivalent tetrahedral regions, at the corners, corresponding to entangled
states (see Fig. 23).

In the following examples, we would like to show how the entanglement mea-
sure Epr quantifies the entanglement for BD states.

Example A.1: Consider the convex combination of the states
pr(p) = p|@F) (T + (1 —p)|@7) (7], (278)

p2(q) = q [T7) (TF] + (1 —q) [T7) (T, (279)
where p,q € [0,1]. We know that the mixing between two maximally entangled
states will give a separable state. Then, obviously, the states p; and p, are
separable if and only if p and ¢ are 1/2. We also observe that there exists a
unitary transform I, ® Z such that

(L2 ® Z)p1(p) = p2(p), (280)
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Figure 24: This figure shows geometrical representation of states p;(p) and p2(q).

where Z is a gate which is given by

1 0
Z- { Lo } |
The geometric representation of above states can be found in Fig 24. Next
we form a convex combination of p; and p, via the variable x as

pep(r,p,q) = (L—x)pi(p) +pa(q) , = €[0,1]

11—z 0 0 (1—2z)(2p—1)
1 0 x x(2g — 1) 0
2 0 (2 — 1) x 0
(1—2)2p—1) 0 0 1—x
(281)
and the eigenvalues of ppp(x,p, q) are

vpp(e,p,9) = g,

vep(t,p,q) = p(l—x),

vep(w,p,q) = 1—p—az+pz,

vpp(,p,q) = z(1—q). (282)
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Its partially transposed matrix is given by

pp(,p,q) = (L—=2)pi" (p) +ap3" ()
1—2x 0 0 x(2¢ — 1)
1 0 x (I1—2)(2p—1) 0
N 0 (1—2)2p—1) x 0 ’
z(2¢ — 1) 0 0 l—x
(283)
having eigenvalues
ppp(T,pq) = 1/2(2p— 1+ 2z — 2px),
pep(z,p,q) = 1/2(1—2p+2pa),
upp(r.pq) = 1/2(1—2qz),
usp(r,p,q) = 1/2(1 —2x + 2qz) . (284)

Next, we will calculate the critical value of = of the state pgp(x, p, q). Later, the
critical value of \ will be evaluated. To obtain the critical value of x, we now
consider in three situations

1. f 0 < p < 1/2and 0 < g < 1/2, we see that the first and fourth eigen-
values are negative when ever

2p—1
Hhp =1/2(2p— 1420+ 2pr) 20— 2 > So—,
p—

4 1
ILLBD:1/2(1—21’—|—2q1’)20—>£L’§2 50

Thus, the state pgp(x,p,q) is separable if

(2p— 1) 1
-2 "' 2-29)

otherwise it is entangled.

2. If0 <p < 1/2and 1/2 < ¢ < 1, we see that the first and third eigen-
values are negative when ever

2 — 1
php =1/2(2p— 1+ 22+ 2p2) > 0 — z > 2p >
p—
1
MBD_1/2(1_2QI)>O_)I§2

The state pgp(z) is separable if
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(2p—1) <z< i,
(2¢—2) 2q

otherwise it is entangled.

If1/2 <p <1land 0 < g < 1/2, we see that the first and third eigen-
values are negative when ever

2p—1
pp =1/2(2p— 1420+ 2pr) >0 -z > P ;
2p — 2
1
,uBD:1/2(1—2x+2qx)>O—>x§2_2q.
The state ppp(z) is separable if
-1 _ 1 ’
(2q - 2) (2 —29)

otherwise it is entangled.
In order to determine the PT-entanglement measure, we have to form the con-
vex combination of the state ppp(,p,q) with its partial transpose p55(z, p, q).

We obtain; A € [0, 1]

pep(Niz,p.q) = (1= Npgp(®,p,q) + Msp(,p.q)

(1—x)/2 9 A(O | B(p,q)
. 0 x/2 D, q 0
0 Alp,q) x/2 0  (285)
B(p,q) 0 0 (1-x)/2
where
Alp,q) = (p—1/2)A +2(g = 1/2+ A —pA — ),
B(p.q) = (2p—1)(z—1)(A=1)/2+4 (¢ — 1/2)z).
Its eigenvalues can be found as
spNip, g, 1) = 1=XN2+z2(A—1—q\) +plz—1—-X—2)),
EBD()‘ pq,x) = (p—1/2+x—pr)A+qz(l—A),
Egp(Aip g:x) = plr—1)(A=1) +1/2(1+2(¢ — Da)A,
Egp(Nip g:2) = a(1+q(A=1)+ (p—1)A) +A/2(1 - 2p). (286)

According to the three conditions of the critical values of x, we can analyse
the results as follows:
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@ _ pl-x)
pl—x)+1/2(1+2(g-Dx)

-

Figure 25: This figure shows the relation between xz and A for 0 < p < 1/2 and
0<g<1/2

1. 0 <p<1/2and 0 < ¢ < 1/2, we see that the second eigenvalue is
positive as long as

A < qx : . 2p — 1
T qgr—p—x+pr—1/2 - T 2p—2

and

AP = o .
¢ gr—p+1/2 —z+px

On the other hand, the third eigenvalue is positive as long as

\® < p(l —x) . 1

S 0o t0+20q-1n2  2-24=%<!

and

A2 — p(l —x)
¢ p(l—2)+1/2(1+2(q—1)x)

The geometric relation between x and A can be found in Fig. 25.

2. If0 <p<1/2and 1/2 < ¢ < 1, we see that the second eigenvalue is
positive as long as

A < qx : . 2p — 1
Tqgr—p—x+pr—1/2 - T 2p—2
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aqx
gx—plx+px-1/2

A= o _| l-x+m—p

/2—x+qgc+ p+ px

Figure 26: This figure shows the relation between x and A. for 0 < p < 1/2 and
1/2<q<1.

and

AD = a* .

¢ qgr—p+1/2 —z+px

On the other hand, the first eigenvalue is positive as long as
£ < l—z+pr—0p o1
“1/2—z+qr+p+pr’ 2

<zx<l1

and

£ l—xz+pr—0p
¢ 1/2—z+qr+p+pzr

The geometric relation between x and A, can be found in Fig. 26.
3. If1/2 < p<1land 0 < g < 1/2, we see that the fourth eigenvalue is

positive as long as

“p—1/24+x—ap—12q"’ 2—2q

and
A — (1-q) .
¢ p—1/24z—2xp—2q
On the other hand, the third eigenvalue is positive as long as

A2 < l-—z+pr—p : igxgl
1/2—x+qx+p+px 2q
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P 1-g)x 40 = pl—x)
T o p-l/Rrx—axpxg C o p(l-x)+1/2(1+2(g - Dx)
0 1 1 X
1 __ e
2-2q 2q

Figure 27: This figure shows the relation between xz and A for 1/2 < p < 1 and
0<g<1/2

Figure 28: This figure shows geometrical representation of states p;(p) and p2(q).
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and
\® _ p(l —x)
¢ p(l—2)+1/2(1+2(q—1)x)

The geometric relation between x and A. can be found in Fig. 27.

This example shows that the symmetric distribution of Bell diagonal state.
We find that there are two curves which are represented by AP and )\22), respec-
tively. We will discuss in more details in the next section.

Example A.2: In this example, we will consider another convex combination of
Bell diagonal states. Let us introduce

a1(p) =p[@T) (®F| + (1 —p) |27) (7], (287)
02(q) = q |®F) (¥ + (1 —q) |¥F) (T, (288)
where p, ¢ € [0,1]. The states oy and oy are separable if p and ¢ are 1/2, see Fig.

28. In this case, we cannot find a local unitary transforms between these states.
We now form the convex combination

opp(T,p,q) = (1 —xz)oi(p) + z02(q)

1+x(g—1) 0 0 a(p. q)
1 0 alg-1) slg-1) 0
2 0 z(g—1) z(qg—1) 0 (289)
a(p, q) 0 0 1+az(g—1)
where a(p,q) = x(¢+1) —2p(xr — 1) — 1 and z € [0, 1]. Its eigenvalues are
vip(z,p,q) = 0,
V%D(SL’,]), Q) = P—DpT,
vip(z,pq) = = — g,
Vep(,p,q) = 1—p—x+pr+qe (290)
Its partial transpose can be found as
opp(r,p,9) = (1—x)oi" (p) +aoy” (q)
1+z(g—1) 0 0 z(qg—1)
_ 1 0 x(q—1) alp.q) 0
S 2 0 a(p,q)  a(q—1) 0 (291)
z(q—1) 0 0 l+axz(qg—1)
The eigenvalues of the partial transpose matrix are
ppp(e,p,q) = 1/2,
pEp(,p,q) = (2p—1+2x(1-p))/2,
uhp(2.p,q) = (1—2p+2x(p—q))/2,
ppp(e.p,q) = (1-2x(1-q))/2. (292)
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To obtain the condition for separability, we need to consider four cases separately:

1. If0 < p<1/2and 0 < ¢ < 1/2, the second and fourth eigenvalues are
positive as long as

1—
M (1.0.0) = 1/2(2p = 1+ 20(1 =) 20— & > — 27;,
thp(,pq) =1/2(1—22(1—¢q)) >0 —x < !
2(1-q)
The state ogp is separable if
M <z< ¥’
(1—2p) 20— q)

otherwise it is entangled.

2. If1/2 < p <1and 1/2 < ¢ < 1, the third eigenvalue always has a nega-
tive sign,
php (T, p,q) = (1—2p+2x(p — q))/2 < 0.

3. If 0 < p < 1/2and 1/2 < g < 1, the second and third eigenvalues are
positive as long as

1—
php(x,p,q) =1/2(2p =1 +22(1 —p)) 20—z > 1_2];,
3 () = 1/2(1—2p+ 20(p— ) 2 0 — & < 2P
1pp(T,p,q) = —2p+22(p—q) 20—z < :
P 2(p —q)

The state ogp is separable if

(1-p) (1-2p)
-2 =" Qp—q)

otherwise it is entangled.

4. If 1/2 < p < 1 and 1/2 < ¢ < 1, the third and fourth eigenvalues are
positive as long as

1—-2p

o, p,q)=1/21=2p+2x(p—¢q)) >0 — x> .

1pp( ) =1/2( (p—q)) 3 —p)
1

z =1/2(1 =2z(1—q)) > < .
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The state opp is separable if

(1—2p) 1
G-p S RO-0)

otherwise it is entangled.

To quantify the amount of entanglement of ogp, we form the convex combi-
nation with its partial transpose,

UBD()‘; z,p, q) = (1 - )‘)UBD(x>pv Q) + )\O'gg(l',p, Q)

1+2(¢—1) 0 0 M(p, q)
_ 1 0 z(1-q) N(p.q) 0
2 0 N(p,q) =(1—gq) 0 ’
M(p,q) 0 0 1+z(q—1)
(293)
where A\ € [0,1] ,and
M(p,q) =2(1—q)+2p(x —1)(A=1) + A -1,
N(p.q) = (2p— DA —z(2pA +q—1).
Its eigenvalues can be found as

Exp(Nia,pq) = (2p—22(p—q—pA+q)\) +2p))/2,
Exp(Na,pq) = (2—2p—22(1—p+ph—q\) +2p))/2,
Epp(\a,pq) = (22(1—q—pA+qA) — A+ 2p))/2. (294)

According to four parameter ranges introduced above, we analyze the results as
follows:

1. f 0 < p < 1/2and 0 < ¢ < 1/2, the third eigenvalue is positive as long
as

It ke PP et
Tp—xq—p 1—2q
and thus
A 1—p—x+xp’
‘ Tp —xq —p
while the fourth eigenvalue is positive as long as
e 2l-9 o1y

“1-2p—2xq+2xp  2(1—q)
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A0 = I-p-x+xyp 20— 7%
—2p—2xqg—-2xp

Figure 29: This figure shows the relation between z and A for 0 < p < 1/2 and
0<qg<1/2.

and
\® _ 22(1 - q)
¢ 1—2p—2xq+2xp

The geometric relation between x and A. can be found in Fig. 29.

2. If1/2<p<1and1/2<q<1, the first eigenvalue is always negative,
Epp(X@,p,q) = M1 = 2p + 2px — 2qx) /2 < 0.
We observe that the first eigenvalue can be written in terms of E%,(z,p, q) as

Epp(Nz,p,q) = AES (2, p, q).

We know that E%,(x,p,q) takes negative values for all values of p and ¢ in the
second condition of separability. In this case, the state opp(\;x) is a density
matrix if and only if A = 0. If we add a infinitesimal amount into A as A = 0+ ¢,
the first eigenvalue immediately produces a negative sign. That means that the
critical value of A is zero. We will discuss this result in the next section.

3. If0<p<1/2and 1/2 < q <1, the first eigenvalue is always negative:

1—-2p

ELoNiz,p,q) =M1 —2p+2px —2¢q2)/2 <0 ; ——
BD( ) ( )/ 2(]9_(])

<z <1,
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M _ 2x(1-¢q)
1-2p—2xq+2x;

Figure 30: This figure shows the relation between z and A for 0 < p < 1/2 and
1/2<q¢< 1.

A
1
o _1-p-x+ap
 xp-xqg-p
X
° o172 o 1 !

T T 2p-p) ¢ 2Ap-9)

Figure 31: This figure shows the relarion between z and A for 1/2 < p < 1 and
0<qg<1/2.
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and we also write
EED(>V z,p, q) = AE%D(x7p7 q)7
while the fourth eigenvalue is positive as long as

~1—2p—2xq+2xp’

and
A\ — 22(1 —q)
¢ 1—2p—2xq+2xp

The relation between x and . is illustrated in Fig. 30.

4. If1/2<p<1land 0<qg<1/2, the first eigenvalue is always negative:
1-2
Erp(N2,p,q) = M1 —2p+2px — 2q2)/2<0.; 1<x< M,
2(p - q)
and we also write
EED(>V z,p, q) = AE%D(x7p7 q)7

while the third eigenvalue is positive as long as

A(l)gl—p—x—l-xp; b <z<l,
Tp —xq —p 2(p—q)
and
)\gl)z 1—p—x+xp.
rp —xq —p

The relation between x and A. has been shown in Fig. 31.

In this example, there are some cases that the critical value of X is zero.
This situation arises because the state opp(x) has zero eigenvalue. Then we will
always find, for some appropriate values of p, ¢, xz, that the eigenvalues of the
state opp(\; x) are negative values for any positive A > 0.

However, if we calculate the Negativity of the state opp(x), we find that

E}p(z,pq)] 5 3<p<1,i<q¢<1
N(UBD(‘T)):{ ‘ BD(O )| ’ 'otherwi2se ! ) (295)

Then we can rewrite the first eigenvalue of the state opp(A; x) as
Exp(\2,p,q) = —AN(opp()).

Here we recover the negativity of entanglement measure.
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10 Appendix B

In this section we would to calculate Eqgs. (304) and (305). We now consider the
RHS of Eq. (241)

N N
0<(1=X)Ey <Z Mz’pABMiT> + Ay (Z MiP,IZEMJ) : (296)

i=1 =1

Using Weyl’s theorm, we can show that

N N
E, (Z MpM; ) <Y E, (MipMD, (207)
i=1

i=1
and
N ) ) ) N ) )
E, (Z MipPT NI ) < E, (MlpPTMlT ) +3 E (M,-pPTMj ) (298)
=1 =2
Inserting Eqs. (297) and (298) into Eq. (296), we have

N N
0<(1-x) Y B <MipMj) | By (MlpPTM;) Y B (MippTM;)] |
i=1 i=2
(299)
and we also use the relations in Eqgs. (248) and (251). Then Eq. (299) becomes
N
0 < (1-X) Z Ey (MiMiT) Ey (/OAB)]
i=1
~ ~ N ~ ~
+ N | B (MlMlT) Ey (o) + Y By (M,-Mj) B (pPT)] . (300)
i=2
We know that
Ev(pi) < Ea(pip)- (301)
Then we can write
N o N o
> B (M) By (07) < 3 B (VAET) B (67). (302)
i=2 i=2
Inserting Eq. (302) into Eq. (300), we obtain
N
0 < (- | B (M) By <pAB>]
i=1
~ ~ N ~ ~
N | B (Mle) E (") + Y B (MZ-MZT) E, (pPT)] . (303)
i=2
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and the upper bound of X, is

Ey (pan)
A < = Afmes) 304
© 7 Ey(pap) — K'Ei(ph) 0 ° (304)

where
Es (Mf M1> LB (M*M)
K = ~ =2 . (305)
> By (MJMJ
=2

Using the RHS of Eq. (260) for £ = 4 and the LHS of Eq. (259) for & = 1, it
follows that

N N
S B (Md]) > By (Nnar) + 3 By (g, (306)
1=2

i=1
and we also use the fact that Ey(M;M)) = E,(M!M;). Then we have

E, (MlT M1> + é Er (Mj M)

K = _ <1. (307)
> By (M)
i=2
Using the fact that of Eq. (307), we may find
Ey(pas) S Ey(pas) (308)

Ey(pa) — Es (p5) — Ei(pap) — K'Es(phE)

11 Acknowledgements

First of all, I would like to thank Thai Government to give me an opportunity to
study in UK. Secondly, I would like to thank Stefan Weigert for his supervision,
for his input into this project and for his valuable discussions. My thanks also
to Ian McIntosh for his help on my English requirement. I would say thank to
Stephen Beierley for his fruitful discussion in mathematics and LaTex codes. I
would also like to thank Mathematics Department for providing the office and
other facilities.

My thanks particularly to my friends at York. I would especially like to thank
Tao for his valuable meals. My thanks would pass to P’Apichat, P’Lek, P’ Jub,
P’Bo, P’Poi, Shine, Bon, Yim, Som, Nok, Mico and many.

A special mention should go to xxx.lanl.gov for its eprint publications. Writing
up this thesis would have been considerably more difficult without it.

Finally, I would like express my deep gratitude to my beloved father, mother ,
grandmother, and my sisters for their love, support, carefulness and many grateful
things that they give me all time.

91



References

[1] M. Nielsen and I. Chuang: Quantum Information and Computation. Cam-
bridge. 2000

2] A. Peres: Separability Criterion for Density Matrices. Phys. Rev. Lett. 77,
1413, 1996

[3] M.B. Plenio and S. Virmani. An Introduction to Entanglement Measures.
quant-ph /0504163

[4] A. Einstein, B. Podolsky, and N. Rosen: Can quantum-mechanical description
of physical reality be considered complete? Phys. Rev. 47, 777, 1935

[5] E. Schrodinger: Discussion of Probability Relations Between Separated Sys-
tems. Proceedings of the Cambrigde Philosophical Society 31, 555, 1935; 32,
446, 1936

[6] D. Bohm: The Paradox of Einstein, Rosen, and Podolsky. Quantum Th. 611-
623, 1951

[7] J. F. Clauser and M. A. Horn: Ezperimental Consequence of Objective Local
Theories. Phys. Rev. D. 10, 526, 1974

[8] J. F. Clauser and A. Shimony: Bell’s Theorem: Experimetal Tests and Impli-
cations. Rep. Prog. Phys. 41, 1881, 1978

9] D. Bohm: Quantum Theory. Prentice-Hall, 1951
[10] J. S. Bell: On the Einstein-Podolsky-Rosen Paradox. Physics. 1, 195, 1964

[11] L. E. Ballantine: Quantum Mechanics: A Modern Development. World Sci-
entific 2006.

[12] G. Benenti, G. Casati and G. Strini: Principle of Quantum Computation
and Information, Volume I: Basic concepts. World Scientific 2005.

[13] J. von Neumann, Gottinger Nachrichten, page 245, 1927

[14] I. Bengtsson and K. Zyczkowski: Geometry of Quantum States: An Intro-
duction to Quantum Entanglement. Cambridge 2006

[15] V. Vedral: Introduction to Quantum Information Science. Oxford University
Press. 2006

[16] M. J. Donald, M. Horodecki and O. Rudolph. J. Math. Phys. 43, 4252, 2002

92



[17] J. Audretsch: FEntangled Systems: New Directions in Quantum Physics.
WILEY-VCH. 2006

[18] M. J. Donald, M. Horodecski and O. Rudolph: The Uniqueness Theorem for
Entanglement Measures. quant-ph/0105017

[19] L. Clarisse: PhD Thesis (University of York 2006). quant-ph/0612072

[20] K. Kraus: General state changes in quantum theory, Ann. Phys. (N.Y), 64,
311, 1971

[21] E. B. Davies: Quantum Theory of Open Systems, Academic, London, 1976
[22] K. Kraus: States, Effects and Operations, Springer-Verlag, Berlin, 1983

(23] M.-D. Choi: Completely positive linear maps on complex matrices, Lin. Alg.
Appl. 10, 285, 1975

[24] C. H. Bennett, H. J. Bernstein, S. Popescu and B. Schumacher: Concentrat-
ing Partial Entanglement by Local Operations. Phys. Rev. A. 53, 2046, 1996

[25] M. Horodecki, P. Horodecki and R. Horodecki: Separability of Mized States.
quant-ph /9605038

[26] U. Fano: Pairs of Two-Level Systems. Rev. Mod. Phys. 55, 855, 1983

[27] J. Schlienz and G. Mabhler: Description of Entanglement. Phys. Rev. A 52,
4396, 1995

[28] J. Blank and P. Exner, Math. Phys. 18, 3, 197

[29] V. Vedral, M. B. Plenio, M. A. Rippin and P.L. Knight: Quantifying Entan-
glement. Phys. Rev. Lett. 78, 2275, 1997

[30] C. H. Bennett, D. P. DiVincenzo, J. A. Smolin and W. K. Wootters: Mized-
State Entanglement and Quantum Error Correction. Phys. Rev. A. 54, 3824,
1996

[31] G. Vidal: Entanglement Monotone, J. Mod. Opt. 47, 355, 2000

[32] M. A. Nielsen: Conditions for a Class of Entanglement Transformations.
Phys. Rev. A. 54, 3824, 1996

[33] W. Wooters: Entanglement of Formation of an Arbitrary State of Two
Qubits. Phys. Rev. Lett. 80, 2245, 1998

[34] K. Audenaert, F. Verstraete and B. De. Moor: Variational Characterizations
of Separability and Entanglement of Formation. Phys. Rev. A. 64, 052304, 2001

93



[35] K. G. H. Vollbrecht and R. F. Werner: Entanglement Measures Under Sym-
metry. Phys. Rev. A. 64, 062307, 2001

[36] J. Eisert, T. Felbinger, P. Papadopoulos, M. B. Plenio and M. Wilkens:
Classical Information and Distillable Entanglement. Phys. Rev. Lett. 84, 1611,
2000

[37] B. Terhal and K. G. H. Vollbrecht: Entanglement of Formation for Isotropic
states. Phys. Rev. Lett. 85, 2625, 2000

[38] G. Vidal and J. I. Cirac: [Irreversibility in Asymptotic Manipulations of
Entanglement. Phys. Rev. Lett. 86, 5803, 2001

[39] M. Horodecki, P. Horodecki and R. Horodecki: Limited for Entanglement
Measures. Phys. Rev. Lett. 84, 2014, 2000

[40] V. Vedral, S. Virmani and P. Papadopoulos. J. Phys. A. 33, 1.193, 2000

[41] V. Vedral and M. B. Plenio: Entanglement measure and purification proce-
dure. Phys. Rev. A. 57, 1619, 1998

[42] V. Vedral, M. B. Plenio, R. Jacobs and P. L. Knight: Statistical Inference,
Distingusihability of Quantum States, and Quantum FEntanglement. Phys. Rev.
A. 56, 4452, 1997

[43] K. Audenaert, J. Eisert, E. Jane, M. B. Plenio, S. Virmani and B. De. Moor:
Asymptotic Relative Entropy of Entanglement. Phys. Rev. Lett. 87, 217902,
2001

[44] S. Boyd and L. Vandenberghe: Conver Optimization. Cambridge 2004

[45] M. J. Donald and M. Horodecki: Continuity if relative entropy of entangle-
ment. Phys. Lett. A. 264, 257, 1999

[46] G. Vidal and R. Tarrach: Robustness of entanglement. Phys. Rev. A. 59,
141, 1999

[47] A. Sanpera, R. Tarrach and G. Vidal: Quantum inseparability as local Pseu-
domixture. quant-ph/980124

[48] R. I. Werner: Quantum States with Einstein-Podolsky-Rosen correlations
admitting a hidden-variable model. Phys. Rev. A 40, 4277, 1989

[49] S. J. Akhtarshenas and M. B. Jafarizadeh: Robustness of Entanglement for
Bell Decomposible States. E. Phys. J. D. 25, 293, 2004

[50] J. Eisert: Entanglement in Quantum Information Theory. Ph.D. Thesis,
University of Postsdam, 2001

94



[51] G. Vidal and R. F. Werner: Computable measure of Entanglement. Phys.
Rev. A. 65, 032314, 2002

[52] M. Lewenstein and A. Sanpera: Separability and Entanglement of Composite
Quantum Systems. Phys. Rev. Lett. 80, 2261, 1998

[53] S. Karnas and M. Lewenstein: Separable Approzimation of Density Matrices
of Composite Quantum Systems. J. Phys. A:Math. Gen. 34, 6919, 2001

[54] A. Shimony: Degree of Entanglement. Ann. N.Y. Acad. Sci. 755, 675, 1995

[55] C. H. Bennett, G. Brassard, S. Popescu, B. Schumacher, J. A. Smolin and
W. K. Wootoers: Purification of Noisy Entanglement and faithful Teleportation
via Noisy Channel. Phys. Rev. A. 76, 2275, 1997

[56] R. Horodecki and M. Horodecki: Information-Theoretic Aspects of Insepa-
rability of Mixed States. Phys. Rev. A. 54, 1838, 54

[57] R. A. Horn and C. R. Johnson. Matriz Analysis. Cambridge 1985

95



