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Quantum entanglement plays crucial roles in quantum information processing. Quantum
entangled states have become the key ingredient in the rapidly expanding field of quantum
information science. Although the nonclassical nature of entanglement has been recognized for
many years, considerable efforts have been taken to understand and characterize its properties
recently. In this review, we introduce some recent results in the theory of quantum entanglement.
In particular separability criteria based on the Bloch representation, covariance matrix, normal
form and entanglement witness, lower bounds, subadditivity property of concurrence and tangle,
fully entangled fraction related to the optimal fidelity of quantum teleportation, and entanglement
distillation will be discussed in detail.

1. Introduction

Entanglement is the characteristic trait of quantum mechanics, and it reflects the property
that a quantum system can simultaneously appear in two or more different states [1]. This
feature implies the existence of global states of composite system which cannot be written
as a product of the states of individual subsystems. This phenomenon [2], now known
as “quantum entanglement,” plays crucial roles in quantum information processing [3].
Quantum entangled states have become the key ingredient in the rapidly expanding field
of quantum information science, with remarkable prospective applications such as quantum
computation [3, 4], quantum teleportation [5-9], dense coding [10], quantum cryptographic
schemes [11-13], entanglement swapping [14-18], and remote states preparation (RSP) [19-
24]. All such effects are based on entanglement and have been demonstrated in pioneering
experiments.
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It has become clear that entanglement is not only the subject of philosophical debates,
but also a new quantum resource for tasks which cannot be performed by means of classical
resources. Although considerable efforts have been taken to understand and characterize
the properties of quantum entanglement recently, the physical character and mathematical
structure of entangled states have not been satisfactorily understood yet [25, 26]. In this
review we mainly introduce some recent results related to our researches on several basic
questions in this subject.

(1) Separability of Quantum States

We first discuss the separability of a quantum states; namely, for a given quantum state, how
we can know whether or not it is entangled.

For pure quantum states, there are many ways to verify the separability. For instance,
for a bipartite pure quantum state the separability is easily determined in terms of its Schmidt
numbers. For multipartite pure states, the generalized concurrence given in [27] can be used
to judge if the state is separable or not. In addition separable states must satisfy all possible
Bell inequalities [28].

For mixed states we still have no general criterion. The well-known PPT (partial
positive transposition) criterion was proposed by Peres in 1996 [29]. It says that for
any bipartite separable quantum state the density matrix must be positive under partial
transposition. By using the method of positive maps Horodecki et al. [30] showed that
the Peres’ criterion is also sufficient for 2 x 2 and 2 x 3 bipartite systems. And for higher
dimensional states, the PPT criterion is only necessary. Horodecki [31] has constructed some
classes entangled states with positive partial transposes for 3 x 3 and 2 x 4 systems. States
of this kind are said to be bound entangled (BE). Another powerful operational criterion is
the realignment criterion [32, 33]. It demonstrates a remarkable ability to detect many bound
entangled states and even genuinely tripartite entanglement [34]. Considerable efforts have
been made in finding stronger variants and multipartite generalizations for this criterion
[35-39]. It was shown that PPT criterion and realignment criterion are equivalent to the
permutations of the density matrix’s indices [34]. Another important criterion for separability
is the reduction criterion [40, 41]. This criterion is equivalent to the PPT criterion for 2 x N
composite systems. Although it is generally weaker than the PPT, the reduction criteria have
tight relation to the distillation of quantum states.

There are also some other necessary criteria for separability. Nielsen and Kempe [42]
presented a necessary criterion called majorization: the decreasing ordered vector of the
eigenvalues for p is majorized by that of pA1 or p#2 alone for a separable state. That is, if a state
p is separable, then )L,lj < .)L‘l) A )Lf, < )Li; 4, - Here )L,lj denotes the decreasing ordered vector of the

eigenvalues of p. A d-dimensional vector x! is majorized by y!, x! < y!, if Z;(:l x]l. < Z;‘Zl y}
fork =1,...,d -1 and the equality holds for k = d. Zeros are appended to the vectors )L‘l) Ay

such that their dimensions are equal to the one of )Lf,.

In [31], another necessary criterion called range criterion was given. If a bipartite state
p acting on the space H 4 ®H p is separable, then there exists a family of product vectors ¢; ® ¢;
such that (i) they span the range of p; (ii) the vector {¢; ® ¢? }X | spans the range of p™®, where
* denotes complex conjugation in the basis in which partial transposition was performed and
p™® is the partially transposed matrix of p with respect to the subspace B. In particular, any of
the vectors ¢5; ® ¢! belongs to the range of p.
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Recently, some elegant results for the separability problem have been derived. In [43-
45], a separability criteria based on the local uncertainty relations (LURs) was obtained. The
authors show that, for any separable state p € H 4 ® Hp,

1—Z<Gf®GE>—%<Gf®I—I®GE>2 >0, (1.1)
k

where G{* or G? are arbitrary local orthogonal and normalized operators (LOOs) in # 4 ® #5.
This criterion is strictly stronger than the realignment criterion. Thus more bound entangled
quantum states can be recognized by the LUR criterion. The criterion is optimized in [46] by
choosing the optimal LOOs. In [47] a criterion based on the correlation matrix of a state
has been presented. The correlation matrix criterion is shown to be independent of PPT
and realignment criterion [48], that is, there exist quantum states that can be recognized by
correlation criterion while the PPT and realignment criterion fail. The covariance matrix of
a quantum state is also used to study separability in [49]. It has been shown that the LUR
criterion, including the optimized one, can be derived from the covariance matrix criterion
[50].

(2) Measure of Quantum Entanglement

One of the most difficult and fundamental problems in entanglement theory is to quantify
entanglement. The initial idea to quantify entanglement was connected with its usefulness in
terms of communication [51]. A good entanglement measure has to fulfill some conditions
[52]. For bipartite quantum systems, we have several good entanglement measures such as
Entanglement of Formation (EOF), Concurrence, and Tangle ctc. For two-qubit systems it
has been proved that EOF is a monotonically increasing function of the concurrence and
an elegant formula for the concurrence was derived analytically by Wootters [53]. However
with the increasing dimensions of the subsystems the computation of EOF and concurrence
become formidably difficult. A few explicit analytic formulae for EOF and concurrence have
been found only for some special symmetric states [54-58].

The first analytic lower bound of concurrence for arbitrary dimensional bipartite
quantum states was derived by Mintert et al. in [59]. By using the positive partial
transposition (PPT) and realignment separability criterion, analytic lower bounds on EOF
and concurrence for any dimensional mixed bipartite quantum states have been derived
in [60, 61]. These bounds are exact for some special classes of states and can be used to
detect many bound entangled states. In [62] another lower bound on EOF for bipartite states
has been presented from a new separability criterion [63]. A lower bound of concurrence
based on local uncertainty relations (LURs) criterion is derived in [64]. This bound is further
optimized in [46]. The lower bound of concurrence for tripartite systems has been studied in
[65]. In [66, 67] the authors presented lower bounds of concurrence for bipartite systems
by considering the “two-qubit” entanglement of bipartite quantum states with arbitrary
dimensions. It has been shown that this lower bound has a tight relationship with the
distillability of bipartite quantum states. Tangle is also a good entanglement measure that
has a close relation with concurrence, as it is defined by the square of the concurrence for a
pure state. It is also meaningful to derive tight lower and upper bounds for tangle [68].

In [69] Mintert et al. proposed an experimental method to measure the concurrence
directly by using joint measurements on two copies of a pure state. Then Walborn et al.
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presented an experimental determination of concurrence for two-qubit states [70, 71], where
only one-setting measurement is needed, but two copies of the state have to be prepared
in every measurement. In [72] another way of experimental determination of concurrence
for two-qubit and multiqubit states has been presented, in which only one copy of the state
is needed in every measurement. To determine the concurrence of the two-qubit state used
in [70, 71], also one-setting measurement is needed, which avoids the preparation of the
twin states or the imperfect copy of the unknown state, and the experimental difficulty is
dramatically reduced.

(3) Fidelity of Quantum Teleportation and Distillation

Quantum teleportation, or entanglement-assisted teleportation, is a technique used to
transfer information on a quantum level, usually from one particle (or series of particles)
to another particle (or series of particles) in another location via quantum entanglement. It
does not transport energy or matter, nor does it allow communication of information at super
luminal (faster than light) speed.

In [5-7], Bennett et al. first presented a protocol to teleport an unknown qubit state by
using a pair of maximally entangled pure qubit state. The protocol is generalized to transmit
high-dimensional quantum states [8, 9]. The optimal fidelity of teleportation is shown to be
determined by the fully entangled fraction of the entangled resource which is generally a
mixed state. Nevertheless similar to the estimation of concurrence, the computation of the
fully entangled fraction for a given mixed state is also very difficult.

The distillation protocol has been presented to get maximally entangled pure states
from many entangled mixed states by means of local quantum operations and classical
communication (LQCC) between the parties sharing the pairs of particles in this mixed state
[73-76]. Bennett et al. first derived a protocol to distill one maximally entangled pure Bell
state from many copies of not maximally entangled quantum mixed states in [73] in 1996.
The protocol is then generalized to distill any bipartite quantum state with higher dimension
by M. Horodecki and P. Horodecki in 1999 [77]. It is proven that a quantum state can be
always distilled if it violates the reduced matrix separability criterion [77].

This review mainly contains three parts. In Section 2 we investigate the separability
of quantum states. We first introduce several important separability criteria. Then we discuss
the criteria by using the Bloch representation of the density matrix of a quantum state. We also
study the covariance matrix of a quantum density matrix and derive separability criterion for
multipartite systems. We investigate the normal forms for multipartite quantum states at the
end of this section and show that the normal form can be used to improve the power of
these criteria. In Section 3 we mainly consider the entanglement measure concurrence. We
investigate the lower and upper bounds of concurrence for both bipartite and multipartite
systems. We also show that the concurrence and tangle of two entangled quantum states
will be always larger than that of one, even if both of the two states are bound entangled
(not distillable). In Section 4 we study the fully entangled fraction of an arbitrary bipartite
quantum state. We derive precise formula of fully entangled fraction for two-qubit system.
For bipartite system with higher dimension we obtain tight upper bounds which can not only
be used to estimate the optimal teleportation fidelity but also help to improve the distillation
protocol. We further investigate the evolution of the fully entangled fraction when one of the
bipartite system undergoes a noisy channel. We give a summary and conclusion in the last
section.
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2. Separability Criteria and Normal Form

A multipartite pure quantum state pip..n € #1 @ H> ®---® H is said to be fully separable if
it can be written as

P12-N=pP1® P2 @ - ®PN, (2.1)

where p; and p;, ..., pn are reduced density matrices defined as p; = Tros..N[p12-N], p2 =
TI‘13..4N [P12-~N]r --/PN = TI'12...N_1 [P12-~-N]- This is equivalent to the condition

pr-N = @) (@] @ |$2)(¢a| @@ |un)(pn], (2.2)

where |([I1> € 0%1, |¢2> € e(Zz,. ey |/1N> € JZN.
A multipartite quantum mixed state pip.ny € H1 ® Hy ® -+ ® H is said to be fully
separable if it can be written as

pn =D apl eple--epN, (2.3)

where p;!, p?,..., piN are the reduced density matrices with respect to the systems 1,2,..., N,
respectively, g; > 0, and Y}; g; = 1. This is equivalent to the condition

pran = Spilol ) (ot o |02 ) (97| @+ o | ) (Y

, (2.4)

where |t,ui1 ), |¢12>/ ey, |‘uf\] ) are normalized pure states of systems 1,2,..., N, respectively, p; >
0,and };p; = 1.

For pure states, the definition (2.1) itself is an operational separability criterion. In
particular, for bipartite case, there are Schmidt decompositions.

Theorem 2.1 (see Schmidt decomposition in [78]). Suppose that |¢) € H 4 © Hp is a pure state
of a composite system, AB, then there exist orthonormal states |ia) for system A and orthonormal
states |ip) for system B such that

g} = Z)liliAHiB)/ (2.5)

where \; are nonnegative real numbers satisfying 3, \;* = 1, known as Schmidt coefficients.

lia) and |ig) are called Schmidt bases with respect to #4 and H#p. The number of
nonzero values \; is called Schmidt number, also known as Schmidt rank, which is invariant
under unitary transformations on system A or system B. For a bipartite pure state |¢), |¢) is
separable if and only if the Schmidt number of |¢) is one.

For multipartite pure states, one has no such Schmidt decomposition. In [79] it has
been verified that any pure three-qubit state [¥) can be uniquely written as

[®) = 1[000) + A1€¥[100) + A5[101) + A3|110) + A4[111) (2.6)
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with normalization condition \; > 0, 0 < ¢ < o, where 3, y; = 1, p; = \?. Equation (2.6) is
called generalized Schmidt decomposition.

For mixed states it is generally very hard to verify whether a decomposition like
(2.3) exists. For a given generic separable density matrix, it is also not easy to find the
decomposition (2.3) in detail.

2.1. Separability Criteria for Mixed States

In this section we introduce several separability criteria and the relations among themselves.
These criteria have also tight relations with lower bounds of entanglement measures and
distillation that will be discussed in the next section.

2.1.1. Partial Positive Transpose Criterion

The positive partial transpose (PPT) criterion provided by Peres [29] says that if a bipartite
state pap € H 4 © Hp is separable, then the new matrix szB with matrix elements defined in
some fixed product basis as

(ml{(u|p"5In) vy = (ml(v|papln)|u) 2.7)

is also a density matrix (i.e., it has nonnegative spectrum). The operation Tp, called partial
transpose, just corresponds to the transposition of the indices with respect to the second
subsystem B. It has an interpretation as a partial time reversal [80].

Afterwards Horodecki et al. showed that Peres’ criterion is also sufficient for 2 x 2
and 2 x 3 bipartite systems [30]. This criterion is now called PPT or Peres-Horodecki (P-
H) criterion. For high-dimensional states, the P-H criterion is only necessary. Horodecki has
constructed some classes of families of entangled states with positive partial transposes for
3 x 3 and 2 x 4 systems [31]. States of this kind are said to be bound entangled (BE).

2.1.2. Reduced Density Matrix Criterion

Cerf et al. [81] and M. Horodecki and P. Horodecki [82], independently, introduced a map
I': p — Trplpas] ® I — pap (I ® Tra[pas] — pap), which gives rise to a simple necessary
condition for separability in arbitrary dimensions, called the reduction criterion. If pap is
separable, then

pa®I—pap 20, I®pp—-pap >0, (2.8)

where ps = Trg[pagl, pp = Tra[pag]. This criterion is simply equivalent to the P-H criterion
for 2xn composite systems. It is also sufficient for 2x2 and 2x3 systems. In higher dimensions
the reduction criterion is weaker than the P-H criterion.
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2.1.3. Realignment Criterion

There is yet another class of criteria based on linear contractions on product states. They stem
from the new criterion discovered in [33, 83] called computable cross-norm (CCN) criterion
or matrix realignment criterion which is operational and independent on PPT test [29]. If a
state pap is separable, then the realigned matrix R (p) with elements R(p);;; = pik,ji has trace
norm not greater than one:

IR | r < 1. (2.9)

Quite remarkably, the realignment criterion can detect some PPT entangled (bound
entangled) states [33, 83] and can be used for construction of some nondecomposable maps.
It also provides nice lower bound for concurrence [61].

2.1.4. Criteria Based on Bloch Representations

Any Hermitian operator on an N-dimensional Hilbert space # can be expressed according
to the generators of the special unitary group SU(NN) [84]. The generators of SU(N) can
be introduced according to the transition-projection operators Pjx = [j)(k|, where |i), i =
1,..., N, are the orthonormal eigenstates of a linear Hermitian operator on <#. Set

(Pi1+ Py + -+ Py =P 141),

“="Nia- (2.10)

Ujk =P]'k+Pk]', Ojk Zi(ij_ij)/
where 1 <1< N-1land1<j<k<N.Wegetasetof N? -1 operators

I'= {{,()l,(AJz,. .., WN-1,U12,U13,...,012,013,.. .}, (211)

which satisfies the relations

Tr[L] =0, Tr[Aid;] =264, VA €T, (2.12)

ijr

and thus generate the SU (N) [85].
Any Hermitian operator p in <# can be represented in terms of these generators of
SU(N) as

pP= —IN+ = T]')l]', (2.13)
N2 4

where I is a unit matrixand r = (71,7, ..., rn2-1) € RN *~1 and ris called Bloch vector. The set

of all the Bloch vectors that constitute a density operator is known as the Bloch vector space
B(RN*1),
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A matrix of the form (2.13) is of unit trace and Hermitian, but it might not be positive.
To guarantee the positivity restrictions must be imposed on the Bloch vector. It is shown that
B(RN*1) is a subset of the ball Dg(RN""1) of radius R = \/2(1 — 1/N), which is the minimum
ball containing it, and that the ball D,(RN""!) of radius r = 1/2/N(N —1) is included in
B(RN’-1) [86], that is,

D, (RN2’1> C B(RN“) C D <RN2’1>. (2.14)

Let the dimensions of systems A, B, and C be da = Nj,dg = Ny, and dc = N3,
respectively. Any tripartite quantum states papc € # 4 ® Hp ® Hc can be written as

N?-1 N3-1 s
pasc =In @I, @ Mo+ D>, Li(1) @Iy, @ M+ > In, @ 1;(2) @ M;
i=1 j=1
(2.15)
N?-1N2-1
+ ) > L) @A(2) @ My,
i=1 j=1

where A;(1), 1;(2) are the generators of SU(N1) and SU(N>); M;, Mj, and M;; are operators
of e’fc.

Theorem 2.2. Let r € RNi71 s € RN:71 gnd |r| < /2/N1(Ny - 1), |s| < v/2/N2 (N, - 1). Fora

tripartite quantum state p € H 4 ® Hp © Hc with representation (2.15), one has [87]

N?-1 N?-1N?-1
My - Z riM; - Z s;iM; + Z Z ris;Mi; > 0. (2.16)
i=1  j=1

Proof. Sincer € RVi™!, s € RN and |1| < /2/Ni(N; - 1), |s| < \/2/N2(N2 1), we have that
2
= (1/2)((2/Ny)I - Z,]\:]i 17'1)L (1)) and Ay = (1/2)((2/N>)I - Z] 4 S])L (2)) are positive

Hermitian operators. Let A = \/A; ® \/A2 ® IN,. Then ApA > 0 and (A,OA)Jr = ApA. The
partial trace of ApA over # 4 (and Hp) should be also positive. Hence
0 < Trap[ApA]

=Trap [Al ® A, @ My + Z\/ Al)ui(l)\/le® Ar @ M;

(2.17)

+> A9V AN 2V A @ M) + 3 VAL()VA @ VA (VA © My,
j ij

N2 1 N2 1N2

:Mo—ZrlM ZS,M+Z Zns, i
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Formula (2.16) is valid for any tripartite state. By setting s = 0 in (2.16), one can get a
result for bipartite systems.

2_
Corollary 2.3. Let pap € H 4 @ Hp, which can be generally written as pap = In, ® Mo+ Z]]\ill ! Aj®
2_
M, then, for any r € RN with x| < /2/N1 (N7 = 1), Mg — Zjill ! riM; > 0.

A separable tripartite state pspc can be written as
panc = S pilo ) oi'| @ |87 ) (87| @ [f ) (et 218)
From (2.13) it can also be represented as
5 N3-1
pABC = ZP: < vt Z a(k)“\k(l)> 5 <EIN2 + Z bi(l))tl(z)> ® |wlc><wlc'
1=1

=In, ®IN, ® ﬁzpl|w?><wﬂ
1

N2-1 1
_— K. (2.19)
+ é A N, ® ZNzg a pl'wlc><wic|
NZ

+ZINI®A1(2>® mepl"” ){et]

N?-1N2-1

+ Z Z ()@ X(2) ® — Za(k)b(l)p1|w ><

2_
where (a(l) (2), .. (N 1)) and (b(l) b(z) .. bl(N 1)) are real vectors on the Bloch sphere

satisfying [@)? = zj:1 "(@")? =2(1-1/Ny) and |b? = zfl‘l(bfﬁ)z =2(1-1/Ny).
Comparing (2.15) with (2.19), we have

M, =

N11Nz;pi|wic><wic|’ M = ZL]\]ZZ aik)Pi|wiC><wiC|/
(2.20)

= 21le blgl>pi|wic><wic|, My = }LZ agk)bfl>Pi|Wf><wf|.
1 1
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For any (N? - 1) x (N? - 1) real matrix R(1) and (N? — 1) x (N2 - 1) real matrix R(2)
satisfying (1/(N; — 1)*)I — R(1)"R(1) > 0 and (1/(Nz — 1)*)I - R(2)"R(2) > 0, we define a
new matrix

R(1) 0 0
R=| 0 RQ) 0|, (2.21)
0o 0 T

where T is a transformation acting on an (N f -1) x (N% — 1) matrix M by

T(M) = R(1)MRT (2). (2.22)

Using R, we define a new operator yz:

N2-1 N2-1 .
YR(pABC) = IN1 ®IN2 ®M6 + Z )Ll(l) ®IN2 ®Mi + Z IN1 ®)L](2) ®M;
i=1 =1
(2.23)
]\7z 1N2
+ Z ZA(l)m (2) ® M,
i=1 j=1

N2-1 — N2-1 —
where M = Mo, M, = 31\ Rkm(1)My, M) = 3,72 " Rin(2)M,,, and M:’j = (T(M));; =
(R(l)MRT(Z))ij'

Theorem 2.4. If papc is separable, then [87] yr (papc) > 0.

Proof. From (2.20) and (2.23) we get

M)y = My =

Nllszl:lpl'wlc><w1C ’ Mk ZNZZka(l)a pl|w ><

— 1 1
M = ﬁ; Ry @b pilws ) (wf|, My, = Zﬂ% Rign(1)a" Rin(2)b"pi|wE ) {wf |

(2.24)
A straightforward calculation gives rise to
2 N?-1N3-1
Y= (Panc) = Zp, Y S Ren(a™ (1)
k=1 m=1
(2.25)

1 5 N3-1N2-1 :
®§<N +Z ZRln(Z)b"Al(2)> | ><wc|

= n=1
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As (1/(N; - 1)*)I-R(1)"R(1) > 0and (1/(N, - 1)*)I - R(2)"R(2) > 0, we get

— 2 1 5 2
d = |[ROZ)P< — [P =—2
l' IR(1)a] (N1—1)2| | N1(N1-1)
) s . , 5 (2.26)
b)| =|RQ2)b;j| < ——|bj| = —————.
I_:| | ( ) | - (N2_1)2 I_)i N2(N2_1)
Therefore yz (pagc) is still a density operator, that is, yz (pasc) > 0. O

Theorem 2.4 gives a necessary separability criterion for general tripartite systems. The
2_
result can be also applied to bipartite systems. Let pap € H 4 ® Hp, pap = In, ®M0+Zj.i‘1 ! Ai®

M;. For any real (N7 —1) x (N7 — 1) matrix R satisfying (1/(N; - 1)*)I - R™R > 0 and any
state pap, we define

N2-1

YR(PAB) = IN1 ® My + Z .)LI ®M,~, (227)
j=1

where M; = > Rjx M.

Corollary 2.5. For pap € H o @ Hp, if there exists an R with (1/(Nq - 1)2)1 —RTR > 0 such that
Yr(paB) < O, then p s must be entangled.

For 2 x N systems, the above corollary is reduced to the results in [88]. As an example
we consider the 3 x 3 istropic states

1-p P 1 S p : 4
pPI = 9 I3®I3+§Z|ll><]]|=I3®<§I3>+Z)Li®<g)ti>—2)ti®<g)ti>. (228)

i,j=1 i=1

If we choose R to be Diag{1/2,1/2,1/2,1/2,1/2,-1/2,-1/2,-1/2}, we get that pr is
entangled for 0.5 <p < 1.
For tripartite case, we take the following 3 x 3 x 3 mixed state as an example:

p= 27P Ly +p|o)(y (2.29)

7

where |¢) = (1/+4/3)(]000) + [111) + |222))((000| + (111| + (222|). Taking R(1) = R(2) =
Diag{1/2,1/2,1/2,1/2,1/2,-1/2,-1/2,-1/2}, we have that p is entangled for 0.6248 < p <
1.

In fact the criterion for 2 x N systems [88] is equivalent to the PPT criterion [89].
Similarly Theorem 2.4 is also equivalent to the PPT criterion for 2 x 2 x N systems.
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2.1.5. Covariance Matrix Criterion

In this subsection we study the separability problem by using the covariance matrix
approach. We first give a brief review of covariance matrix criterion proposed in [49]. Let
#4 and #% be d-dimensional complex vector spaces and pap a bipartite quantum state
in H#4 © H. Let Ay (resp., Bx) be d* observables on 4 (resp., %) such that they form
an orthonormal normalized basis of the observable space, satisfying Tr[AxA;] = 6k, (resp.,
Tr[BkBi] = 6k,). Consider the total set { My} = {Ax ® I, I ® Bi}. It can be proven that [44]

N2 N2
(M =dl, > (M)’ = Tr[piB]. (2.30)
k=1 k=1

The covariance matrix y is defined with entries

M;M;) + (M;M;
m(pAB,{Mk})=< ]>J2r<] >—(Ml-)(M]-), (2.31)

which has a block structure [49]

= 4c 2.32
Y—<CT B>/ ( )

where A = y(pa, {Ak}), B=y(pp, {Bk}), Cij = (Ai®B)),,, —(Ai),,(Bj),,, pa = Trg[pas], and
pB = Tra[pag]. Such covariance matrix has a concavity property: for a mixed density matrix

P = D PkpPk With pr > 0and X, px =1, one has y(p) > X, pry (pi)-
For a bipartite product state pap = pa ® pp, C in (2.32) is zero. Generally if p4p is
separable, then there exist states |ax ) (ax| on elfs‘, |bi ) (bk| on JZg and pi such that

y(p) > ks & K5, (2.33)

where x4 = 3 pry (lax)(axl, {Ak}), x = 3 piy (1bx) (bl { Bk }).
For a separable bipartite state, it has been shown that [49]

& 1-Tr[p? 1-Tr[p?
i=1 2
Criterion (2.34) depends on the choice of the orthonormal normalized basis of the

observables. In fact the term Z?jl |Cii] has an upper bound ||C||xr which is invariant under
unitary transformation and can be attained by choosing proper local orthonormal observable
basis, where ||C||xr stands for the Ky Fan norm of C, ||C||gr = Tr[VCCT], with + denoting the
transpose and conjugation. It has been shown in [46] that if pap is separable, then

ICllep < & - Tr[p4]) ; (1-Trlpp]) (2.35)
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From the covariance matrix approach, we can also get an alternative criterion. From
(2.32) and (2.33) we have that if psp is separable, then

A- KA C
X = > 0. (2.36)
CT B - KB

Hence all the 2 x 2 minor submatrices of X must be positive. Namely, one has

(A-xa); Gy

>0, (2.37)
Cji (B- KB)]']'

thatis, (A —-xa);(B—-xg);; > Clzj Summing over all i, j and using (2.30), we get

i =

d2
ZCI.ZJ. < (Tr[A] = Tr[ka]) (Tr[B] — Tr[xg])
ij=1 (2.38)

= (@-Te[ph] -a+1) (d-Te[eh] -+ 1) = (1- e[ ]) (1 - T[] ).
ICIEs < (1-Te[pA]) (1-Tx[p}] ). (2.39)

where ||C|| ¢ stands for the Euclid norm of C, that is, ||C|| y5 = v/ Tr[CCT].
Formulae (2.35) and (2.39) are independent and could be complement. When

VA TIAD A T3]) < ICls < ICl < 1P - Q-Tles) o)

(2.39) can recognize the entanglement but (2.35) cannot. When

ICllus < /(- TrAD) (1 - Trpa]) < L= 1pal) it “TD ey, @an

(2.35) can recognize the entanglement while (2.39) cannot.

The separability criteria based on covariance matrix approach can be generalized to
multipartite systems. We first consider the tripartite case papc € 4 ® H5 @ HS. Take d?
observables Ay on H# 4, respectively, Bi on H#p, respectively, Cix on Hc. Set {M} = {Ax®I®
ILI®Br®1,1®1®Cy}. The covariance matrix defined by (2.31) has then the following block
structure:

A DE
y=| DT B F |, (2.42)
ET FT C
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where A = y(pa, {Ax}), B = y(ps, {Bk}), C = y(pc, {Ck}), Dij = (Ai @ Bj),,, — (Ai),,(Bj),,,
Eij = (Ai®Cj),,. = (Ai),,(Cj)pe,and Fij = (B ® Cj),, . = (Bi);,(Cj) .-

PAC

Theorem 2.6. If papc is fully separable, then [90]

IDIs < (1= Te[pi]) (1 - Tr[e]). (243)

1Es < (1-Te[p3]) (1 - Te[2]), (2.44)

IFIs < (1-Te[p3] ) (1-Te[p2]), (2.45)

2Dl < (1= Teph]) + (1 - Te[ef]), (2:46)

2Ellgr < (1-Te[p3]) + (1-Te[p2]), (247)
( )

2 Fllr < (1-Te[p}]) + (1-Te[p2]). (2.48)

Proof. For a tripartite product state papc = pa ® pg ® pc, D, E, and F in (2.42) are zero. If
pagc is fully separable, then there exist states |ax)(ak| in Jéd, |bx Y (bg| in #g, and |ck ) (ck|
in JZC, and pi such that y(p) > x4 ® kg ® k¢, where k4 = X pry(lak)(ak|, {Ax}), kg =
> PkY(|bk><bkl, {Bk}), and xc = 3 piy (lck) (ckl, {Ci}), that s,

A- Ka D E
Y=| D' B-xz F > 0. (2.49)
ET FT C- Kc

Thus all the 2 x 2 minor submatrices of Y must be positive. Selecting one with two rows and
columns from the first two block rows and columns of Y, we have

(A-%xa);  Djy

> 2.50
Dj; (B- KB)]']' ( :

thatis, (A —x4);(B —xp)j; > |D;j|*. Summing over all i, j and using (2.30), we get

ID|ss = ZD < (Tr[A] = Tr[xa])(Tr[B] - Tr[xp]
=1 (2.51)

= (a-Teph| a+1) (- Teloi| -+ 1) = (1=l ) (1 - el ]).

which proves (2.43). Equations (2.44) and (2.45) can be similarly proved.
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From (2.50) we also have (A — x4);; + (B — xp);; > 2|D;;|. Therefore

(Tr[A] - Tr[xal) + (Tr[B] - Tr[xs]

Zi:|Dii| < 7

_([@d-Tr[p3] -d+1) + (d-Tr[pg] -d +1) (2.52)
2
_ (-Te[p3]) + (1 - Tr[pz])
) .

Note that 3%, D;; < 3%, |Dj|. By using that Tr[MU] < | M| = Tr[vMMT] for any matrix
M and any unitary U [91], we have Zfl:zl Dj; < |ID||gE-

Let D = UTAV be the singular value decomposition of D. Make a transformation of
the orthonormal normalized basis of the local orthonormal observable space A,- = > UyA
and Ej = 2m VjuBm. In the new basis we have

Dy = % U Dy Vipm = (UDV*)i]_ = Ayj. (2.53)

Then (2.52) becomes
5, oy, < (TUAD £ AT s
which proves (2.46). Equations (2.47) and (2.48) can be similarly treated. O

We consider now the case that papc is bipartite separable.

Theorem 2.7. If papc is a bipartite separable state with respect to the bipartite partition of the sub-
systems A and BC (resp., AB and C; resp., AC and B), then (2.43), (2.44) and (2.46), (2.47) (resp.,
(2.44), (2.45) and (2.47), (2.48); resp., (2.43), (2.45) and (2.46), (2.48)) must hold [90].

Proof. We prove the case that papc is bipartite separable with respect to the A system and BC
systems partition. The other cases can be similarly treated. In this case the matrices D and E
in the covariance matrix (2.42) are zero. pagc takes the form papc = 3., pmply ® pfc- Define
KA = 2 PmY (PR A Ax}), kKBC = 2 PmY (Pics 1Bk ® I, 1 ® Ci}). kpc has a form

= o B 2.55
e <<F')T xc>’ i
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where kg = X py(Ibi)(bl, {Bk}) and xc = Xpry(lck)(ekl {Ci}), (F)yj = Zppm((Bi ®
Cj) o (B;) o (Cj) pg‘)' By using the concavity of covariance matrix we have

KA 0 0
y(pasc) > Y pmy(Phoppe) = 0 x5 F | (2.56)
" 0 (F) xc

Accounting to the method used in proving Theorem 2, we get (2.43), (2.44), and (2.46), (2.47).
O

From Theorems 2.6 and 2.7 we have the following corollary.

Corollary 2.8. If two of the inequalities (2.43), (2.44), and (2.45) (or (2.46), (2.47), and (2.48)) are
violated, then the state must be fully entangled.

The result of Theorem 2.6 can be generalized to general multipartite case p € JZE;) ®
HP ..ok Define Al = Il -\l -0l where \g = I/d, \g (@ =1,2,...,d> 1)
are the normalized generators of SU (d) satisfying Tr[A,A3] = 64p and acting on the ith system

JZS) ,1=1,2,...,N. Denote { M} as the set of all A; Then the covariance matrix of p can be
written as

A1 Ao HN

AL An- SN
re)=| . , | (2.57)

Ay Aoy AN

where ;i = Y(p, [ AL}) and (i), = (Al ® Al) = (AL )(A),) fori#].
For a product state p1»..n, &4ij, i #j, in (2.57) are zero matrices. Define

Koy = ; PkY<|qjll<><q’rll<

A4, (2.58)

Then for a fully separable multipartite state p = 3 pilg ) (o] @ lg2) (gl @ - @ [g ) (Y],
one has

A1 — Ky, A 1IN
4{2 An - Ky * AN
z-= _ . _ >0, (2.59)
J{N J;N Tt ANN — Kdnun

from which we have the following separability criterion for multipartite systems.
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Theorem 2.9. Ifastate p € JZS) ®J€[(12) ®-- ~®J€;N) is fully separable, then the following inequalities

lilss < (1-1e[e?]) (1= T[],

(1-Te[p?]) + (1-Te[?])

e < 5

(2.60)

I+
must be fulfilled for any i #j [90].

2.2. Normal Form of Quantum States

In this subsection we show that the correlation matrix (CM) criterion can be improved
from the normal form obtained under filtering transformations. Based on CM criterion
entanglement witness in terms of local orthogonal observables (LOOs) [92] for both bipartite
and multipartite systems can be also constructed.

For bipartite case, p € H = K4 ®@ Hp withdimH 4 = M, dimH#p = N,and M < N is
mapped to the following form under local filtering transformations [93]:

__ (Fa®Fp)p(Fa®Fp)'
Tr[(FA ® Fp)p(Fa ® FB)T]

—

(2.61)

where F4/p € GL(M/N,C) are arbitrary invertible matrices. This transformation is also
known as stochastic local operations assisted by classical communication (SLOCC). By
the definition it is obvious that filtering transformation will preserve the separability of a
quantum state.

It has been shown that under local filtering operations one can transform a strictly
positive p into a normal form [94]:

SN

(FA ® FB)p(FA ® FB)T _ 1 < M >, (262)

= I+ > &GleGP
Tr[(FA®FB)p(FA®FB)T] MN i=1

where ¢; > 0 and G#* and G? are some traceless orthogonal observables. The matrices F4 and
Fp can be obtained by minimizing the function

Tr[p(Ae B)]
A,B) = ,
J(AB) (det A)VM (det B)V/N

(2.63)

where A = F\F4 and B = F},F. In fact, one can choose F = |det(pa)|"/*M(,/pa)", and
FY = | det(p}) V>N (1/pl) !, where ply = Tra[I ® (\/pa) ' pI ® (,/pa)"']. Then by iterations one
can get the optimal A and B. In particular, there is a matlab code available in [95].
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For bipartite separable states p, the CM separability criterion [96] says that

ITllcr < /MN(M -1)(N -1), (2.64)

where T is an (M?-1)x (N?~1) matrix with Tj; = MN~Tr[p)LIA®)Lf], |IT||x r stands for the trace
norm of T, .)L?/ Bs are the generators of SU(M/N) and have been chosen to be normalized,
and Tr[A{Y PP = 6.

As the filtering transformation does not change the separability of a state, one can
study the separability of p instead of p. Under the normal form (2.62) the criterion (2.64)
becomes

& <YMNM-1)(N-1), (2.65)

In [44] a separability criterion based on local uncertainty relation (LUR) has been
obtained. It says that, for any separable state p,

1—2<Gf®Gf>—%<G?®I—I®GE>ZZO, (2.66)
k

where Gf/ Bs are LOOs such as the normalized generators of SU(M/N) and G]’;‘ = 0 for
k = M?+1,..., N2 The criterion is shown to be strictly stronger than the realignment criterion
[61]. Under the normal form (2.62) criterion (2.66) becomes

1 2 1/1 1
1-Y{(GeGE)Y--(Glol-TeGE) =1- —— g—-<—+—)zo, (2.67)
Zk:<k k>2<k k> MNZkZMN
that is,

M+ N
Z & < MN - > (2.68)
k

Asy/MN(M -1)(N -1) < MN - (M+N)/2 holds for any M and N, from (2.65) and (2.68)
it is obvious that the CM criterion recognizes entanglement better when the normal form is
taken into account.
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We now consider multipartite systems. Let p be a strictly positive density matrix in
H=H10H,® - @HN and dim H; = d;. p can be generally expressed in terms of the SU (n)
generators A, [97] as

p= H}}]d < NId +ZZ¢”‘”)~”‘”+ Z Zta’%z a1 az

{1} o {mpp a2

IDINPIC RN FARES
{pipaps} mo2as (2.69)

{ {p2} {m}
teooot Z Z taﬁlryzlz al;/rM a )‘agz "‘)‘al:/rM

{uap-pm ) araz--am

1,2, N {2 N
ot Z tf{Jllt’lz “M 1)‘ ]"')‘LN}>1

ajay-

where )L,E,’:k} =151, ® - Qly ® Idﬂkﬂ ®---® Iy, with A,, appears at the pth position and

| }Hf\fldﬂ- dy 2}y e
Tl b — Tr[,o-)‘oz’f1 -)Lal;.z o ')La“;/{M ] (2.70)

aran-an 2M

The generalized CM criterion says that if p in (2.69) is fully separable, then

Tlbzretine) < LMd d, -1 (2.71)
R RN § PR

k=1
for2< M <N, {p1,p2,...,pm} C {1,2,...,N}. The KF norm is defined by

[cleserma]| = max ([T llr 2.72)

KF  m=12,...M

where T, is a kind of matrix unfolding of T##2-#ml,
The criterion (2.71) can be improved by investigating the normal form of (2.69).

Theorem 2.10. By filtering transformations of the form

p=FieF,® - ®FxpFl © Fl @ Fl, (2.73)
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where F; € GL(d;,C),i = 1,2,... N, followed by normalization, any strictly positive state p can be
transformed into a normal form [98]:

1
P= g < NI+ X ST

{12}

+ Z Z ta’:;g;/:s vcl )Luz ])LL/:S]

{mipops ) arazas

+oeee Z Z ta“:;gz a}:AM})L{#]})L{‘uZ} . )LL/:AMI

{ppa--pm } @ra2-am

{12,.,N} N
Y Thamalaal ---ALN‘)

aja-aN

(2.74)

Proof. Let Dy, D,, ..., Dy be the sets of density matrices of the N subsystems. The cartesian
product Dy x D; x -+ x Dy consisting of all product density matrices p; ® p ® -+ ® pny with
normalization Tr[p;] =1,i=1,2,..., N, is a compact set of matrices on the full Hilbert space
H. For the given density matrix p we define the following function of p;:

Trp(prep@ - pn)|
I17; det (Pi)l/di

f(PerZw--/PN) = (275)

The function is well defined on the interior of D; x D, x -+ x Dn where detp; > 0. As p is
assumed to be strictly positive, we have Tr[p(p1 ® p ® - --® pn)] > 0. Since D1 x D x -+ x Dy
is compact, we have Tr[p(p1 ® p» ® --- ® pn)] > C > 0 with a lower bound C depending on p.

It follows that f — oo on the boundary of Dy x D, x --- x Dy where at least one of
the p;s satisfies det p; = 0. It follows further that f has a positive minimum on the interior of
Dy x Dy x -+ x DN with the minimum value attained for at least one product density matrix
TI®T® - ®7Ty withdetr; >0,i=1,2,...,N. Any positive density matrix 7; with det7; > 0
can be factorized in terms of Hermitian matrices F; as

;= FIF, (2.76)

where F; € GL(d;,C). Denote that F = Fi® F,®---® Fy,sothat 7 ® 1, ® --- ® Ty = FTF. Set
p = FpF' and define

Tr[p(prep®---8pn)]
TR, det (pi)"*
Te[p(FlpiFi @ FjpoF @ - © FipnFn )|
1Y, det (1;)"/% det (pi)l/di

Flpvpaeeeipn) =

det (7)Y % . (2.77)

= e

det (T )Ud f<FIp1F1, F;szz, ooy F]TVPNFN>

11
—_
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We see that, when F;rpl-Fi =T, f has a minimum and
_1 1
p1®p2®-~®pN=<FT> TI®T®---®TNF =1 (2.78)

Since f is stationary under infinitesimal variations about the minimum, it follows that
Tr[p6(p1@pr®---@pN)] =0 (2.79)

for all infinitesimal variations

6(P1®p2®®PN) =6p1®1d2®®1dN+Id1®6p2®Id3®®IdN (280)
+oot+ 1y ©1g, ®---® 14, ®OpN, |

subjected to the constraint det(I4 + 6p;) = 1, which is equivalent to Tr[6p;] =0,i=1,2,...,N,
using det(e?) = el for a given matrix A. Thus, 6p; can be represented by the SU
generators, 5p; = 3, 6¢ AL It follows that Tr [ﬁ/\ilf:k}] = 0 for any ay and py. Hence the terms

proportional to )L,E,’:k} in (2.69) disappear. O
Corollary 2.11. The normal form of a product state in H must be proportional to the identity.

Proof. Let p be such a state. From (2.74), we get that

~ 1
pi=Trio, i1in,.N[p] = ZId,-- (2.81)
1
Therefore for a product state p we have
- I N
P=p1®p®---®pN = ——& I, (2.82)
i=1di O

As an example for separability of multipartite states in terms of their normal forms
(2.74), we consider the PPT entangled edge state [79]

/100000 0 1\
0a0000 00
00b0O0O0 00
000c00 00
p= 0000%000 (2.83)
0000011—700
00000020
a
\100000 0 1/
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mixed with noises

1-

Select a = 2, b = 3, and ¢ = 0.6. Using the criterion in [97] we get that pp is entangled for
0.92744 < p < 1. But after transforming p, to its normal form (2.74), the criterion can detect
entanglement for 0.90285 < p < 1.

Here we indicate that the filtering transformation does not change the PPT property.
Let p € H 4 ® Hp be PPT, that is, p™ > 0, and p™ > 0. Let p be the normal form of p. From
(2.61) we have

o Grern(er) .
Tr [(FA ® Fg)p(Fa ® Fp)' ]
For any vector |¢), we have
) (¢|(Fy® Fp)p™ (Fh @ F}) lg)
(¢lp™|y) = ( ) = (¢'|p™]¢") 20, (2.86)

Tr[(FA ® Fp)p(Fa® FB)T]

where |¢') = (Fz; ® F;)|qf>/\/Tr[(FA ® Fp)p(Fa® Fp)']. p™® > 0 can be proved similarly. This
property is also valid for multipartite case. Hence a bound entangled state will be bound
entangled under filtering transformations.

2.3. Entanglement Witness Based on Correlation Matrix Criterion

Entanglement witness (EW) is another way to describe separability. Based on CM criterion
we can further construct entanglement witness in terms of LOOs. EW [92] is an observable of
the composite system such that (i) nonnegative expectation values in all separable states and
(ii) at least one negative eigenvalue (can recognize at least one entangled state). Consider
bipartite systems in #3 @ H with M < N.

Theorem 2.12. For any properly selected LOOs G and Gy,

N2-1
W=I-a) GleG}] (2.87)
k=0

is an EW [98], where a = VMN /(\/(M = 1)(N = 1) + 1) and

1
Gi=—Iu, G}

VM

1
\/_ﬁIN' (2.88)
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Proof. Let p = Zl 0 Tlm.)LA ® AE be a separable state, where A} A/B are normalized generators
of SU(M/N) with A = (1/vVM)Iy, A} = (1/VN)In. Any other LOOs G;’* fulfilling
(2.88) can be obtained from these As through orthogonal transformations 04/B, Gf/ b=

{Zé‘l OQ/B)LI, where 0478 = ((1) 0 > and R4/B are (N? - 1) x (N? - 1) orthogonal matrices.

RA/B
We have
N2-1 N2-1
Tr[pW] =1-a —aZ ZRARB Tr[p(z\f@)tﬁ)]
k=1 Lm=1

(M-1)(N-1) 1 NSNS
_ - RAT,RE
VIM-TI(N-T+1 VMN(v/(M-D(N-1) +1) ; l,mZ=1 kT

\/MN(M DIN-1) - ||T||KF>0
\/MN(\/(M DIN-T)+1)

(2.89)

where we have used Tr[RT] < ||T||gp for any unitary R in the first inequality and the CM
criterion in the second inequality.

Now letp = (1/MN)(Iun+ I " siddt @ In+ SN rily @ AP+ ST SN T8 @
)L}B ) be a state in HA!' ® H} which violates the CM criterion. Denote ok (T) as the s1ngular

values of T. By singular value decomposition, one has T = UTAV*, where A is a diagonal
matrix with Agx = ox(T). Now choose LOOs to be GA > U4, Gf = > Vkmlfq for
k=1,2,...,N*~1and G} = (1/M)In, G} = (1/N)Iy. We obtain

N2-1 N2-1

Tr[pW] =1- zx -a Z Z Uk Vien Tr[ <J\f ®)LZ>]
k=1 I,m=1
M-1)(N-1) 1

Tr [UTVT] (290)

CVM-DIN-D+1 \/MN<\/(M—1)(N—1) +1)

_VMNM-D(N-1) - [Tl
\/MN<\/(M “D(N-1) + 1)

<0,

where the CM criterion has been used in the last step. O

As the CM criterion can be generalized to multipartite form [97], we can also define
entanglement witness for multipartite system in Jffl ®J€§2 ®- - -®J€f\]N. Set d(M) = max{d,,, i=
1,2,...,M}. Choose LOOs G,{(”i} for 0 < k < d(M)?* -1 with G([J”i} = (1/dy;) 14, and define

d(M)*-1
WM =g 3 Gl g Gl g .o Gl (2.91)
k=0
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where M) = \/Hf\fldﬂi/(1+\/nf\fl(dﬂi -1)), 2< M < N.One can prove that (2.91) isan EW

candidate for multipartite states. First we assume that [|[T™)||xp = [Ty |l KE; Note that, for

any Ty, there must exist an elementary transformation P such that Zd(M C,[{’l?” i Ml _

Tr[Tme)P]- Then for an N-partite separable state we have

Tr [Ty P]

T [pW<M>] —1- g _pon L

\/ Y 144, I 1

>1- ﬂ(M) ﬁ(M

Il
Hl dx
an 1 o (2.92)

1
S N
[T:54, H‘ 170\ k=

=0

for any 2 < M < N, where we have taken into account that P is orthogonal and
Tr[MU] < ||M|gr for any unitary U at the first inequality. The second inequality is due
to the generalized CM criterion.

By choosing proper LOOs, it is also easy to show that W®™) has negative eigenvalues.
For example, for three-qubit case, taking the normalized Pauli matrices as LOOs, one finds a
negative eigenvalue of WM, (1 -+/3)/2.

3. Concurrence and Tangle

In this section, we focus on two important measures: concurrence and tangle (see [99, 100]).
An elegant formula for concurrence of two-qubit states is derived analytically by Wootters
[63, 101]. This quantity has recently been shown to play an essential role in describing
quantum phase transition in various interacting quantum many-body systems [102, 103] and
may affect macroscopic properties of solids significantly [104, 105]. Furthermore, concurrence
also provides an estimation [106, 107] for the entanglement of formation (EOF) [76], which
quantifies the required minimally physical resources to prepare a quantum state.

Let H 4 (resp., #p) be an M-(resp., N-) dimensional complex vector space with |i), i =
1,...,M (resp. |j), j=1,...,N), as an orthonormal basis. A general pure state on H, ® Hp
is of the form

N
>, > aili) @ |j), (3.1)

=1

Mz

I
—
.

where a;; € C satisfy the normalization >M Zj]\il aijaj; = 1.
The concurrence of (3.1) is defined by [27, 108, 109]

C(ly)) =201~ T[e2)), (62)
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where ps = Trg[|g) (g|]. The definition is extended to general mixed states p = >, pilgsi) (il
by the convex roof

C = min iC i))-.
(p) = min Z piC(lyi)) (3.3)
For two-qubits systems, the concurrence of [¥) is given by
C®)) = [(¥1¥)| =2lanaxn - anaz|, (3:4)

where |{I}) = o, ® 0,|¥"), [¥*) is the complex conjugate of [¥), and o, is the Pauli matrix,

_ <0 —i>
oy=,,)
For a mixed two-qubit quantum state p, the entanglement of formation E(p) has a
simple relation with the concurrence [53, 101]

1+1/1-C(p)’ (35)

E(p)=h - )

where h(x) = —xlog,x — (1 - x)log, (1 - x),

C(p) = max{d — Ay — A3 — A4, 0}, (3.6)

where the \;s are the eigenvalues, in decreasing order, of the Hermitian matrix 4/,/pp,/p and

p = (o, ®0y)p*(0y ®0y).
Another entanglement measure called tangle is defined by

7(l¢)) = C(l¢) =2(1- T[] (3.7)

for a pure state |¢). For mixed state p = 3, pi|gi) (¢i], the definition is given by

7(p) = min > pir(|gi)). (3.8)

pilgi)} 5

For multipartite state |¢) € H1 @ Hp ® -+ ® Hn, dimH; = d;,i = 1,...,N, the
concurrence of |¢) is defined by [110, 111]

Cn(lg)(g]) = Zl‘N/Z\/@N -2) - > Tr[pz], (3.9)

where a labels all different reduced density matrices.
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Up to constant factor (3.9) can be also expressed in another way. Let H denote a d-
dimensional vector space with basis |i),i=1,2,...,d. An N-partite pure statein H®--- ® H
is generally of the form

d
W)= D Gip.inliviz...in), @i,y €C (3.10)

it ip,in=1

Let a and o' (resp., f and f') be subsets of the subindices of a, associated to the same
sub Hilbert spaces but with different summing indices. a (or a') and p (or f') span the whole
space of the given subindix of a. The generalized concurrence of |¥) is then given by [27]

d d 2
Ny = |t pwy — aupaus|’, 3.11
Cy (%)) \sz(d‘l);{aémla P = Qo Aurp (3.11)

where m = 2N -1 and 2.y stands for the summation over all possible combinations of the
indices of a« and .

For a mixed multipartite quantum state, p = >, pilgi) (gi| in H1 @ Hr ®@ - - - © H;, the
corresponding concurrence is given by the convex roof:

Cn(p) = min > piCn(|gs)). (3.12)

3.1. Lower and Upper Bounds of Concurrence

Calculations of the concurrence for general mixed states are extremely difficult. However, one
can try to find the lower and the upper bounds to estimate the exact values of the concurrence
[46, 61, 64, 65].

3.1.1. Lower Bound of Concurrence from Covariance Matrix Criterion

In [61] a lower bound of C(p) has been obtained as

C(p) >\ 3= MU @) L IR - 1], (313)

where T4 and R stand for partial transpose with respect to subsystem A and the realignment,
respectively. This bound is further improved based on local uncertainty relations [64]

M+N-2-3,A(Glel+1eG})

V2M(M - 1)

(3.14)

Clp) 2

where G{* and G} are any set of local orthonormal observables, A%(X) = Tr[X?p] - (Tr[Xp])>.
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Bound (3.14) again depends on the choice of the local orthonormal observables. This
bound can be optimized, in the sense that a local orthonormal observable-independent up
bound of the right-hand side of (3.14) can be obtained.

Theorem 3.1. Let p be a bipartite state in H4, @ HE,. Then C(p) satisfies [90]

2||Cllgr — (1 =Tr[p3]) - (1 - Tr[p])
V2ZM(M -1)

C(p) 2 . (3.15)

Proof. The other orthonormal normalized basis of the local orthonormal observable space
can be obtained from A; and B; by unitary transformations U and V: A; = >, U;A; and
Bj = 3., V;,,Bm. Select U and V so that C = UTAYV is the singular value decomposition of C.

Then the new observables can be written as A,- = >, UqA, Ej =->V* B,. We have

m ]m

;A§<Ai®1+l®§i> = Z[A%A (A)+ a2, (B)+2((AioBi) - (A )(B))]

-M-Tr [pi‘] +N-Tr [sz] -23 (ucvf) ) (3.16)

11

= M- Te[p3] + N - Te[p] - 21ICll -

Substituting above relation to (3.14), one gets (3.15). O

Bound (3.15) does not depend on the choice of local orthonormal observables. It can
be easily applied and realized by direct measurements in experiments. It is in accord with the
result in [46] where optimization of entanglement witness based on local uncertainty relation
has been taken into account. As an example, let us consider the 3 x 3 bound entangled state
[76]

4
p- }L<19—Z|§i><§i|>, (317)
i=0

where Iy is the 9x9 identity matrix, |¢0) = (1/4/2)|0)(|0)=[1)), [&1) = (1/v/2)(|0)=[1))|2), |&2) =
(1/v2)2)(11)-12)), &) = (1/v2)(11)=[2))]0), and [&4) = (1/3)(|0)+[1)+]2))([0)+[1)+[2)). We
simply choose the local orthonormal observables to be the normalized generators of SU(3).
Formula (3.13) gives C(p) > 0.050. Formula (3.14) gives C(p) > 0.052 [64], while formula
(3.15) yields a better lower bound C(p) > 0.0555.

If we mix the bound entangled state (3.17) with |¢) = (1/+/3) 32, i), that is,

p'=01-x)p+x|p) gl (3.18)

then it is easily seen that (3.15) gives a better lower bound of concurrence than formula (3.13)
(Figure 1).
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Figure 1: Lower bounds from (3.15) (dashed line) and (3.13) (solid line) for mixed state (3.18).

3.1.2. Lower Bound of Concurrence from “Two-Qubit” Decomposition

In [67] the authors derived an analytical lower bound of concurrence for arbitrary bipartite
quantum states by decomposing the joint Hilbert space into many 2 ® 2 dimensional
subspaces, which does not involve any optimization procedure and gives an effective
evaluation of entanglement together with an operational sufficient condition for the distill
ability of any bipartite quantum states.

(1) Lower Bound of Concurrence for Bipartite States

The lower bound 7 of concurrence for bipartite states has been obtained in [67]. For a
bipartite quantum state p in H ® H, the concurrence C(p) satisfies

4 danr
n(p) = -1 D, Conlp) <Cp), (3.19)

mn=1

where C,,,(p) = max{0, )L%,)q - .)L,%L - ASL - )ti,ﬁl} with A%,. .. ,Aiﬁ; being the square roots of
the four nonzero eigenvalues, in decreasing order, of the non-Hermitian matrix pp,,, with
Pmn = (Lyy ® L) p*(Ly, ® Ly,), while L,, and L, are the generators of SO(d).

The lower bound 7, in (3.19) in fact characterizes all two qubits” entanglement in a high
dimensional bipartite state. One can directly verify that there are at most 4 x 4 = 16 nonzero
elements in each matrix pp,,,. These elements constitute a 4 x 4 matrix ¢(c, ® 0,)¢* (0, ® ),
where oy, is the Pauli matrix, the matrix ¢ is a submatrix of the original p:

Pikjik Pik,il Pik,jk Pik,jl
Pilik Pilil  Piljk  Pil,jl

Q= ’ (3.20)
Pjk,ik Pjk,il Pjkjk Pijk,jl

Pjlik  PjLil  Pjljk  PijLjl
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i#j,and k #1, with subindices i and j associated with the first space, k and I with the second
space. The two-qubit submatrix ¢ is not normalized but positive semidefinite. C,,, are just the
concurrences of these states (3.20).

The bound 7, provides a much clearer structure of entanglement, which not only yields
an effective separability criterion and an easy evaluation of entanglement, but also helps one
to classify mixed-state entanglement.

(2) Lower Bound of Concurrence for Multipartite States

We first consider tripartite case. A general pure state on H ® H ® H is of the form

d d
W)= >, ailijk), apweC, Y aykaj, =1 (3.21)
ijk=1 ijk=1
with
Ci(¥))
— d 2 2 2
- 6(d—1) Z('aifkar’qm_ai]'mar’qk| + |aijk‘1pqm_aiqkapjm| +|aijkapqm_apjkaiqm| ),
(3.22)
or equivalently
d
C3(w)) = \/—6(d L5 3 (telpd] + Te[pd] 4 Te o), (623)

where p1 = Tros[p], p2 = Tris[p], and p3 = Trip[p] are the reduced density matrices of p =
|¥) (¥
Define C12|3(|1P>) = |al]kapqm - al]maqul 13'2(|1P>) = |a1]kapqm - azqkapjm| and

23|1 ( 12|3 23|1

|¥)) = |aijxapgm — apjkaigm|, where a and p of C,; (resp., C 82 , resp., C, ) stand for
the subindices of a associated with the subspaces 1, 2, and 3 (resp., 1 3,and 2; resp 2, 3,and
1). Let L2 denote the generators of group SO(d;,d;, - - - di\) associated to the subsystems
i1,12,...,in. Then for a tripartite pure state (3.21), one has

d 2(d2-1) /2 d(

Cfi(|qf))=\6(d_l) z’x: z;: [( 1z|3(|q; ) +< 13|2(|11,>)> ( 23|1(|‘P>)>]

it

(3.24)

D (orsies

)+ ([P

RECE 1)Z [<|<‘P|512‘3|1P*

where S72° = (Lo 13), S = (LP © [2), and S)' = (L} ® LZ).
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Theorem 3.2. For an arbitrary mixed state p in H ® H ® H, the concurrence C(p) satisfies [112]

d dz(dz -1)/2 d(d- 1)/2[

() = g ) = (Cre) (o) ] <o), 629)

where T3(p) is a lower bound of C(p)

Col(p) = max{o A =1 - 10 - A(4)12'3} (3.26)

where A(l)}jﬁ, A(Z)zﬁ, 1(3)111;'3, and )L(4)12‘3 are the square roots of the four nonzero eigenvalues, in
decreasing order, of the non-Hermitian matrix pp [5 ® with plzl3 = 512‘3,0*512‘3 13\2(’0) and C23|1(p)

are defined in a similar way to C12|3 (p).

Proof. Set |&) = \/Pilgi), xty = (IS, 180, yiy = (&1L 1], and 215 = [(&ilS,57 1)), We

have, from Minkowski inequality,

Clp) = mmZJ - 1)2[ Xap yaﬂ>2+<zfxﬁ>z]

(3.27)

_ 1/2\ 2
2 min, | g - 1)Z<Z[ xip) + (Vp 2*(%)1 >

Noting that for nonnegative real variables x,, ¥, z, and given that X = Zfll Xn, Y =
SN Y, and Z = 3N, z,, by using Lagrange multipliers, one obtains that the following
inequality holds:

i(x +y2+z )1/2 > <X2 Y2y zz)m. (3.28)

a=1

Therefore we have

ety 3[(34) - (34) (3
3| (regs) - (3) (32|

(3.29)
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The values of Ci?s (p) = min >} x! vcﬂ’ 13|2 (p) = min Y}, yaﬂ, and C23|1(p) min Y, z/
can be calculated by using the similar procedure in [53]. Here we Compute the value of
12|3(p) in detail. The values of C 32 (p) and C 31 (p) can be obtained analogously.
Let A; and |y;) be elgenvalues and elgenvectors of p, respectively. Any decomposition

of p can be obtained from a unitary d® x d* matrix Vj;, [¢;) = & V‘*.(\/)T |xi)). Therefore
one has (&S5’ &) = (VYasVT),, 1S X))
Namely, C 12‘3(,0) = min Y, |[VY, ﬂVT] |, Wthh has an analytical expression [53], that

where the matrix Yy is defined by (Yap);; = (i

12|3(p) max {0, .)L(].)12|3 Z]>1 (])1 |3} where .)L (k) are the square roots of the eigenvalues

of the positive Hermitian matrix YapY or equlvalently the non-Hermitian matrix pp,g, in

ﬁl
decreasing order. Here as the matrix S, ﬂl has d?—4 rows and d?—4 columns that are identically
zero, the matrix pp,p has a rank not greater than 4, that is, .)Li;‘s( j) = 0 for j > 5. From (3.29)
we have (3.25). O

Theorem 3.2 can be directly generalized to arbitrary multipartite case.

Theorem 3.3. For an arbitrary N-partite state p € Ho H®---® H, the concurrence defined in (4.1)
satisfies [112],

~(p) = %Z Zﬂ(CZp (h)) < C(p), (3.30)

where TN (p) is the lower bound of C(p), 3., stands for the summation over all possible combinations
of the indices of a, 8, C* ﬂ(P) max{O,)L(l)Zﬂ - /\(2)’:[5 - )L(3)Zﬁ - )L(4)Zﬂ}, and )L(i)’;ﬁ, i=1,2,3,4,
are the square roots of the four nonzero eigenvalues, in decreasing order, of the non-Hermitian matrix
pﬁzﬂ where ﬁaﬁ = Spﬁp S

Lower Bound and Separability

An N-partite quantum state p is fully separable if and only if there exist p; with p; > 0, 3; pi =
1, and pure states pl |qu )(([I | such that

p=2pipi®p @ p;. (3.31)

It is easily verified that, for a fully separable multipartite state p, Tnv(p) = 0. Thus
Tn(p) > 0 indicates that there must be some kinds of entanglement inside the quantum state,
which shows that the lower bound 7x(p) can be used to recognize entanglement.

As an example, we consider a tripartite quantum state [79] p = ((1-p)/8)Is+p|W ) (W],
where I is the 8 x 8 identity matrix, and [W) = (1/+/3)(|100) + [010) +|001)) is the tripartite
W state. Select an entanglement witness operator to be 10 = (1/2)Iz — |GHZ)(GHZ|, where
IGHZ) = (1/+/2)(]000) +|111)) is to be the tripartite GHZ-state. From the condition Tr[Wp] <
0, the entanglement of p is detected for (3/5) < p < 1in [79]. In [97] the authors have obtained
the generalized correlation matrix criterion which says that if an N-qubit quantum state is
fully separable, then the inequality |[TV||xr < 1 must hold, where || TV ||« = max{||TY|Ixr},
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TV is a kind of matrix unfold of t4 ay.ay defined by tuayay = Tr[pog)oug)-

~~o§£)], and
0',5,? stands for the Pauli matrix. Now using the generalized correlation, matrix criterion the
entanglement of p is detected for 0.3068 < p < 1. From Theorem 3.2, we have the lower bound
73(p) > 0for 0.2727 < p < 1. Therefore the bound (3.71) detects entanglement better than these
two criteria in this case. If we replace W with GHZ state in p, then the criterion in [97] detects
the entanglement of p for 0.35355 < p < 1, while 73(p) detects, again better, the entanglement
for0.2<p<1

Nevertheless for PPT states p, we have 13(p) = 0, which can be seen in the following
way. A density matrix p is called PPT if the partial transposition of p over any subsystem(s)
is still positive. Let p’i denote the partial transposition with respect to the ith subsystem.

Assume that there is a PPT state p with 7(p) > 0. Then at least one term in (3.25), say Cz‘;o (p),

is not zero. Define pa 5, = L2 ® LEU p(L2® LZO)T. By using the PPT property of p, we have

ol =2 (13) 0" (12) o (13) 2 0. (3.32)

Noting that both L}? and Lgﬁ are projectors to two-dimensional subsystems, p,s can be

considered as a 4 x4 density matrix, while a PPT 4 x 4 density matrix p,,s, must be a separable

state, which contradicts with C}jlﬂi (p) #0.

Relation between Lower Bounds of Bi- and Tripartite Concurrence

T3 is basically different from 7, as 73 characterizes also genuine tripartite entanglement that
can not be described by bipartite decompositions. Nevertheless, there are interesting relations
between them.

Theorem 3.4. For any pure tripartite state (3.21), the following inequality holds [112]:
T (p12) + 2 (p13) + T2 (p23) < 313(p), (3.33)

where T, is the lower bound of bipartite concurrence (3.19), T3 is the lower bound of tripartite
concurrence (3.25), and pra = Trz[p], p13 = Tra[p], ps = Tri[p], and p = [¥) 155 (¥|.

Proof. Since cgﬂ < (Aap(1))? € 3t (Aap(@))? = Trlppag] for p = p1a, p = p13, and p = prs, we
have

7 (p12) + T2 (p13) + 72(p23)

d d(d-1)/2 d(d-1)/2 d(d-1)/2

: m< a,pZ:1 Tr[pu(ﬁu)aﬂ] * aﬁzzl TI[PB(ﬁlS)uﬂ] + aﬁzzl Tr[Pza(ﬁzs)w])

- sy (3= T[] - ]3] - T3] ) =3¢70) = 3m ),

(3.34)
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where we have used the similar analysis in [67, 113] to obtain the equalities
3 Telpr2(Pr)gp] = 1-Tel[p2] ~Te 2]+ Telp2], S Trlps (Bra)g] = 1-Trlp? ]+ Te[p2] - Tr[p2],
and X, 5 Tr[p23(P23) ] = 1+ Tr[p] - Tr[p3] — Tr[p3]. The last equality is due to the fact that p
is a pure state. O

In fact, the bipartite entanglement inside a tripartite state is useful for distilling
maximally entangled states. Assume that there are two of the qualities {7 (p12), T(p13), T(p23) }
larger than zero; say 7(p12) > 0 and 7(p13) > 0. According to [67], one can distill two maximal
entangled states |g12) and |¢13) which belong to H1 ® H» and H;1 ® H3, respectively. In terms
of the result in [114], one can use them to produce a GHZ state.

3.1.3. Estimation of Multipartite Entanglement

For a pure N-partite quantum state |¢) € H1 9 Hr ®@ --- @ Hn, dimH; = d;, i =1,...,N,
the concurrence of bipartite decomposition between subsystems 12--- M and M +1--- N is
defined by

Ca(lg)) = \2(1 = Tr[p, ) (3.35)

where p2, = Trar-n[lg) (¢l] is the reduced density matrix of p = |¢r)(¢| by tracing over
subsystems M + 1--- N. On the other hand, the concurrence of |¢) is defined by (3.9).

For a mixed multipartite quantum state p = 3, pilgi) (¢i| € H1 @ Hr ® --- @ H N, the
corresponding concurrences of (3.35) and (3.9) are then given by the convex roof

Ca(p) = min > piCa(lyi){yil), (3.36)

and (3.12). We now investigate the relation between these two kinds of concurrences.

Lemma 3.5. For a bipartite density matrix p € H o @ Hp, one has
1-Te[p?] <1-Te[p2] +1-Te[p}], (3.37)

where pasp = Trp [ p] are the reduced density matrices of p.
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Proof. Let p = 3;; Aij|ij)(ij| be the spectral decomposition, where \;; > 0, 3;; A;j = 1. Then
p1 = S Aiflidil, p2 = S5 Aijlj) (j]. Therefore

1 —Tr[pi] +1 —Tr[plzg] -1 +Tr[p2]

-1l -l o)

2
(Z J\1]> - Z )Lij)kij’ - Z )Lij)ti/j + Z .)le]
ij Y

ij.j' iij (3.38)
_ 2 e N N
= X Aij + D Myt D0 Mphii o D Ak
ey R Sy Y Py i)
=S yzo
izl 2]
O

This lemma can be also derived in another way [46, 115].

Theorem 3.6. For a multipartite quantum state p € H1 @ Hr @ --- @ Hn with N > 3, the following
inequality holds [116]:

Cn(p) > max2@=N/2Cy(p), (3.39)

where the maximum is taken over all kinds of bipartite concurrence.

Proof. Without loss of generality, we suppose that the maximal bipartite concurrence is
attained between subsystems 12--- M and (M +1)--- N.

For a pure multipartite state |¢) € H1@H2®---@H N, Tr[p?, /] = Tr[p%MH)mN]. From
(3.37) we have

Cxlg)el) = 22N<(2N -2) - Ea]Tr[piD > 23N<N - kZZTr[PiD
> 23N (1 ~Tr [pfz,i.M] +1-Tr [p%MH)n-N])

= 23N 2(1 - Tr [P%Z"M]) =2 NG (lo) (o)),

(3.40)

that is, C (|g) (gr]) > 2C-N2C, (|gs) (g]).
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Let p = 3, pilyi) (i attain the minimal decomposition of the multipartite concurrence.
One has

Cn(p) = 2PCn(lgid(gil) 2 2679723 piCa(lg) (il
1 1 (3.41)

> 207 min, G (o) () = 209 2Ca(p).
is/|Pi i D

Corollary 3.7. For a tripartite quantum state p € H1 ® Ho © H3, the following inequality holds:

Cs(p) > maxCa(p), (3.42)

where the maximum is taken over all kinds of bipartite concurrence.

In [46, 64], from the separability criteria related to local uncertainty relation,
covariance matrix, and correlation matrix, the following lower bounds for bipartite
concurrence are obtained:

2[[C(p) || - (1 -Tr[p3]) - (1 - Tr[pz])
\V2da(da-1) '

8 Vdadp(da-1)(dp - 1)
Ca(p) 2 \/ L dr1) <||T(P)|| - 5 > (3.44)

where the entries of the matrix C, C;; = ()u{‘@z\?) —(Mely,)(1a, ®.)L?>, T;j = dAdB/2(AiA®/\?),

)Lf/B stand for the normalized generator of SU(d4/dg), that s, TI'[)(;?/B)LIA/B] = O and (X) =
Tr[pX]. It is shown that the lower bounds (3.43) and (3.44) are independent of (3.13).

Now we consider a multipartite quantum state p € #1 @ H» ® --- ® H as a bipartite
state belonging to ## ® #5 with the dimensions of the subsystems A and B being da =
dsds, ---ds, and dp = ds,, ds,., - ds,, respectively. By using Corollary 3.7, (3.13), (3.43),
and (3.44), one has the following lower bound.

Ca(p) 2 (3.43)

Sm+1

Theorem 3.8. For any N-partite quantum state p [116],

Cn(p) > 2% N)/2max(B;, B, B3}, (3.45)

B = max sy (e ([es () | [ (e)]) -1

2lc(eh) - (1-Te[(0h)]) - (1-Te[(h)7])
il VMM, - 1) /

; M;N;(M; -1)(N; - 1)
e e (| B )

where

(3.46)
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p'’s are all possible bipartite decompositions of p, and

M; = min{d31 dSz e dsm/ dSm+1 dSm+2 e dSN }/
(3.47)
N; =max{ds,ds, -+ ds,,, ds,,,ds,., - dsy }.

In [46, 106, 107, 117], it is shown that the upper and lower bounds of multipartite
concurrence satisfy

JEE R NS R <) < \sz @ -a-sua| e

In fact one can obtain a more effective upper bound for multipartite concurrence. Let
p = il (pil € H1 © Hy ® -+ ® Hn, where |g;)’s are the orthogonal pure states and
>.i ki =1. We have

Cn(p) = min > piCn (i) {pil) < 3 LCn (lg)(wil). (3.49)

The right side of (3.49) gives a new upper bound of Cn (p). Since

> AC (g i) = zl-N/zzxi\/@N -2)- S]]

< 21—N/ZJ (2N -2) - Z T [Zii (p;)2:| (3.50)

< zl-N“\/ @~ -2) - S Te[(0)?],
the upper bound obtained in (3.49) is better than that in (3.48).

3.1.4. Bounds of Concurrence and Tangle

In [68], a lower bound for tangle defined in (3.8) has been derived as

(3.51)

8 MN(M -1)(N -1
(p) 2 m(”T(P)Hi{s— ( 1 X )>,

where ||X||gs = VTr[XXT] denotes the Frobenius or Hilbert-Schmidt norm. Experimentally
measurable lower and upper bounds for concurrence have been also given by Mintert et al.
in [106, 107] and Zhang et al. in [46]:

V2(Tr[p?] - Te[RA]) < Cp) < \/2(1 - Te[p2]). (3:52)
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Since the convexity of C?(p), we have that 7(p) > C?(p) always holds. For two-qubit
quantum systems, tangle 7 is always equal to the square of concurrence C? [58, 113], as a
decomposition {p;, |¢;)} achieving the minimum in (3.3) has the property that C(|¢g5;)) =
C(lggj)) Vi, j. For higher dimensional systems we do not have similar relations. Thus it is
meaningful to derive valid upper bound for tangle and lower bound for concurrence.

Theorem 3.9. For any quantum state p € H o @ Hp, one has [118]

7(p) < min{l - Tr [pi], 1-Tr [p%] }, (3.53)

8 MN(M-1)(N -1
C(P)Z‘VmOW(P)”Hs‘\/ ( 5 1 )>, (3.54)

where p 4 is the reduced matrix of p, and T (p) is the correlation matrix of p defined in (3.44).

Proof. We assume that 1 — Tr[pfq] <1- Tr[p%] for convenience. By the definition of 7, we

have that for a pure state |¢), 7(|¢p)) = 2(1 - Tr[(p[f))z]). Let p = >, pipi be the optimal
decomposition such that 7(p) = 3, pit(p;). We get

w(p) = Zpmip) = Xp2 [l - Tr[(p'i(’”)z” - 2[1 - Tr[; pi (p'ji"'))ZH <2[1-Te|pd]]-
(3.55)

Note that, for pure state |¢) € H 4 ® Hp [68],

(3.56)

) = g (Il - MDD,

Using the inequality va — b > v/a — Vb for any a > b, we get

8 MN(M-1)(N -1
C(|<If>)2‘Vm<”T(|‘F>)”Hs—\/ ( 5 1 )>- (3.57)

Now let p = 3, pipi be the optimal decomposition such that C(p) = 3, piC(p;). We get

8 MN(M-1)(N -1
Clo)=2pCled = 2. m(IIT(pi)IIHS—V N ’>
8 MN(M - 1)(N -1
= m(ZPJIT(w)IIHS—\/ ( 5 X )> (3.58)
8 MNM-1)(N-1
2 m(”“m”m‘\/ o >>,

which ends the proof. O
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The upper bound (3.53), together with the lower bounds (3.54), (3.43), (3.44), (3.51),
and (3.52), can allow for estimations of entanglement for arbitrary quantum states. Moreover,
since the upper bound is exactly the value of tangle for pure states, the upper bound can be a
good estimation when the state is very weakly mixed.

3.2. Concurrence and Tangle of Two Entangled States Are
Strictly Larger Than Those of One

In this subsection we show that although bound entangled states cannot be distilled, the
concurrence and tangle of two entangled states will be always strictly larger than those of
one, even if the two entangled states are both bound entangled.

Let p = Zijkl Pij,kllij><kl| € Hp® Hp and o = Zi’j’k’l’ Gifjr/krlr|i'j/><k'l/| € Ky ®
Hp be two quantum states shared by subsystems AA’ and BB'. We use p ® 0 =
Sijkipjir PiikiOigir|it') aa (kk'| ®1jj") pp (I'] to denote the state of the whole system.

Lemma 3.10. For pure states |¢) € H 4 @ Hp and |p) € H o ® Hp, the inequalities

C(lg) @ o)) > max{C(|g)),C(|9))}, (3.59)
T(|¢) @ |9)) > max{z(|¢)), 7(|9))} (3.60)

always hold, and “=""in the two inequalities hold if and only if at least one of {|y), |¢)} is separable.

Proof. Without loss of generality we assume that C(|¢)) > C(|p)). First note that

ele) _ 9 o o)
an =PA ®Py- (3.61)

¥) and p‘(’J> with

Let plw) > Aili) (i and pl ZI 7ilj)(j| be the spectral decomposition of p, A

2ihi=1land 3; mj =1, respectively. By using (3.61) one obtains that
[ (P ] D Nimheary i) (i | 7) (0| = D Airs, (3.62)
while

[( ) ] ZAZ (3.63)

Now using the definition of concurrence and the normalization conditions of \; and

orj, one immediately gets
(P24 ]) > \/2(1 ~Tr

Cly)ele)) = \/2<1 ~Te | (%)) ]) =C(|lg)). (364
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If one of {|gg),|p)} is separable, say |¢), then the rank of pljf) must be one, which means that

there is only one item in the spectral decomposition in pljf?. Using the normalization condition

of rj, we obtain Tr[(pllffmf] = Tr[(plf)z]. Then inequality (3.64) becomes an equality.

On the other hand, if both |¢) and |p) are entangled (not separable), then there must

be at least two items in the decomposition of their reduced density matrices p‘l’) and pllf,),

which means that Tr[(pgf)f’l‘p) )?] is strictly larger than Tr[(pljf) )2

The inequality (3.60) also holds because, for pure quantum state p, 7(p) = C*>(p). O
From the lemma, we have, for mixed states the following.

Theorem 3.11. For any quantum states p € H 4 © Hp and o € K ® Hp, the inequalities

C(p®o) >max{C(p),C(0)},
(3.65)
T(p® o) >max{t(p),7(0)}

“u__r

always hold, and the "=""in the two inequalities hold if and only if at least one of {p, o} is separable,
that is, if both p and o are entangled (even if bound entangled), then C(p ® o) > max{C(p), C(0)}
and T(p ® o) > max{7(p), 7(0)} always hold [118].

Proof. We still assume that C(p) > C(o) for convenience. Let p = 3;;pipi and 0 = 3, gj0; be

the optimal decomposition such that C(p ® o) = 3, piq;iC(p; ® 0;). By using the inequality
obtained in Lemma 3.10, we have

Clpwo) = X piaiClpi®0;) > 3 pia;Cpi) = X, piClpi) > C(p). (3.66)

Case 1. Now let one of {p, o} be separable, say o, with ensemble representation o = 3;; g;0;,
where 3’; g; =1, and 0; is the density matrix of separable pure state. Suppose that p = 3’; pip;
is the optimal decomposition of p such that C(p) = 3; piC(p;). Using Lemma 3.10, we have

Clpeo) < X pigiClpi@0j) = 3,pia;iC(pi) = X, piC(pi) = C(p). (3.67)

The inequalities (3.66) and (3.67) show that if o is separable, then C(p ® o) = C(p).

Case 2. If both p and o are inseparable, that is, there is at least one pure state in the ensemble
decomposition of p (and o, resp.), using Lemma 3.10, then we have

Clpoo) = ZpiqjC(Pi ®oj) > ZPiCIjC(Pi) = ZPiC(Pi) > C(p). (3.68)

The inequality for tangle T can be proved in a similar way. O

Remark 3.12. In [119] it is shown that any entangled state p can enhance the teleportation
power of another state 0. This holds even if the state p is bound entangled. But if p is bound
entangled, then the corresponding o must be free entangled (distillable). By Theorem 3.11,
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we can see that even if two entangled quantum states p and ¢ are bound entangled, their

concurrence and tangle are strictly larger than those of one state.

3.3. Subadditivity of Concurrence and Tangle

We now give a proof of the subadditivity of concurrence and tangle, which illustrates that
concurrence and tangle may be proper entanglement measurements.

Theorem 3.13. Let p and o be quantum states in H o ® Hp, the one has [118]
C(peo)<C(p)+C(o), r(peo)<t(p)+7(0). (3.69)

Proof. We first prove that the theorem holds for pure states, that is, for |¢r) and |¢p) in H 4 ® Hp:
Clweld) <ce)+ce).  (g)el$) <7(l¢)) +7(|¢))- (3.70)

Assume that p‘l’) = > Aili)(i] and pl;{)) = 2; mjlj)(jl are the spectral decomposition of the

reduced matrices pljp and p‘j». One has

+1 —Tr[(p‘j))z]

1
S-SR 1= 2 1- 3 il = 2C(g) o |9)).
i j ij

31CAg)) + o2 1- T ()
(3.71)

Now we prove that (3.69) holds for any mixed-quantum states p and 0. Let p = 3; pipi
and 0 = 3;;q;o; be the optimal decomposition such that C(p) = 3;piC(p;) and C(0) =
Z]- giC(oj). We have

C(p) +C(0) = X.piai [C(pi) + C(0y)] 2 X piaiC(pi @ 0y) 2 C(p®0). (3.72)
g 1

The inequality for 7 can be derived in a similar way. O

4. Fidelity of Teleportation and Distillation of Entanglement

Quantum teleportation is an important subject in quantum information processing. In terms
of a classical communication channel and a quantum resource (a nonlocal entangled state
like an EPR pair of particles), the teleportation protocol gives ways to transmit an unknown
quantum state from a sender traditionally named “Alice” to a receiver “Bob” who are
spatially separated. These teleportation processes can be viewed as quantum channels. The
nature of a quantum channel is determined by the particular protocol and the state used
as a teleportation resource. The standard teleportation protocol Ty proposed by Bennett
et al. in 1993 uses Bell measurements and Pauli rotations. When the maximally entangled
pure state |[¢p) = (1/+/n) Z:'l:_ol lii) is used as the quantum resource, it provides an ideal
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noiseless quantum channel Agfw’l)(p) = p. However in realistic situation, instead of the
pure maximally entangled states, Alice and Bob usually share a mixed entangled state due
to the decoherence. Teleportation using mixed state as an entangled resource is, in general,
equivalent to having a noisy quantum channel. An explicit expression for the output state of
the quantum channel associated with the standard teleportation protocol Ty with an arbitrary
mixed-state resource has been obtained [120, 121].

It turns out that, by local quantum operations (including collective actions over all
members of pairs in each lab) and classical communication (LOCC) between Alice and Bob,
it is possible to obtain a number of pairs in nearly maximally entangled state |¢,) from
many pairs of nonmaximally entangled states. Such a procedure proposed in [73-77] is called
distillation. In [73] the authors give operational protocol to distill an entangled two-qubit
state whose single fraction F, defined by F(p) = (¢ |p|y. ), is larger than 1/2. The protocol is
then generalized in [77] to distill any d-dimensional bipartite entangled quantum states with
F(p) > 1/d. It is shown that a quantum state p violating the reduction criterion can always be
distilled. For such states, if their single fraction of entanglement F(p) = (. |p|y.) is greater
than 1/d, one can distill these states directly by using the generalized distillation protocol,
otherwise a proper filtering operation has to be used at first to transform p to another state p’
so that F(p') > 1/d.

4.1. Fidelity of Quantum Teleportation

Let # be a d-dimensional complex vector space with computational basis |i),i =1,...,d. The
fully entangled fraction (FEF) of a density matrix p € # ® H is defined by

F(p) = m&x(qf+| (I ® UT>p(I® u)|e.) (4.1)

under all unitary transformations U, where |¢,) = (1/+/d) Zflzl lii) is the maximally
entangled state and I is the corresponding identity matrix.

In [8, 9], the authors give an optimal teleportation protocol by using a mixed entangled
quantum state. The optimal teleportation fidelity is given by

dsf 1
fmax(p) = d+(q) Tad 1 (42)

which solely depends on the FEF of the entangled resource state p.

In fact the fully entangled fraction is tightly related to many quantum information
processing such as dense coding [10], teleportation [5-7], entanglement swapping [14-18],
and quantum cryptography (Bell inequalities) [11-13]. As the optimal fidelity of teleportation
is given by FEF [8, 9], experimentally measurement of FEF can be also used to determine
the entanglement of the nonlocal source used in teleportation. Thus an analytic formula
for FEF is of great importance. In [122] an elegant formula of FEF for two-qubit system
is derived analytically by using the method of Lagrange multipliers. For high-dimensional
quantum states the analytical computation of FEF remains formidable and less results have
been known. In the following we give an estimation on the values of FEF by giving some
upper bounds of FEF.
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Let \;,i = 1,...,d* - 1, be the generators of the SU(d) algebra. A bipartite state p €
H ® H can be expressed as

1 1641 161 a1
P=2 I®I+erl(p))L ®I+dZs](p)I®/\ +Zml](p)/\ ®1j, (4.3)

ij=1

where r;(p) = (1/2) Te[pAi(1) @ I, sj(p) = (1/2) Tr[pl ® 1;(2)], and m;j(p) = (1/4) Tr[pXi(1) ®
1;(2)]. Let M(p) denote the correlation matrix with entries m;;(p).

Theorem 4.1. Forany p € H @ H, the fully entangled fraction F(p) satisfies [123]

1
F(p) < 5 +4|M(p (4.4)
where MY stands for the transpose of M and | M|| g = Tr[v M M?] is the Ky Fan norm of M.
Proof. First, we note that
dz
P, == Lrers Zlm,](ﬂm ®1\j, (4.5)
ij
where m;;(P;) = (1/4) Tr[P;\; ® A;]. By definition (4.1), one obtains
— T — t
F(p) = mLinx<q;+|<I®U )p(I® u)le,) = mngr[p(I@ LI)P+<I U >]
= ml?x{ — Tr[p] + Zmll (P,) Tr[p)u o U\, LIT] }
ij=1

Since UNUT is a traceless Hermitian operator, it can be expanded according to the
SU(d) generators as

d2 a>-1
usut = Tr [urutaa = 3 0, (4.7)
i= 1 =1

Entries O;j define a real (d* - 1) x (d? — 1) matrix O. From the completeness relation of SU (d)
generators

d*-1
2
D () (A) e = 26imOkn — E(Ski(smn; (4.8)

j=1
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one can show that O is an orthonormal matrix. Using (4.7), we have
1
F(p) < = + moax%mi,-(ﬂ)oik Tr[pAi ® Ak]
ij,

1 1
=% +4 mgx%mij(PJr)Ojkmik (p) = = +4 max Tr [M(p)TM(R)O] (4.9)
l,],

- % +4”M(P)TM(P+) KF O

For the case d = 2, we can get an exact result from (4.4).

Corollary 4.2. For two-qubit system, one has

(4.10)

4

F(p) = 1 + 4| M ™ME)|

that is, the upper bound derived in Theorem 4.1 is exactly the FEF.

Proof. We have shown in (4.7) that, given an arbitrary unitary U, one can always obtain an
orthonormal matrix O. Now we show that in two-qubit case, for any 3 x3 orthonormal matrix
O, there always exits 2 x 2 unitary matrix U such that (4.7) holds.

For any vector t = {t1, f5,t3} with unit norm, define an operator X = 21‘3:1 t;o;, where
oi’s are Pauli matrices. Given an orthonormal matrix O, one obtains a new operator X' =
S toi = ZiS,jzl Oijtoi.

X and X' are both Hermitian traceless matrices. Their eigenvalues are given by the
norms of the vectors t and t' = {t],t,,t,}, respectively. As the norms are invariant under

orthonormal transformations O, they have the same eigenvalues: +1/t2 + 3 + 3. Thus there

must be a unitary matrix U such that X’ = UXUT. Hence the inequality in the proof of
Theorem 4.1 becomes an equality. The upper bound (4.4) then becomes exact at this situation,
which is in accord with the result in [122]. O

Remark 4.3. The upper bound of FEF (4.4) and the FEF (4.10) depend on the correlation
matrices M(p) and M (P, ). They can be calculated directly according to a given set of SU(d)
generators A;,i=1,..., d2-1.Asan example, for d = 3, if we choose

100 \/L§O 0 010 001
AM=]0-10 |, Ay = 0 % 0 , As3=| 100 |, A= 000 |,
000 0 0_i 000 100
V3
000 0 i0 0 0i 000
As=1001 |, Ae=| =i 00|, Az=]1 0 00|, Ag=]10 0 i |,
010 000 -1 00 0 -0

(4.11)
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then we have

. 11111 1 1 1
M(Py) = Dlag{gl 566 8/—6/—6,—8}- (4.12)

Nevertheless the FEF and its upper bound do not depend on the choice of the SU(d)
generators.

The usefulness of the bound depends on detailed states. In the following we give two
new upper bounds, which is different from Theorem 4.1. These bounds work for different
states.

Let h and g be n x n matrices such that h|j) = |(j + 1) mod n), g|j) = w/|j), with
w = exp{-2ixr/n}. We can introduce n? linear-independent n x n matrices Uy = h'g®, which
satisfy

Ustusm = (A)Stl_ts,us’t’ust/ Tr[ust] = n6506t0' (413)

One can also check that {U} satisfy the condition of bases of the unitary operators in the sense
of [124], that is,

Tr [Llstll;,t,] = Tl6ttf655f, llstll;'t = Ian, (414)

where I, is the n x n identity matrix. {Uy} form a complete basis of n x n matrices, namely,
for any n x n matrix W, W can be expressed as

1
W = E Z TI' [U;}W] llst. (415)
st

From {Us}, we can introduce the generalized Bell states

@) = (T@U) |y ) = \/%Z(ust);} ij), Do) = |gs), (4.16)
L]

where |@g ) are all maximally entangled states and form a complete orthogonal normalized
basis of #; ® H 4.

Theorem 4.4. For any quantum state p € Hy ® Hg, the fully entangled fraction defined in (4.1)
fulfills the following inequality:
F(p) < m]ax{)tj ¥ (4.17)

where Ajs are the eigenvalues of the real part of matrix M = ( T_T i;), T is a d* x d* matrix with

entries Ty m = (Dp|p|®y, ), and @; are the maximally entangled b;zlsis states defined in (4.16) [125].
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Proof. From (4.15), any d x d unitary matrix U can be represented by U = Zf; zxUk, where
z = (1/d) Te[ULU]. Define

Re[z], 1<I<d?, u, 1<i<d?,
xi = u, = (4.18)

Im[z], d*<I<2d? ixl;, d?<l<2d

Then the unitary matrix U can be rewritten as U = Zi‘izl zxU,.. The necessary condition for
the unitary property of U implies that 3, x7 = 1. Thus we have

242
F(p) = (y] (I ® Uf>p(1 oUW)|g.) = D XmXnMupn, (4.19)

m,n=1
where M,,,, is defined in the theorem. One can deduce that
M, = Mun (4.20)

from the hermiticity of p.
Taking into account the constraint with an undetermined Lagrange multiplier A, we
have

a%{p(p)+x<§l;x;_1>} -0, (421)

Accounting to (4.20) we have the eigenvalue equation

24>
> Re[Mypn]xy = —Axg. (4.22)

n=1
Inserting (4.22) into (4.19) results in

Fp) = mLinxF < m]_ax{q,-}, (4.23)

where 77; = —\; is the corresponding eigenvalues of the real part of the matrix M. O
nj j p g elg P
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Figure 2: Upper bound of ¥(p(a)) from (4.17) (solid line) and upper bound from (4.4) (dashed line) for
state (4.24).

Example 4.5. Horodecki gives a very interesting bound entangled state in [31] as

/a000a0 0 0 a\
0a0000 O 0 0
00a000 0 0 O
000a00 0 0 O

1 a000ad0 0 0 a

p(a)=8a+1 00000a O O 0 (4.24)

— 72

00000 1;“0 12“

0 000 0 a O

1-a2 l1+a

\aOOOaO 5 0 2/

One can easily compare the upper bound obtained in (4.17) and that in (4.4). From Figure 2
we see that, for 0 < a < 0.572, the upper bound in (4.17) is larger than that in (4.4). But for
0.572 < a < 1 the upper bound in (4.17) is always lower than that in (4.4), which means that
the upper bound (4.17) is tighter than (4.4).

In fact, we can drive another upper bound for FEF which will be very tight for weakly
mixed-quantum states.

Theorem 4.6. For any bipartite quantum state p € H 4 ® H 4, the following inequality holds [125]:

F(p) < 2(Te[ypa])” (425)

where p 4 is the reduced matrix of p.
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Proof. Note that in [77] the authors have obtained the FEF for pure state |¢) as
#(ly)) = 5 (e [Vo?| ) (426)

where plqJ> is the reduced matrix of |¢) (¢|.
For mixed state p = 3, pip’, we have

F(p) = max(ye.| (Te UN)p(L @ U)|gs) < 2 prmax(ye| (Teut)p'reu)|y.)
Sl - ()

Let \;; be the real and nonnegative eigenvalues of the matrix p;p’,. Recall that for any function
F=3,(3; xizj)l/ ? subjected to the constraints z i = 2; xij with x;; being real and nonnegative,
the inequality 3; z7 < F? holds, from which it follows that

(4.27)

St(p)s <Z\f> %<Z ZA1]> (Tr\/—])z, (4.28)

which ends the proof. O

4.2, Fully Entangled Fraction and Concurrence

The upper bound of FEF has also interesting relations to the entanglement measure
concurrence. As shown in [122], the concurrence of a two-qubit quantum state has some
kinds of relation with the optimal teleportation fidelity. For quantum state with high
dimension, we have the similar relation between them too.

Theorem 4.7. For any bipartite quantum state p € H 3 ® H 4, one has [118]

)2\ 755 [70) - 3. (429)

Proof. In [126], the authors show that, for any pure state |¢g) € K4 ® Hp, the following

inequality holds:
2d
O <ma (19 ——> 430)

where ¢ denotes the set of d x d dimensional maximally entangled states.
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Let p = 3, pil$i) (¢i| be the optimal decomposition such that C(p) = >, piC(|gsi)). We

have
2d 2 1
) = Spclle) > S 725 (maslto |91 - )
2d 1
> Vm<|r§f€xz pillyi 1 9)]° - 3) (4.31)
2d 1 2d 1
= ﬁ(lf;‘f;@hﬂd’)— g) = \/ﬁ(ﬂp) - g>r
which ends the proof. O

Inequality (4.29) has demonstrated the relation between the lower bound of
concurrence and the fully entangled fraction (thus the optimal teleportation fidelity), that
is, the fully entangled fraction of a quantum state p is limited by its concurrence.

We now consider tripartite case. Let papc be a state of three-qubit systems denoted
by A, B, and C. We study the upper bound of the FEF, ¥(pag), between qubits A and B,
and its relations to the concurrence under bipartite partition AB and C. For convenience we
normalize F(pag) to be

;N(pAB) = max{Z?(pAB) - 1,0} (432)

Let C(pap|c) denote the concurrence between subsystems AB and C.

Theorem 4.8. For any triqubit state papc, FN(pas) satisfies [123]

Fx (pas) <\/1- C*(pasic). (4.33)

Proof. We first consider the case that papc is pure, papc = |¢) spc (|- By using the Schmidt
decomposition between qubits A, B, and C, |¢) 45c can be written as

2
|‘P>AB|C = Z Milias)lic), 71% + 71% =1, m=>n, (4.34)
i=1

for some orthonormalized bases |iap), |ic) of subsystems AB, C, respectively. The reduced
density matrix p4p has the form

2
pag = Trc[pasc] = Z n2liag)(iag| = UTAUY, (4.35)
in1

where A is a 4 x 4 diagonal matrix with diagonal elements {73,13,0,0}, U is a unitary matrix,
and U* denotes the conjugation of U.
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The FEF of the two-qubit state p4p can be calculated by using formula (4.10) or the
one in [122]. Let

100 i
1loi-1o

M=Zloi 1 0 (4.36)
100 —i

be the 4 x 4 matrix constituted by the four Bell bases. The FEF of p 4 can be written as

F(paB) = Mmax <R9{MTPABM}> = %ﬂmax <MTPABM + MTPZBM*>
(4.37)

< 5 [ftmax (MTUT AU M) + 1 (MTUTAUM? )| = 72,

N =

where 7max (X) stands for the maximal eigenvalues of the matrix X.
For pure state (4.34) in bipartite partition AB and C, we have

C1¢)anc) = V2(1 - Te[p3]) = 2mm2. (4.38)

From (4.32), (4.37), and (4.38) we get

Fn(par) <4/1=C(16) apic)- (4.39)

We now prove that the above inequality (4.39) also holds for mixed state pagc.
Let pasc = > pilgi) apc (il be the optimal decomposition of papc such that C(papic) =
> PiC(|(Fi>)AB|C. We have

Fn(pas) < Z PiFN (Pqu) < Z pi\/1- c? (Pi43|c>
< \/1 - 2 piC? (piABIC> < \/m,

(4.40)

where Pf43|c = l¢i) apc(wil and plyp = Trc [piABIC]' -

From Theorem 4.8 we see that the FEF of qubits A and B are bounded by the
concurrence between qubits A, B, and qubit C. The upper bound of FEF for pap decreases
when the entanglement between qubits A, B, and C increases. As an example, we consider
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Figure 3: ?N(pz‘vl;) (dashed line) and upper bound 4/1 — C2(|[W’) 45/c) (solid line) of state [W') 45/c at |a| =
IAl-

the generalized W state defined by [W’) = a|100) + p|010) + y|001), |a|* + |B|* + |y|* = 1. The
reduced density matrix is given by

ly> 0o o0 o0

, 0 2B 0
s = 171 f ) (4.41)

0 ap |a” 0

0 0 0 0

The FEF of pY; is given by

(4.42)

) 1 1 2 2
x(plts) = =5 +2lal p| + 5| laf + 16" - Iy

7

while the concurrence of [W’) has the form Capic([W')) = 2|y|\/|al* + |B]>. We see that (4.33)

always holds. In particular for |a| = || and |y| < v2/2, the inequality (4.33) is saturated (see
Figure 3).

4.3. Improvement of Entanglement Distillation Protocol

The upper bound can give rise to not only an estimation of the fidelity in quantum
information processing such as teleportation, but also an interesting application in
entanglement distillation of quantum states. In [77] a generalized distillation protocol has
been presented. It is shown that a quantum state p violating the reduction criterion can
always be distilled. For such states if their single fraction of entanglement F(p) = (. |p|y. ) is
greater than 1/d, then one can distill these states directly by using the generalized distillation
protocol. If the FEF (the largest value of single fraction of entanglement under local unitary
transformations) is less than or equal to 1/d, then a proper filtering operation has to be used
at first to transform p to another state p' so that F(p') > 1/d. For d = 2, one can compute
FEF analytically according to the corollary. For d > 3 our upper bound (4.4) can supply a
necessary condition in the distillation.
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Figure 4: Upper bound of ¥(p) — 1/3 from (4.4) (solid line) and fidelity F(p) — 1/3 (dashed line) for state
(4.43).

Theorem 4.9. For an entangled state p € H ® H violating the reduction criterion, if the upper
bound (4.4) is less than or equal to 1/d, then the filtering operation has to be applied before using the
generalized distillation protocol [123].

As an example, we consider a 3 x 3 state

(4.43)

7

8 1
P=39 + §|‘I’+><‘I’+

where o = (x]0) (0] + (1 -x)|1)(1]) ® (x|0) (0] + (1 — x)|1)(1]). It is direct to verify that p violates
the reduction criterion for 0 < x <1, as (p; ®I) — p has a negative eigenvalue —2/27. Therefore
the state is distillable. From Figure 4, we see that for 0 < x < 0.0722 and 0.9278 < x < 1, the
fidelity is already greater than 1/3; thus the generalized distillation protocol can be applied
without the filtering operation. However for 0.1188 < x < 0.8811, even the upper bound of
the fully entangled fraction is less than or equal to 1/3; hence the filtering operation has to be
applied first, before using the generalized distillation protocol.

Moreover, the lower bounds of concurrence can be also used to study the distillability
of quantum states. Based on the positive partial transpose (PPT) criterion, a necessary and
sufficient condition for the distillability was proposed in [127], which is not operational in
general. An alternative distillability criterion based on the bound 7 in (3.19) can be obtained
to improve the operationality.

Theorem 4.10. A bipartite quantum state p is distillable if and only if T2(p®N) > 0 for some number
N [67].

Proof. It was shown in [127] that a density matrix p is distillable if and only if there are some
projectors P, Q that map high-dimensional spaces to two-dimensional ones and some number
N such that the state P ® Qp®N P ® Q is entangled [127]. Thus if 7,(p®N) > 0, then there exists
one submatrix of matrix p®N , similar to (3.20), which has nonzero 7, and is entangled in a
2 ® 2 space; hence p is distillable. O
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Corollary 4.11. (a) The lower bound T (p) > 0 is a sufficient condition for the distillability of any
bipartite state p.
(b) The lower bound 1> (p) = 0 is a necessary condition for separability of any bipartite state p.

Remark 4.12. Corollary 4.11 directly follows from Theorem 4.10 and this case is referred to as
one distillable [128]. The problem of whether non-PPT (NPPT) nondistillable states exist is
studied numerically in [128, 129]. By using Theorem 4.10, although it seems impossible to
solve the problem completely, it is easy to judge the distillability of a state under condition
that is one distillable.

The lower bound 7, PPT criterion, separability, and distillability for any bipartite
quantum state p have the following relations: if 7> (p) > 0, then p is entangled. If p is separable,
then it is PPT. If 72 (p) > 0, then p is distillable. If p is distillable, then it is NPPT. From the last
two propositions it follows that if p is PPT, then 7, (p) = 0, that is, if »(p) > 0, then p is NPPT.

Theorem 4.13. For any pure tripartite state |p) 4pc in arbitrary d ® d ® d dimensional spaces, bound
T, satisfies [67]

7(pag) + T2(pac) < w2 (pasc), (4.44)

where pap = Trc(|¢) apc(Pl), pac = Trg(|¢) apc(Pl), and pasc = Trpc(|¢) apc(P))-

Proof . Since C2,, < ()»5,1121)2 <3 ()L%)z = Tr(ppmn), one can derive the inequality
D D
7(pap) +7(pac) < D, Tr[pap(Pas),] + D, Tr [PAC (PAC)W]/ (4.45)
Lk P4

where D = d(d - 1)/2. Note that >, Tr[pas(Pas)] < 1 - Trp3 — Trps + TrpZ and
qu Tr[pAC(ﬁAC)pq] <1-Tr ,0124 + Trp% - Tr pé, where I, pk,q,=1,...,D. By using the similar
analysis in [113], one has that the right-hand side of (4.45) is equal to 2(1-Tr p%) = C*(pa:pc)-
Taking into account that 7 (pa.pc) = Cz(p a:ac) for a pure state, one obtains inequality (4.44).

Generally for any pure multipartite quantum state pag,s,..1,, one has the following
monogamy inequality:

) (PABl) + 1 (PABZ) Tt (PABn) <7 (PA:Ble-uBn). (4.46)
O

5. Summary and Conclusion

We have introduced some recent results on three aspects in quantum information theory. The
first one is the separability of quantum states. New criteria to detect more entanglements have
been discussed. The normal forms of quantum states have been also studied, which helps in
investigating the separability of quantum states. Moreover, since many kinds of quantum
states can be transformed into the same normal forms, quantum states can be classified in
terms of the normal forms. For the well-known entanglement measure concurrence, we have
discussed the tight lower and upper bounds. It turns out that, although one cannot distill
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a singlet from many pairs of bound entangled states, the concurrence and tangle of two
entangled quantum states are always larger than those of one, even if both of two entangled
quantum states are bound entangled. Related to the optimal teleportation fidelity, upper
bounds for the fully entangled fraction have been studied, which can be used to improve the
distillation protocol. Interesting relations between fully entangled fraction and concurrence
have been also introduced. All these related problems in the theory of quantum entanglement
have not been completely solved yet. Many problems remain open concerning the physical
properties and mathematical structures of quantum entanglement, and the applications of
entangled states in information processing.
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