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In this review, we introduce some methods for detecting or measuring entanglement. Several non-
linear entanglement witnesses are presented. We derive a series of Bell inequalities whose maximally

violations for any multipartite qubit states can be calculated by using our formulas. Both the non-

linear entanglement witnesses and the Bell inequalities can be operated experimentally. Thus they
supply an effective way for detecting entanglement. We also introduce some experimental methods
to measure the entanglement of formation, and the lower bound of the convex-roof extension of

negativity.
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1 Introduction

As one of the most striking feature of quantum systems,
quantum entanglement plays crucial roles in quantum
information processing [1]. Entangled quantum states
are among the most important physical resources in the
rapidly expanding field of quantum information science,
with various applications such as quantum computation

[1, 2], quantum teleportation [3-6], dense coding [7],
quantum cryptographic schemes [8-10], quantum radar
[11], entanglement swapping [12-16] and remote states
preparation (RSP) [17-27]. Nevertheless, there are still
many open problems in the theory of quantum entangle-
ment for both bipartite and multipartite quantum sys-
tems.

One of the fundamental problems in quantum entan-
glement theory is to determine which states are entan-
gled and which are not, either theoretically or experi-
mentally. Entanglement witness is traditionally a quan-
tum mechanical observable, whose expectation value is
below certain bound for all separable states and exceeds
the bound for some entangled states [28, 29]. In recent
years there have been considerable efforts in construct-
ing and analyzing the structure of entanglement witness
(see Refs. [30-33] and the references therein). Generally
the Bell inequalities [34-41] can be recast as entangle-
ment witnesses. Better entanglement witnesses can be
also constructed from more effective Bell-type inequali-
ties.

On the other side, it is also a significant problem to
quantify quantum entanglement in quantum information
theory. A number of entanglement measures such as the
entanglement of formation (EOF) and distillation [42—-
46], negativity [47] and relative entropy [44-46, 48] have
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been proposed for bipartite systems [43, 48-54]. The neg-
ativity was derived from the positive partial transposi-
tion (PPT) [55]. It bounds two relevant quantities char-
acterizing the entanglement of mixed states: the channel
capacity and the distillable entanglement. The convex-
roof extension of the negativity (CREN) [56] gives a bet-
ter characterization of entanglement, which is nonzero
for PPT entangled quantum states.

The higher dimensional systems offer advantages such
as increased security in a range of quantum information
protocols [57-61], greater channel capacity for quantum
communication [62], novel fundamental tests of quan-
tum mechanics [63], and more efficient quantum gates
[64]. In particular, hybrid qubit—qutrit system has been
extensively studied and already experimentally realized
[65, 66]. Entanglement for bipartite quantum systems
has been intensively studied with rich understanding.
However, for multipartite quantum systems, very few are
known for the characterization and quantification.

A method to measure the concurrence of pure sates
has been proposed in Ref. [67]. The authors have shown
that the concurrence C(]1))) of an N-partite system pure
state [¢)) € H'@H?2® - @ HY, can be expressed as the
following expectation value with respect to two copies of

|1/1>’
C(|9) = V{¥l @ WIAly) ® [) (1)

Here A is a Hermitian operator acting on H' ® H? ®
QHN@H' @H?®---®@HN. The operator A can be
written as

_ 1 2 N
A=4 Z P51i®P52i®'”®PsNi
{sj, =2}

(2)

where P_{ and P’ are the projectors onto the symmetric
and antisymmetric subspaces H’ ® H’, and H’ A 'H7 re-
spectively. The set {s;, = £} is composed of all possible
ways of sorting the symbols “+” and “—” in an N-long
string, such that the total amount of “—” symbols is an
even number, and excluding the completely symmetric
symbols at all.

The method is further experimentally demonstrated
[68, 69]. This protocol needs a twofold copy of the quan-
tum state at every measurement. A way of measuring

case with no “—”

concurrence for any pure states by using only one copy
of the state at each measurement has been presented in
Ref. [70].

In this review, we introduce several inequalities for ex-
perimentally detecting and quantifying entanglement of
bipartite quantum systems with arbitrary dimensions in
Section 2. Constructing Bell inequalities for multipartite
qubit systems and their maximal violation are shown in
Section 3. Also we derive some measurable lower bounds
for entanglement measures in Section 4. We give conclu-
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sions and remarks in Section 5.

Throughout this review, Hy denotes a d-dimensional
vector space with computational basis [0) =
(1,0,...,00Y, 1) = (0,1,...,00T, ..., |d = 1) =
(0,0,...,1)T, where T denotes transpose. Generally
an N-partite quantum state is a density matrix in
Ha, @ Ha, ® -+ @ Ha,, with dimensions d; for the
ith system.

2 Inequalities detecting entanglement

In this section, we present a series of inequalities as
entanglement witnesses for bipartite quantum systems.
These inequalities are given by mean values of local ob-
servables and give rise to experimental ways for detecting
the quantum entanglement of bipartite quantum states.

2.1 Inequalities detecting bound entanglement for 2®d
systems

To construct inequalities that detect entanglement, we
first present a lemma that will be used in proving our
theorem for 2 ® 3 system.

Lemma 1 If the inequality

2 2 2
ai >bl+cl

(3)

holds for arbitrary real numbers b; and c;, and nonnega-
tive a;, i =1,---,n, then

<Zpiai> P <Zpibi> + <Zpi0i>
i=1 i=1 i=1

for0<p;<1land Y p; =1
(07 + ) (b5 +

Proof. From Eq. (3), we have a7a; > (b;
c?) > (bibj + c;cj)?. Due to a; > 0 for i = 1,---,n, one
gets
n 2 n
<Z piai> = ZP?G? + QZpipjaiaj
i=1 i=1 i<j
Z pr(b? +¢)+ ZZpipj(bibj + cicj)
i=1 i#j
= <Zpibi> + <Zpici>
i=1 i=1
which completes the proof of the lemma. O

Consider bipartite mixed states in He ® Hs. Let
A; = UoyUT (i = 1,2,3), be a set of quantum me-
chanical observables with U any 2 x 2 unitary matrix,
and o1 = [0)(1] + |1){(0], o2 = 1i]0)(1] — i|1)(0] and
o3 = [0)(0] — |1)(1] the Pauli matrices, where |k) € Ha,
k=0,1. Let B; = V/\jVT, 7 =1,2,3,4, be the observ-
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ables associated with the space Hs, with V any 3 x 3
unitary matrix, Ay = |0)(0] — [1)(1]|, A2 = |0)(0] — |2)(2],
Az = |0)(1] 4+ |1){0] and Ay = i|0)(1] — i|1)(0|, where
|k) € Hs, k = 0,1,2. According to these observables we
can construct inequalities detecting entanglement per-
fectly for 2 ® 3 systems.

Theorem 1 Any state p in Hy ® Hs is separable if and
only if the following inequality

<2[2®13712®Bl +212®B2+3A3®B1>p
> ((31; ® By + 243 ® Is — A3 ® By + 243 ® Ba)?,
+9(A, ® By + Ay ® By)?)3 (4)

holds for all set of observables {A;}}_, and {B;}j_,,
where Iy denotes the d x d identity matrix.

Proof. Part 1. First we prove that the state is sep-
arable if the inequality (4) holds. Any pure state |[¢) €
Hy ® Hj has the Schmidt decomposition:

|¢) = [00) + B[11),

Applying partial transpose with respect to the first space
H, to 1) (1], we get that the corresponding density ma-
trix 1) (¢| becomes

) (W[ = a?]00)(00] + 5%[11)(11]
+aB(|10)(01] + [01)(10])

0<pB<ax<l (5)

By expanding the partial transposed matrix |¢) (1|
according to the matrices {0;}7_; and {/\j};l-zl defined
above, we get

1 1 3
WM =2 (Lhel+( -s+-V1-C2 Lok
6 22
3 1
+IQ®)\2+\/1—020'3®I3+(§_§\/1—02)03®)\1

1
+ 1020'3®>\2> +ZC(UI®/\3+U2®/\4) (6)

where C' = 2af is just the concurrence of the pure state

|¥), defined by C(|1)) = v/2(1 — Trp?). py is the reduced

density matrix p; = Tra(|¢))(¢)|), where Try stands for
the partial trace with respect to the second space Hj.
Let U be an arbitrary 2 x 2 unitary matrix and V an
arbitrary 3 x 3 unitary matrix. Then |¥) = U* ® V|¢))
represents an arbitrary pure state in Hy® Hs. Note that a
bipartite state p € Ho ® Hj is separable if and only if p7*
is positive, that is, (¥|p?*|¥) > 0 for all |¥) € Hy ® H3.
Therefore
0< WIUT  VIpHU* @ V)
=Tr(p"U* @ V) (p|UT @ V1)
=Te(pU @ V([) () UT @ V1)
=UeV(Ip)HUTe v,

for all U, V, a and 3, where Tr(AT: B) = Tr(AB™") has
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been taken into account and Tr stands for trace. Hence
we have

12(0|p"|0) =12(U @ V(jo) ()" UT @ V),

= 2L @I+ (—1+3V1—C?)I® By +2I,® By
+2v1-C2430 I5+ (3— /1 - C?)A3 ® By
+2v/1— C2A3 ® By), + 3C(A; ® By + Ay @ By),

> (2, ® I3 — 1 @ By + 21, ® By + 3A3 ® By),
—V1=C2(3L, @ By + 24350 Is — A3 © By
+2A43 ® Ba), + 3C(A; ® B3 + As ® By),|

> (2l ® I3 — I ® By + 21, ® Bo + 343 ® By1),
—{(BL®B1 +243® I3 — A3® B + 243 ® B2>,2,
+9(A1 ® By + A2 ® B4>2}% (7)

where we have used Eq. (6) and employed the definition
of {A;} and {B,} for the second equality. The first in-
equality is due to —|z| < x and the second one is from
the Cauchy inequality. Therefore if the inequality (4)
holds, the right hand side of inequality (7) is nonneg-
ative. Therefore (¥|p™t|¥) > 0 for all |¥) € Hy @ Hs,
and the state is separable according to the PPT criterion.

Part 2. We prove now that if the state is separable,
the inequality (4) holds. First we show that inequality
(4) holds for all pure separable states, which is equiva-
lent to prove that for arbitrary pure separable state p,
the following inequality holds:

2L ® I3 — I, ® A\ + 21 ® A2 + 303 ® A1)2
> (3L, @M 4203 @ I3 — 03 ® A1 + 203 ® Aa)))
+9(01 ® A3 + 02 @ Ay (8)

Note that any pure separable state can be written
as [€) = (11]0) + 12[1)) ® (60]0) + Gr]1) + 62[2)) with
71?2 + 92l = 1 and |¢o|? + [¢1] + |¢2|* = 1. Inserting
this separable pure state |£)(¢] into Eq. (8), one gets that
the square root of the left hand side of (8) becomes

(2L @ I3 — I3 ® A\ + 212 ® A2 + 303 @ A1)jg) (e
= 6(|gom1|* + [9172]*) = 0 (9)
While the right hand side of the inequality (8) becomes
(8L ® M 4203 ® Is — 03 ® A1 + 203 ® Ao)fey (¢
+9(01 ®@ Az + 02 @ Ma)ey g
= (6]7160]”—6lr2¢1|*)*+144(Re(7173 )Re(¢7 o)) (10)

The difference between the left and right hand side of (8)
is given by

2L @ Iy — I, ® A1 + 21> ® Ay + 303 © A1)y g
~(8L2® M +203 @ I3 — 93 ® M1 + 203 ® A2)fgy ¢
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901 ® A3+ 02 @ )\4>|25>(5|
= 144|717260001|* — 144(Re(7173 )Re(¢7d0))* > 0 (11)

Therefore the inequality (8) holds for any pure separable
states.
We now prove that the inequality (4) also holds for
general separable mixed states,
Zpi =1
K3

p= ZPH%)(ML 0<pi <
where |1;) are all pure separable states. Set

a; = <2[2 @ I3 — I @ By +215® By + 3A3 ®Bl>w,i><wi‘
b; = <3IQ®Bl+2A3®Ig—A3®Bl+2A3®Bg>‘¢i><wi‘

¢i = 3(A1 @ B3 + A2 @ Ba) |y, (0]
We have

2
<Zplal> 2[2@]3 IQ®Bl+2IQ®BQ+3A3®Bl>/2)

2
<ZP1 1) 312 ®Bl+2A3®Ig *A3®B1

+243 ® By),

2
<Zplcl> A1 ® Bg + AQ ® B4>

Since inequality (8) holds for all pure separable states,
2 > b7 + 2. Furthermore, from the inequality (9) one
gets a; > 0. From the lemma one gets (3, pia;)? >
(3> pibi)* + (32, pici)?, which verifies that any mixed
separable state p obeys the inequality (4). O
We have shown that any state p in Ho® Hj is separable
if and only if the inequality (4) is satisfied. The inequality
(4) gives a necessary and sufficient separability criterion
for general qubit—qutrit states. The separability of the
state can be determined by experimental measurements
on the local observables. For instance, consider the mixed
state

p=plt) (Wt + 1 gple

where |¢pT) = L(|00> +|11)). Let us take U = I and

= 0)(1] + [1)(0] + [2)(2]- Let FF), (1(p) denote the
Value of violation of the inequality (4)

3) B
Fioy vy (o) =

+245 ® B2)2 + 9(A; ® By + Az ® By)?2)*
7<2]2 ® I3 — I, ® By + 21> ® By + 3A3 ® B1>p

(312 @ B1 + 243 ® I3 — A3 ® By

By straightforward calculation we have F[(JB‘)/ (p) =8p—
2> 0 for p > i. As this state is entangled if and only if
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p > i, our inequality (4) detects all the entanglement of
the state.

We consider now the maximal v1olat10n of the in-
equality (4). Let F®(p) = max(py, {v}{ {U} (e p),0}
denote the maximal violation value with respect to
a given state p, under all {U} and {V}. Obviously,
F®)(p) = 0 if p is separable. For an entangled state p,
F®(p) > —12\min, where Ay, is the minimal eigen-
value of the partial transposed density matrix of p,
Amin = ming,v,a,s(U @ V([¥) ()1 UT @ V1), where |¢)
is given by Eq. (5). As an example, let us simply take
the observables {A;}7_, to be {o1,09,03} and {B;}j_,
to be {)\1, )\27 )\3, /\4}7 i.e., U= IQ and V = Ig in the the-
orem 1. The violation corresponding to the pure state
ap|01) + Bo|10) is FI(23)13 (p) = 120 fp. For the maximally
entangled state —= (|01) +]10)), the corresponding max-
imal violation Value is 6.

For given U and V, inequality (4) also gives rise to a
kind of entanglement witness Wy

Wuv = (2L ® I3 — Iy ® B1 + 2], ® By + 343 ® B1),
—((3L ® By + 243 ® Iy — A3 ® By + 243 ® B,),

2\ 1
+9<A1 ® B3 + Ay ®B4>p)2

For all separable states o, Tr(Wyyo) > 0. If
Tr(Wy,vp) < 0 then p is entangled. Every entanglement
witness Wy v detects a certain set of entangled states.
Witnesses {Wy v} under all U and V together detect
all the entangled states, since all entangled states violate
the inequality (4).

Here as in Ref. [33], the observables in theorem 1 are
not independent. The three observables {4;}?_, for the
first subsystem and the four observables {B;}j_, for the
second subsystem fulfill the relations A; Ay = —iA3 and
BsB4 = —iBj respectively.

Based on the PPT criterion, we have derived the in-
equality which is both sufficient and necessary for sepa-
rability of Hy ® Hs system. Our approach can be also ap-
plied to other systems such as two-qubit ones, although
the approach used in Ref. [33] cannot be simply applied
to Hy ® Hj system. In terms of our approach it is eas-
ily to get the following result for two-qubit system: Any
two-qubit state p is separable if and only if

(I, ® I + A3 ® Bs), > ((I, ® Bs + A3 @ L),
+{A1® B+ A2 ® BQ>2)%

for all set of observables {A; }3 y and {B;}3_,, where
A; = UoiU and B; = Vo,VT, i,j =1,2,3, U and V
are 2 x 2 unitary matrices. The observables here have
the same orientation y = —iA1AsAs = —iB1B2B3 = 1.
If one replaces o3 with —o3, the above inequality still
holds. But the orientation becomes p = —iA; AsAs =

(12)
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—iB1 By B3 = —1. Namely the inequality (12) is true for
all set of observables with the same orientation, which
recover the results in Ref. [33]. Moreover, one can also
obtain that, for a given entangled state the maximal vi-
olation of the inequality (12) is —4Amin. The possible
maximal violation among all states is 3, which is attain-
able by the maximally entangled states [33].

For higher dimensional bipartite systems, the PPT cri-
terion is only necessary for separability. In the following
we study the Bell-type inequalities for Ho ® H, systems.
The quantum states in Hy ® Hy also play important roles
in quantum information processing [71-73]. The separa-
bility for Hy ® Hy systems could also shed light on the
separability of multiqubits systems.

Theorem 2 (i) Any separable state p € Hy @ Hy obeys
the following inequality:

2L @ Iy+ (2—d),® By +2I, @ By + - -
+2I, ® By_1 + dAs @ By),
> ((dl, ® By + 2435 @ I + (2 — d)A3 @ By
42453 By + -+ 245 ® Bd,1>§
+d?(A1 ® By + Ay ® Bai1)2)?
where the observables {A;}3

(13)

_, are deﬁned as the ones

in theorem 1. B; = VNV, j = cd 4+ 1, with
Vo any d x d unitary matriz, A\ = [0)(0] — [1)(1],
Az = [0)(0] = [2)2], -+, Ag—1 = [0)(0] — |d — 1){d — 1],

N = [0) (1] +[1)(0] and Aagr = il0) (1| ~i[1)(0], [}) € Ha,
j=0,---,d—1.

(ii) All NPT states in Hy @ Hy violate the above in-
equality.

The proof of (i) is similar to the part 2 in the proof
of theorem 1 for necessity of separability. The statement
(ii) can be proved analogous to the part 1 in the proof
of theorem 1. However as the PPT criterion is no longer
both sufficient and necessary for separability of 2® d sys-
tems, one has only that all NPT entangled states violate
the inequality.

For the cases d = 2 and d = 3, the inequality (13)
reduces to the inequality (12) and (4) respectively.

Let F¥(p) denote the maximal violation value of
the inequality (13) for a given state p: F@(p) =

max{ys, {V}{ {U} {V}( ), O}, where

d
Fi () = ({dL ® B+ 2430 I+ (2— d) A3 © By
+2A43 ® By + -+ + 243 ® By_1),

+d2<A1 Q@ Bg+ Ay ® Bd+1>/2))%
2L+ (2-d) @B +2l, B+ - -
+2I, ® Bg_1 +dA3 ® Bl>p (14)

Analogously, we have that F(4) (p) is invariant under lo-
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cal unitary transformations, F(9)(p) = F{)(U e VpUT®
V1) and F(@(p) = 0 if p is separable. For any entan-
gled state p, we have F(d)(p) > —4dAmin, where Apip is
the minimal eigenvalue of the partial transposed density
matrix of p. Any violation of the inequality (13) implies
entanglement. Since all entangled pure states are NPT,
Eq. (13) can detect all pure entangled states. Moreover,
as all mixed states with rank less than or equal to d are
entangled if and only if they are NPT [71], inequality
(13) can also detect the entanglement of all such states.

An interesting thing is that although inequality (13)
is obtained based on PPT criterion which is no longer
sufficient for separability of 2 ® d systems for d > 3, it
can still detect the quantum entanglement of some PPT
entangled states. Namely, besides all NPT states, some
PPT entangled states would also violate the inequality.
This can be seen from the proof of the first part of the
theorem 1. Any PPT state p satisfies (¥|p™:|¥) > 0 for
all pure state | ¥). From Eq. (7) one can similarly obtain
that, for 2 ® d systems, it is possible that the inequal-
ity (13) is violated while (¥|pTt|¥) > 0 is still satisfied.
As an example we consider the family of PPT entangled
states in 2 ® 4 systems, introduced in Ref. [74]:

b
= inse 15
b 7b+10 P+7b+1|¢b><¢b| ( )
where 0 < b < 1,

Ginsen = 2(in) o + o) w2|+|¢3><w3|>+§|14><14|

lpp) = [2) ® \/ |1 \/ |3
hin) = \if<|11+|22
pn) = 7<|12>+|23>>
) = = (13) + [24))

Sis

The state o} is entangled if and only if 0 < b < 1 [74].
In fact, we can simply choose U = |0)(1| — |1)(0]
and V = Ij. Then F% op) = —8b — 4(1 +

(13,11 (@ "
b) + \/?O%b? + (=80 +4(1+b))% and Fip)y (/4(03) >0

when 57 < b < 1. Therefore, the inequality can detect
almost all the entanglement in o} (see Fig. 1). In deed
our inequality has advantages in detecting entanglement
of this PPT entangled state, since the PPT, CCNR, re-
duction and majorization criteria can not detect all the
entanglement of op.

The inequality (13) can also detect entanglement for
n-qubit pure states. Suppose [1) 4,...4, is an arbitrary n-
qubit pure state. If we treat the n-qubit state )4, ...a,
as a bipartite one with the ¢-th qubit as one subsystem
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Fig. 1 U = cosp(]0)(0|+|1)(1])+sinp(]0)(1] —|1)(0]), V = I4. Left: F{(4)} {V}(a'b) with respect to p and b. Right: Contour

U

con. ) . con. ®
plot of the left figure. The dark region: F{U},{V} (op) < 0; the gray region: F{U},{V} (op) > 0.

and the rest qubits as another subsystem, then it is a
2® 271 bipartite pure state. 1)) a,...a, is separable un-
der this partition if and only if it fulfills the inequality
(13).

2.2 Inequalities for arbitrary bipartite quantum
systems

In this part, we introduce a series of entanglement wit-
nesses that can serve as necessary and sufficient con-
ditions for the separability of bipartite pure quantum
states and the isotropic states. These entanglement wit-
nesses are also closely related to the measure of quantum
entanglement.

Let us first give a brief review of the 3-setting non-
linear entanglement witnesses enforced by the indeter-
minacy relation of complementary local observables [33].
For a two-level system there are three mutually comple-
mentary observables A; = a; - o, where a;, i = 1,2,3,
are three normalized vectors that are orthogonal to each
other, o = (04,0,,0,) are the Pauli matrices. pa4 =
—iA1 A3 A3 is the so-called orientation of A;s. pa takes
values 1. Similarly, one can define three mutually com-
plementary observables B; = b; - o, ¢ = 1,2, 3, with the
corresponding orientations pp. It has been shown that
[33]: (i) A two-qubit state p is separable if and only if
the following inequality holds for all sets of observables
{A;, B;}i=1,2,3 with the same orientation:

V{ALBL + A2B2)2 + (As + Bs)? — (A3Bs), <1 (16)

(ii) For a given entangled state the maximal violation of
the above inequality is 1 — 4\ pin, With Apin being the
minimal eigenvalue of the partially transposed density
matrix. The maximal possible violation for all states is
3, which is attainable by the maximal entangled states.

The approach in Ref. [33] cannot be directly general-
ized to higher dimensional systems, since it is based on
the PPT criterion that is both necessary and sufficient
only for separability of two-qubit and qubit-qutrit states.
For general higher dimensional M x N bipartite quan-
tum systems a new approach has been employed in Ref.
[41]. Let p € Hap be any pure quantum states in vector
space Hap = H4 ® Hp with dimensions dimHq = M
and dim Hp = N respectively. Assume Lg and Lg be
the generators of special orthogonal groups SO(M) and
SO(N) respectively. The M (M —1)/2 generators L7} are
given by {|j)(k] — |k)(j|}, 1 < j < k < M, where |i),
i =1,---,M, is the usual orthonormal basis of H4, a
column vector with the ¢th row 1 and the rest zeros. Lg
can be similarly defined. The matrix operators L2 (resp.
Lg) have M — 2 (resp. N — 2) rows and M — 2 (resp.
N — 2) columns that are identically zero. We define the
operators AY (resp. Bf ) from L, (resp. Lg) by replacing
the four entries in the positions of the two nonzero rows
and two nonzero columns of L, (resp. Lg) with the cor-
responding four entries of the matrix a; - o (resp. bj - o),
and keeping the other entries of A (resp. Bjﬁ ) zero.

By using Lg and Lg the pure state p can be projected
to “two-qubit” ones [41]:

s LA®LEp(Ld) ® (LE)!
T T{LA® LEp(LA)T @ (LE)T)

(17)

where o« = 1,2, - -, M(A;I_l);ﬁ =1,2,---, N(Jg_l). As
the matrix LA ® Lg has MN — 4 rows and MN — 4
columns that are identically zero, one can directly verify
that there are at most 4x4 = 16 nonzero elements in each
matrix p,g. For every pure state p,g the corresponding

Bell operators are defined by
B.s = Ay @ BY + AY @ BY + AS @ BY — Ay © B (18)
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- A A .
where A = LAA2(LA) and BY = LEBJ(LE)! are Her-
mitian operators. It has been shown that any bipartite
pure quantum state is entangled if and only if at least
one of the following inequalities is violated [41],

[(Bag)| <2 (19)

Inequalities (19) work only for general high dimen-
sional bipartite pure states. Combining the approaches
in Refs. [33] and [41], we now define the mean value of
nonlinear operators Bj, 5,

(Blg) = (A9 BY + A B5)2 + (A3 + BY)2
—(A$BY), (20)

for high dimensional bipartite mixed states.
Theorem 3 Any bipartite quantum state p € Hap is
entangled if one of the following inequalities,
1
Tr(La X Lﬁ pTALa X Lﬁ)

[(Bis)l <1 (21)

1,2,..., MM=D g

18 wviolated, where o = 5

1.2, .- w
Proof: Assume that p is separable (not entangled)

quantum state. Since the separability of a state does not
change under the local operation Léo ® LBO, one has that
LAQLE p(LM T (L5t .
Tr{g§®£§£(£é)?é(£§)f}’ which
can be treated as a two qubits state, must be also sepa-
rable. According to the analysis in Ref. [33], a two-qubit
state p is separable if and only if (16) holds, which con-
tradicts with the condition (21). Thus we have that if
any one of the inequalities (21) is violated, p must be an
entangled quantum state. (|
It is obvious that the inequalities (21) must not be
weaker than the Bell inequalities given in Ref. [41] for
detecting entanglement of mixed quantum states, since
(21) supplies a sufficient and necessary condition for sep-
arability of two qubits (mixed) quantum states, while
violating the CHSH inequality is just a sufficient condi-
tion for two-qubit entanglement. Actually, (21) is strictly
stronger, as seen from the following examples.
Example 1 We consider a 3 x 3 dimensional state
introduced in Ref. [75] by Bennett et al. Set |&) =

Z510)(10)=11)), €1) = Z5(10)=[1))[2), |&2) = Z512)(11)—
12)), 1€3) = 5 (11) =12))10), &) = 5(10) +[1)+(2))(0) +
1) +[2)). Let

for any o and 3, pap =

. 1
p= 1(19 - > L&l
i=0

This state is entangled according to the realignment cri-
terion [76]. We consider the mixture of p and the max-
imal entangled singlet Py = [14)(¢4|, where [14) =

363
2 ..
% i l0):
pp = (1—p)p+pP; (22)

By straightforward computation, the Bell inequalities

(19) detect entanglement for 0.57602 < p < 1, while

(21) detect entanglement for 0.18221 < p < 1.
Example 2 Consider the state

pp(a) = (1 —p)p(a) + pPy (23)

where

p(a):8a1+1
a 00 0a O O 0 a
0a 0000 0O 0 0
00 a 000 0O 0 0
000 a 00 0O 0 0
a 00 0O a O O 0 a
00000a O 0 0
000000 4o o Y=
0000O0O0 0O a 0
a 00 0 a 0 Y22 o L

is the weakly inseparable state given in Ref. [77], 0 <
a <1

Take a = 0.236, which is the case that p(a) violates
the realignment criterion [76] maximally. From Fig. 2 we
see that the Bell inequalities (19) detect entanglement
for 0.26 < p < 1, while (21) detect entanglement for the
whole region of 0 < p < 1.

0.5 4"

Fig. 2 The differences D(p) between the right and the left sides
of the inequalities (21) (solid line) and the Bell inequalities (19)
(doted line).

Example 3 Isotropic states [78] with dimensions
M = N = d can be written as the mixtures of the max-
imally mixed state and the maximally entangled state

[4) = 25 T, i),

1—=x
P=-x Iy ® Ig + oy ) (Y|

The inequalities (21) can detect the entanglement for

(24)
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x < d+-1 which agrees with the result in Ref. [78]. Thus
(21) serves as a sufficient and necessary condition of sep-
arability for isotropic states.

3 Bell inequalities for multipartite qubit
systems

In this section, we study Bell inequalities for both pure
and mixed multi-qubit systems. We propose a series of
Bell inequalities for any N-qubit states (N > 3), and
derive the formulas of the maximal violations of these
Bell inequalities. The Bell inequalities are independent
of the WWZB inequality and Chen’s Bell inequalities
constructed in Ref. [79], i.e., they can detect some en-
tangled states which fulfill both the WWZB inequality
and Chen’s Bell inequalities.

Consider an N-qubit quantum system and allow each
part to choose independently between two dichotomic
observables A;, Al for the ith observer, i = 1,2,---, N.
Each measurement has two possible outcomes 1 and
—1. Quantum mechanically these observables can be ex-
pressed as A; = a;-0, A}, = a)-o, where o = (01,02, 03)
are the Pauli matrices and a;, a} are unit vectors,
i=1,2,---,N.

The CHSH Bell inequality for two-qubit systems is
given by

[(B2)| <1 (25)

where the Bell operator By = %(AlAg +AjAs+ AL AL —
AL AL). In Ref. [80] Horodeckis have derived an elegant
formula which serves as a necessary and sufficient condi-
tion for violating the CHSH inequality by an arbitrary
mixed two qubits state.

The WWZB Bell operator is defined by

>

81,82, ,sN==%1

k1 ks kn o N e
E s1'sy” o sN @50 Oj(k;)
ki,ka, - kn==%1

BWWZB _ 1

oN 5(515527"'55N)

(26)

where S(s1, $2,- -, sn) is an arbitrary function of s;, i =
L,---, N, taking values £1, O;(1) = A; and O;(2) = A
with k; = 1,2. It is shown in Refs. [81, 82] that local
realism requires that [(By)| < 1. The MABK inequality
is recovered by taking S(s1,s2, -, sn) = V2cos[(s1 +
so+---+sy—N+1)/F] in Eq. (26). In Refs. [81, 82] the
authors also derived a necessary and sufficient condition
of violation of this inequality for an arbitrary N-qubit
mixed state, generalizing two-qubit results in Ref. [80].
However, when using the results to obtain the maximal
violation of the WWZB inequality, one has to select a
proper set of unit vectors a; and af, which makes the
approach less operational.
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Employing an inductive method from the (N — 1)-
partite WWZB Bell inequality to the N-partite inequal-
ity, a family of Bell inequalities was presented in Ref.
[79]. The Bell operator is defined by

1 1
By = BYW*B ® §(AN + Aly) + §(AN - Ay)  (27)

where BN W% represents the normal WWZB Bell oper-
ators defined in (26) for N — 1 qubits. For simplicity
in (27) and in the following we only write the quan-
tum mechanical operators acting on certain qubits, and
omit the identity operators acting on the rest qubits.
Bell operators (27) yield the violation of the correspond-
ing Bell inequality for the generalized GHZ states, i) =
cosa|00---0)+sin|11---1), in the whole parameter re-
gion of a such that cosa # 0 and sina # 0, thus over-
coming the drawback of the WWZB inequality. In the
three-qubit case, one can construct three different Bell
operators from By by using the approach of (27). The
corresponding three Bell inequalities can distinguish full
separability, detailed partial separability and true entan-
glement [83]. However, the maximal violation of this Bell
inequality is unknown for a generally given three-qubit
state.

We start with constructing a set of new Bell inequali-
ties for any N-qubit quantum systems by iteration. First
consider the case N = 3. As a two-qubit CHSH Bell op-
erator By can act on two of the three qubits in three
different ways, we can have three Bell operators,

) 1 1
By = (B2)" @ 5(Ai + 4) + 5 (A4 - A, i=123
(28)

where (Bz)? is the two-qubit CHSH Bell operators acting
on the two qubits except for the ith one. For N > 4, the
Bell operators can be similarly obtained,

i) (=D . . 1 1
By T = (Bl @ g+ A + (4 - 4]
(29)
with i = 1,2,---,N and j = 1,2,---, 200 Here

(B{V_l)i denotes the jth Bell operator acting on the
(N — 1) qubits except for the ith one. There are totally
NT! Bell operators.

Theorem 4 If a local realistic description is assumed,
the following inequalities must hold,

[(Bx)| <1 (30)

where k € {1,2,-~,N7!}.

Proof. We prove the theorem by induction. Note
that for two qubits systems, local realism requires that
[(B2)] < 1 as shown in (25). Assume that a local
realistic model has lead to |[(BY_,)| < 1 with k €
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{1,2,---, (Ngl)! }+. Consider the N-partite systems. If A;
and A} are specified by some local parameters each hav-
ing two possible outcomes —1 and 1, one has either

|A; + A = 2 and |4; — A;] = 0, or vice versa. For
any k€ {1,2,---, NT'}, from (29) we have that
(ifl)(N’l)!Jr'
(B =By 7 )
= [{(By_1)' ® 5(Ai + A7) + 5(Ai = 4)]

<HBy-))® 5 |<(A + A7)

+§|<<Az-—A;>>| <1

O

We remark that any N-qubit fully separable states also
satisfy the inequality (30). For N > 4, the operator BY,_;
is derived from Bi _,. Thus BY are different from the
Bell operators in Ref. [79] where BY,_; is the Bell opera-
tor in the WWZB inequality. The following example will
show that our Bell inequalities in (30) are independent
from the WWZB inequalities and that in Ref. [79], and
our new Bell inequalities can detect entanglement better.
Example Consider a four-qubit pure state |[¢) =
|$) ®0), where |¢) = cos |000) +sina|111), « € [0, 75].
It has been proved [84] that for sin2a < 3 (ie., a €

[0, 75]), the WWZB Bell inequalities cannothe violated
by the generalized GHZ state |¢). According to the result
in Ref. [84], the WWZB inequalities operator B}YW#5
and the Bell operator By in Ref. [79] satisfy the following

relations,
(| BYW2P )| < (9] B VAR 9)] < 1
(0| Baly)] < [(0|B3" V2P 10)| < 1

Therefore both the WWZB Bell inequalities and the in-
equalities in Ref. [79] cannot detect entanglement of |)).

Nevertheless the mean values of the Bell operator B}
in (30) is \/2 sin? (2ar) + cos? (2cr) which is always larger
than 1 as long as |¢) is not separable. Therefore the en-
tanglement is detected by our Bell inequality (30).

Now we investigate the maximal violation of the Bell
inequalities (30). We first consider the N = 3 case. In
this situation, (29) gives three operators,

(31)
(32)

B =(B)' ® %(Al + A + %(Al —A) (33)
Bi=(B2)?® %(A2 + AY) + %(A2 — Ab) (34)
B = (B2)" © 5(As + A5) + 1 (A — AY) (35)
where (Bo)! = L(AzAs + Ay Az + As Al — AL AL), (Bo)? =

$(A1 Az + A A5+ AL AL — AL AL) and (B2)® = $(A1 Az +
Al Ay + A1 AL — AL AL). Let p be a general three-qubit
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state,

3
E Tijk0i050%

1,5,k=0

(36)

where o9 = I is the 2 x 2 identity matrix, o; are the
Pauli matrices, and
Tiji =

1
gTr(poiojok) (37)

Theorem 5 The mazimum of the mean values of the
Bell operators in (33), (34) and (35) satisfy the follow-

ing relations,

max |(B3)| = 8 max{\](bs3) + \3(b3)

HITooI? — (b3, To)?} = (38)
max |(B3)| = 8 max{\?(bs) + \3(b3)

HITH|? — (bs, Ti)?} 2 (39)
max |(B3)| = 8 max{\3(bs) + \3(b3)

HITHI? — (bs, Ti)?} = (40)

where (-,-) denotes the inner product of two vectors, ||x||
stands for the norm of vector . The maximums on the
right of (38), (39) and (40) are taken over all the unit
vectors bsz. Given a three-qubit state p, one can com-
pute Ty by using the formula in (87). Then \i(b3) and
A5 (b3) are defined to be the two greater eigenvalues of
the matriz M} M; with M; = Yo  b5TE, i = 1,2,3,
with respect to the three Bell operators in (33), (34) and
(85). Here T,i, l=1,2,3, are matrices with entries given
by (Th)ij = Thijs (T3)ij = Ty and (T{)i; = Ty
T35, m = 1,2,3 are defined to be vectors with entries
(Too)x = Troo, (Tgo)x = Toko and (Tg)r = Took-

Proof. We take (35) as an example to show how to
calculate the maximal violation. The maximal violation
for the Bell operators (33) and (34) can be computed
similarly. A direct computation shows that

1
= Z[(Al + A1)Az + (A; — A])AS)(As + Aj)
1
+§(A3 — A3)
1
= Z(Al + A})Ax(As + A3)
1 1
1S .
=1 > lai + (a))]adlal + (ay)*]oiojon
i,j,k=1
1 S . .
+7 > lai — (ah)'](ab) [ah + (ab)*|oiojon
i, k=1

(41)
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For any given unit vectors a; and af, there always ex-
ist a pair of unit and mutually orthogonal vectors by, b}
and 6 € [0, 5] such that

a; +al =2cosfby, a;—al=2sindb] (42)
Similarly for as and a%, we have
as +a%=2cospbs, az—al=2singb) (43)

where bs and b} are orthogonal vectors with unit norm
and ¢ € [0, 5.

By inserting (36) into (41) we get the mean value of
the Bell operator (35),

3
(B5) = Tr(pB3) = 7 > lad + () ladlo} + ()"

3
1 i i j
- TigpTr(o} o5 07) + 1 > lah — (a})"](ab)?

3
1
3 Z[alg — (a3)"|Toox Tr(1; @ o%)
k=1
3 ) .
=8 Z bibEad T,y cosf cos ¢
i\j k=1

3
+8 Z (b})"b% (ab) Ty, sin 6 cos ¢
irj k=1

V¥ Took sin ¢

HMOJ

Let T,f,k = 1,2,3, be the matrix with entries given
by (T2)i; = Tk and T, a vector with components
(Tto)k = Took- The maximal mean value of the Bell op-
erator (35) can be written as

3
max(B3) = 8 max[(by, Z bET2as) cos b cos ¢
k=1

b’l,Zbk

) sin 0 cos ¢ + (b, T ) sin @]

3
= 8max{[(by, Z b TRas) cos d
k=1

+(b', Zbk

L) sin 0]2 <b’3,T§’0>2}%

= 8max{[(by, Z bET3as) cos
k=1
+(b, Zbk

Ly sind]? + || T2 — (bs, Tgp) 2}
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(bs, Tgp)?} % (44)

which proves (40). In (44) we have used the fact that the
maximum of z cos 0+ sin § taking over all 6 is \/x2 + y2.
Formulae (38) and (39) can be similarly proven. O

Remark. According to the symmetry of the operator
B3, the equation (44) also provides the minimum of the
operator (35), achieved by —Bj.

Since bz is a three dimensional real unit vector, one
can always calculate the exact value of the maximum
for any given three qubits quantum state. For exam-
ple, for the generalized three-qubit GHZ state, |GHZ) =
cos &|000) + sin ar|111), by selecting some proper direc-
tion of the measurement operators, i.e., a;s and (a')is,
the maximal mean value of the Bell operator in (35)
is shown to be v/2sin® 2« + cos? 2o [79]. From our for-
mulae in Theorem 2 one can show that the result are
in accord with that in Ref. [79]. For three-qubit W
state, |W) = %(|100> +1010) + |001)), our mean value
is 1.202, which is also in agreement with that in Ref.
[79]. However, our method can be also used to calcu-
late the mean value of the Bell operators in (33), (34)
and (35) for any three qubits quantum states. For in-
stance, we consider the mixture of |W) and |GHZ),
p=z|W)W|+ (1 —2)|GHZ)(GHZ|, where 0 < = < 1.
We have the maximal mean value of the Bell operator
n (35), see Fig. 3, where f(x) stands for the maximal
mean value of the operator (35) for the mixed state p.
For 0 <2 <033 and 0.82 <z <1, f(z) > 1and pis
detected to be entangled.

= 8max{\(b3) + A3 (b3) + || Ton||> —

1.4

1.3

1.24

S

0.9 1

Fig. 3 The maximal mean value of the operator (35) for the
mixed state p.

For four-qubit systems, the Bell operators (29) have
four different forms. We take B}? as an example to in-
vestigate the maximal violation of the corresponding Bell
inequality. Note that

B = ()"

1 1

1
= g(Al + A})Ag(As + AL)(As + AY)

1
+§(A1 — A AL (As + AS)(Ag + AY)
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1 1
114 ® (As — A5)(As+ A)) + 516 ® (Ay — A))
13
=2 >0 lak+ (ah)adleh + (ah)Viah + ()]
3,7,k l=1
1< .
giojoror+ <y ot — (ay))(ap)
i,5.k =1
(a3 + (a3)*][ay + (a})')oiojon0
1
+ Z Jlak + (a})')1s ® oroy
k=1
13
"1‘5 Z IG ® oy (45)
=1
Let p be a general four-qubit quantum state,
Z Tjki0i0;010) (46)
i,5,k,1=0
with T = Q%Tr(poiajakal). We have the mean value
of B}2,
1 o
(Bi*) = 3 > lal + (1) lad[af + (a5)*)[ay + (a))"]
i,k l=1
1 3
- TijuTr(ofo akal g Z

- (a5) [af + (a5)*la} + (ail)l]Tijler(Ui j0k0t)

3
1
+ > laf — (ab)*[al + (a)) 1 Toor Tr(Is @ o707)

k=1
13
*3 ;[04 (al)'1Toon Tr(Is @ o7)
3
=924 Z biabzby Ty 1 cos g cos oz cos ay
ik, =1
3
+24 Z (b1)"(a%)? b5by Tk sin g cos ag cos auy

3
+24 Z (b/ )kbiTOOkl sin aiz cos ay

+24 Z b4 TOOOZ sin Qg

where we have used that a; + a} = 2cosw; b;, a; — al =
2sina; b, a; € [0, 5.
The maximum of the mean value can be derived to be
max(B;?)
3

* max[(b, Z

bEBL T

) COS (v1 COS (v3 COS (vy
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12(1’2 ) sin vy cos aig cos oy

+(b', Z bELLT,

k=1

+(bf, Ty ba) sin as cos au) + (b, Togy) sin o)

3
= 2" max{(by, »  b5biT} as)?

k,l=1

Z b3bl 12 / <

k,=1
+(b), Tog) )2
= 2 max{\{?(b3ba) + A3?(bsba) + || Ty ba||?
(b3, Togba)” + | Togoll* — (ba, Toi)*} *
where A?(bsbs) and A2(b3bs) are the two greater

eigenvalues of the matrix (M2)IM12 M2 =
Zi 1= DEOYTI2: T12 stand for the matrices with entries

, Toiby)?

(T12)ij = Tyjra with 4,4,k 1 = 1,2,3; T4 is a matrix
with entries (To3)k = Tookl, and Tyl is a vector with
components (Tg&) = Tooor, | = 1,2,3. The maximum

in the last equation is taken over all the unit vectors bs
and by.

In terms of the analysis above, for four-qubit systems
we have the following Theorem.
Theorem 6 The maximum of the mean values of the
Bell operators in (29) for four qubits systems are given
by the following formula:

max [(B}")| = 24 max{ A" (bsbs)+A5" (bsba)+||T56 b4||2
— (b3, Tgoba)® + || Ti6o > — (ba, Tggo)” }2 (47)

The maximums on the right side are taken over all the
unit vectors by and by. Here A" (bsby) and A\J*(bsby) are
the two greater eigenvalues of the matm':z: (M™)TM™,
M™ = S0 U TE, mo= 1,2, B T are the
matrices with entries (T)i; = Twij, (T3)ij = Tiings
(Ti)ig = Thije: (Tey)ig = Twiig» (Te)ig = Tang» (T))ij =
Taji, (Ti)i; = Thags (Tg)i = Tiwgs (Ti)i = Tijk
(Tal)ii = Thiji, (T)ij = Tuwje and (T37)i; = Tijw,
1,j =1,2,3 and k,1 = 0,1,2,3; T§5, stand for the vec-
tors with components (Tgyo)e = Tr000, (Tgoo)m = Tox00,
(Téo)e = Toozo, (Ttoo)z = Tooow, i =1,2,3, j = 4,5,6,
k=789 1=10,11,12 and z = 1,2, 3.

As an example, consider the 4-qubit W state |W) =
(]1000) 4-[0100) +[0010) 4-|0001)), by using the formula
(47) one gets the maximal mean value max|(B}?)| =
1.118. For the mixed state p = 51 + (1 — x)|W)(W],
entanglement can be detected by (47) for 0 < = < 0.106.

Generally, for any N-qubit quantum state, the max-
imal mean values of the Bell operators in (29) can be

calculated similarly by using our approach above. For ex-
N
ample, the maximal mean value of B} can be expressed

as
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max |(B )
=2V max{A]" (b5 -+ by) + A3 (bs - by)
| Tas... 5 ||* — (b3, Tus..n)> + || Ts... x| |2
—(ba, Ts..n)? + -+ [|Tw]]? = (b, Tw)?}? (48)

where Ai(b3---by) and Ay(bs---by) are the two
greater eigenvalues of the matrix MM, with (M);; =
Zi,---,iN:l by’ - bl Tijig,in
M; Tys..n, T5...N and TN are vectors with com-
ponents (T45---N)k Zi,“wiN:l bff c 'b%VTOOkm,---,iNa
(T5n)k = Yoooinet D8 bR To00kis min
(Tn)r = Tooo..ox respectively. The maximum on the
right side is taken over all the unit vectors bz, by, - -, by.
The other mean values of the Bell operators in (29) for
N-qubit states can be obtained similarly. By expressing
the unit vectors by, as (cos 0y, cos ¢y, cos Oy, sin ¢y, sin 0y ),
k=3,---,N, our formulas can be used to compute the
maximal violation by searching for the maximum over

the entries of matrix

and

all 0 and ¢, either analytically or numerically.

4 Measurement of quantum entanglement

In this section, we present an experimental determina-
tion of the entanglement of formation for arbitrary di-
mensional pure quantum states. The measurement only
evolves local quantum mechanical observables and the
entanglement of formation can be obtained according
to the mean values of these observables. We also de-
rive a lower bound based on the inequalities (21) for the
convex-roof extension of negativity.

4.1 Measurement of entanglement of formation

The entanglement of formation (EOF) is defined for bi-
partite systems. Let H4 and Hp be m and n (m < n) di-
mensional complex Hilbert spaces with orthonormal ba-
sis |i), ¢ = 1,...,m, and |j), i« = 1,...,n, respectively.
A pure quantum state on Hy ® Hp is generally of the
form,

=D > aylif),

;5 € C (49)
i=1 j=1
with normalization
> aya =1 (50)

i=1 j=1

The entanglement of formation of |¢) is defined as the
partial entropy with respect to the subsystems [85-87],

E(|¢) = =Tr (p* logy p*) = —Tr (p” log, p”)

(resp. pP) is the reduced density matrix ob-

(51)

where p?
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tained by tracing [¢) (1| over the space Hp (resp. Ha).
This definition can be extended to mixed states p by the

convex roof,
Z piE(|Yi))

where the minimization goes over all possible ensemble

realizations of p,
>0, » pi=1
i

p=_ pilta)¥l,

A bipartite quantum state [¢)) can be written in the
Schmidt form [¢) = > VA lia)|ig), A =0, Y, i =
1, under suitable basis |is) € Ha and |ig) € Hp. A,

E(p) = min

52
{pi,ls) (52)

(53)

i =1,---,m, are in fact the eigenvalues of p*. FE(|)))
can be further expressed as
E(j¢)) = ZA log \; (54)

For two-qubit case, m = n = 2, [¢) = a11|00) +
a12|01>+a21|10>+a22|11>, |a11|2+|a12|2+|a21|2+|a22|2 =
1. (51) can be written as [88],

B(u) = (25 =) (55)
where h(z) = —xlogoz — (1 — z)logy(1 — ), C =

2|a11a22 — ajzas21] is the concurrence. In this special case

E(]1)) is just a monotonically increasing function of the
concurrence C. However for m > 3, there is no such re-
lations like (55) between the entanglement of formation
and concurrence in general. Since for the case m = 2, due
to the normalization condition, A; + A2 = 1, only one free
parameter is left in the formula (54). For general high
dimensional case, E(|¢))) depends on more free param-
eters. Nevertheless, if p# has only two non-zero eigen-
values (each of which may be degenerate), the maximal
non-zero diagonal determinant D of p# is a generalized
concurrence, namely, the corresponding entanglement of
formation is again a monotonically increasing function
of D [89]. The construction of such kind of states is pre-
sented in Ref. [90]. In Ref. [91], the results are generalized
to more general case: relations like (55) holds for states
with p# having more non-zero eigenvalues such that all
these eigenvalues are functions of two independent pa-
rameters.

To measure the quantity (54) experimentally, we first
rewrite the expression (54) according to the entangle-
ment of formation of some “two-qubit” states. Let LZ
and Lg be the generators of special unitary groups
SO(m) and SO(n), with the m(m — 1)/2 generators
L given by {|i)(j| — |j)(i]}, 1 < i < j < m, and
the n(n — 1)/2 generators Lg given by {|k)(I| — |){k|},

< k < 1 < n, respectively. The matrix operators L
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(resp. Lg) have m — 2 (resp. n—2) rows and m — 2 (resp.
n — 2) columns that are identically zero.

Let p = |)(¥| be the density matrix with respect to
the pure state |1)). We define

by — Li®LE p(Ly) ® (LF) -

Lt e LE p (LT o (LE)]
where a = 1,2, 2505 = 1,2, 2020 and
[|X]| = «/Tr(XXT) is the trace norm of matrix X. As

the matrix L4 ®Lg has mn —4 rows and mn —4 columns
that are identically zero, p,s has at most 4 x 4 = 16
nonzero elements and is called “two-qubit” state. p,g is
still a normalized pure state.
Theorem 7 For any m®n (m <
|Y) € Ha @ Hp,

n) pure quantum state

E(pap) + log(C )

E(ly)) = E Z

where Cog = 1/Tr{Lg @ L) (WI(L3)T @ (LF)T}.
Proof. To calculate E(pag) we denote LA = |a)(b| —

|b)(a| and LB = |e){d| — |d){c| for convenience, where

(57)

1§a<b§mand1§c<d§m. Set

Pog = Lo @ LEIWY (WL @ (LF)T (58)
It is direct to verify that

Pag = [¥)ap (V] (59)
where |1/)>ag = )\b5bd|ac> — )\b5bc|ad> — >\a5ad|bc> 4+

Aadac|bd).

We now compute the eigenvalues of p;AB = Trp(p,s)
according to the values of a, b, c and d:

(i) a # b # ¢ # d. We have )5 = 0.

(ii) b >a=c<dand b# d We get |{)as = vVAu|bd).
The eigenvalue of p;‘% corresponding to this case is A,.
As a = ¢ can be chosen to be 1,2,---,m—2, b and d have
only m — k and m — k — 1 (corresponding to a = ¢ = k,
k=1,2,---,m—2) kinds of choices. Altogether we have
(m — k)(m — k — 1) eigenvalues of pg% to be A\ in this
case, with k =1,2,---,m — 2.

(iii) a < b =d > cand a # ¢. We have [¢)o3 =
VAvlac). The eigenvalue of pgAﬁ is Ap. In this case b = d
can be 3,4,---,m. Then a and ¢ have only k¥ — 1 and
k—2 (corresponding tob=d =k, k = 3,4,---,m) kinds
of choices. Hence we have (k — 1)(k — 2) eigenvalues of
P;AB to be A\g in this case, k = 3,4,---,m

(iv) b >a =c< dand b =d. We obtain [¥V)ap =
Vlac) + vV q|bd). The eigenvalues of p! ﬁ are \, and
Ap, and @ = ¢ can be 1,2,---;m — 1. Then b = d can
be k+ 1,k +2,---,m (corresponding to a = ¢ = k, k =
1,2,---,m—1). We have (m — 1) eigenvalues of P;AB that
equal to A\, k=1,2,---.m

(v) a < b= c < d. We have |¢))a5 = —v/Ap|ad). The
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eigenvalue of paﬁ is Ap. b = ¢ can be 2,3,---,m — 1.
Then a and d have only k — 1 and m — k (corresponding
tob=c=k, k=2,3,---,m— 1) kinds of choices. We
have (k —1)(m — k) eigenvalues of pgAﬁ that equal to g,
k=23,---,m—1.

(vi) ¢ < d = a < b. We have [))ag = —v/Au|bC).
The eigenvalue of pg% is Ay. In this case a = d can be
2,3,---,m—1. ¢ and b have only k — 1 and m — k (cor-
responding to b = ¢ =k, k = 2,3,---,m — 1) kinds of
choices. Therefore we have (k—1)(m — k) eigenvalues of
p’a‘% that equal to Ay, with k =2,3,---,m — 1.

Let /\éﬁ stand for the eigenvalues of péﬁ. From the
analysis of cases (i)f(vi) and formula (54), we get

E(|1/)>) = 2 ZZAQB 1Og aﬁ (60)
af i=1
Since
paﬁ /
aff — « 1
PapB = TT{ ﬁ} BPag (6 )

we have ), )\LBCQB =1 for any a and 3. Therefore

E(pap) = =Y CapXio10g(Cagiys)
i=1
- Z Caﬁ/\aﬁ log(Cap) Z Cap /\aﬁ log(Aaﬁ)
i=1 i=1
= - 1og(Ca5) —Cap Z )‘éﬁ IOg()‘gﬁ)
i=1
That is
B Z XLy log( _ Elpap) gafg(C 5) (62)
Substituting (62) into (60), we obtain that
E(lY)) = e Z E(pag) +1log(Cap) (63)

Cap

which proves the theorem. O

The theorem shows that one can derive the entangle-
ment of formation of a pure quantum state by measur-
ing the values of the entanglement of formation of all
the states pos and the values of Cyg. Here if [¢0)ap = 0,
then C,p goes to infinity and this term does not con-
tribute to the summation in (57). Hence the summation
> ap in (57) simply goes over all the terms such that
Te{ L4 ® LE ) (W|(LA) & (LB)T} £ 0.

With formula (57), we now show how to get the value
of E(|1)) experimentally by measuring the quantities on
the right hand side of (57).

The quantity Cop = 1/Tr{p],5} can be determined by
Tr{pl,}. Since Te{pl,} = (WI(LA) LA @ (LE) LE|w),
one can obtain C,g by measuring the local Hermitian
operator (LA)TLA @ (LE)TLE associated with the state



370

[¥).
To measure E(pag), we first note that although pas

are m ® n bipartite quantum states, they are basically
“two-qubit” omes. For given L, = |i){j| — |j){i] and
Lg = |k){|—|l){k|, i # j, k # [, the non-zero elements of
pap are located at the i x (m — 1) + kth, ¢ % (m — 1) +Ith,

j#* (m — 1)+ kth, and j x (m — 1) + Ith rows and the
t# (m — 1)+ kth, i« (m — 1) + Ith, j* (m — 1) 4 kth,
and j % (m — 1) + lth columns. They constitute a 4 x 4
matrix,
Pik,ik  Pik,il  Pik,jk  Pik,jl
’ Pil ik Pil il Pil,jk Pil, 1
O'QB =
Pjik,ik  Pjkil  Pjkjk  Pjk,jl
Pjlik  Pjlil  Pjlk  Pjl,gl

Set 0ap = 0,5/ Tr{ogz}. Obviously E(pas) = E(0agp).
But 0,5 are actually two-qubit pure states. According
to the formula (55), E(0ag) is determined by the con-
currence C(043) = C(pap). Therefore if we can measure
the quantity C'(pag), we can obtain E(pag).

The quantity C(pas) can be measured experimen-
tally in terms of the method introduced in Ref. [70],
with a few modifications of the measurement operators.
Corresponding to the case of L, = [i){j] — |j)(i| and
L = [k)(I] — |I){k|, we define m x m matrix operators
Y., s = 0,1,2,3, such that (X9)pq = 6pidgi + pj0g;,
(X1)pg = Opibgj + Opjibqis (B2)pg = I0pide; — 16p;04s,
(23)pg = 0pidqi — 0pjlgss D,qg=1,---,m. Slmllarly we de-
fine n x n matrix operators I, I'1, I'; and I's by replacing
the indices 7, j in g, 31, X2 and X3 with k, [ respectively,
and setting p,q = 1,-- -, n. It is straightforward to derive
that C'(pap) can be expressed as the mean values of the
above local observables,

2 1 02 2
C (Paﬁ)_§+—(<23®F3> — (X3 ® Io)
—(Zo®I3)2 — (S @ I)2 + (83 @ I)?

—(Zo® F2>2 + <E3 & F2>2) (64)
4.2 Lower bound of entanglement and violation of
Bell-type inequalities

In the following we give a relation between the violation
of Bell-type inequalities and the lower bound of quantum
entanglement, the convex-roof extension of the negativ-
ity (CREN).

The negativity of a bipartite quantum states p with
dimensions d(H4) = M and d(Hg) = N (M < N) is
defined by [92]

[l -1
M—1

where p’4 is the partial transpose of p and ||R|| =

N(p) = (65)
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Trv RR' stands for the trace norm of matrix R. The
Negativity is defined based on the positive partial trans-
pose criterion (PPT) [55] which can not detect the PPT
bound entanglement. Thus it is not sufficient for the neg-
ativity to be a good measure of entanglement. Lee et al
in Ref. [56] introduced the convex-roof extension of the
negativity N, (p). For pure bipartite quantum states |1),

N ([)) is exactly the negativity A'(|¢)) defined in (65).

For a mixed bipartite quantum state p the CREN is de-
fined by

Nin(p) = min Y piNon ([5)) (66)
k

where the minimum is taken over all the ensemble de-

compositions of p = >, pi|tr) (V|-

The CREN can detect the PPT bound entanglement,
since it is zero if and only if the corresponding quantum
state is separable. Lee et al. also show that N, (p) does
not increase under local quantum operations and classi-
cal communication. However, generally it is very difficult
to calculate CREN analytically. The inequalities (21) not
only can be used to detect entanglement, but also have
some direct relations with the CREN. Here we present an
experimentally measurable tight lower bound of CREN
for arbitrary bipartite quantum states, in terms of the
violation of the inequalities (21).

Theorem 8 For any bipartite quantum states p € H 4z,

Non 1Z|a|( o) 1) - ar -1

(67)

where Cog = Tr(La ® Lgp™ Lo @ Lg), X(pap) =
min{0, d(pap)}, and d(pas) = [(B,5)| — 1 stands for the
difference of the left and right side of the inequalities
(21).

Proof. Let 1)) = >, \/iilii) be a bipartite pure state
in Schmidt form. One has

Nin(l¥)) =

(68)

[
z<]

Note that ), u; = 1. By calculating the trace norm of

Lo ® Lg(|)(9])T4 Ly @ Lg for each  and 3, we derive

that

ZHO“”> sl = (M - 12 +2 " g
1<J
(69)
_ La®LglY) [y
where |¢)ag = Tﬁ;; and C,f = Tr{ls. ®

La|)(¢|La ® Lg}.

Let p = > pepe = D 1, Prlk)(¥k| be the optimal
decomposition which fulfills that NV, (p) attains its min-
imum. In terms of (68) and (69) we get
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= ZpkN(Pk)

ZII ws (Pep) Il = (M = 1)

k
af (PZ&)TAH — (M —-1)
TALy ® Lg||
(M —1)
1
:M—1Z”La@LﬁPT“La@LﬁH*(M*l)
wsl 10731 — (M — 1)
pa)
Copl(FE222 4 1) — (M — 1)

where we have used that || ng || has at most one negative
eigenvalue (see Ref. [93]) in deriving the last equation. O

Remark. For the isotropic states (24) our lower
bound (67) show that N, (p) > 451, which matches
with the formula derived in Ref. [56]. Thus in this case
the lower bound is exact for CREN. Moreover, our lower
bound is experimentally measurable, in the sense that
Cop =Tr(La®Lgp™ Loa®@Lg) = Tr(La®Lg pLa®Lg) is
the mean value of the Hermitian operator L, L ® LgLTB,
and X (pag) = min{0, d(pap)} can be determined by the
mean value of the witness operator B;ﬁ. On the other
hand, according to the proof of the theorem the lower
bound (67) for pure bipartite quantum states is also
exact. Thus based on the continuity of the CREN, for
1, (67)

weakly mixed quantum state p with Tr{p?} ~
supplies a good estimation of the CREN.

5 Conclusions and remarks

It is a fundamental problem to identify and quantify en-
tanglement both theoretically and experimentally. In this
review, we have presented several experimental ways to
detect and measure entanglement for both bipartite and
multipartite quantum systems. The problem is reduced
to measure some local quantum mechanical observables.

Recently, people have successfully used high dimen-
sional bipartite systems like in NMR and nitrogen-
vacancy defect center in quantum computation and sim-
ulation experiments [94, 95]. Our results present a plau-
sible way to detect and to measure entanglement in these
systems and to investigate the roles played by quantum
entanglement in these quantum information processing.

So far experimental measurement on entanglement of

2013, 8(4) 371

formation and concurrence concerns only pure states.
For mixed states, less is known except for experimen-
tal determination of separability, both sufficiently and
necessary, for two-qubit [33] and qubit-qutrit systems
[70]. Generally (52) has only analytical results for some
special states [96, 97] and analytical lower bounds [98§]
which are not experimentally measurable. Recently in
Ref. [99] we have presented a measurable lower bound
of entanglement of formation. The bound is improved
in Ref. [100]. The formula (57) may also help to study
measurable lower bounds of entanglement of formation
for mixed states.
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