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1 Introduction

Quantum entanglement plays a crucial role in the rapidly developing theory of quantum
information [1], since they constitute the most important resource for quantum information
processing. An important theoretical challenge in the theory of quantum entanglement is
to give a proper description and quantification of quantum entanglement of multipartite
quantum systems. Entanglement of formation (EOF) [2, 3] and concurrence [4] are two
well defined quantitative measures of entanglement. For the two-qubit case EOF is a mono-
tonically increasing function of the concurrence and an elegant formula for the concurrence
was derived analytically by Wootters in [5, 6]. It plays an essential role in describing quan-
tum phase transitions in various interacting quantum many-body systems [7, 8] and can be
experimentally measured [9].

In the higher dimensional case, due to the extremizations involved in the calculation, only
a few explicit analytic formulae for EOF and concurrence have been found for some special
symmetric states [10, 11, 12, 13, 14]. Some progress, in particular in the form of practical
algorithms, has been obtained on possible lower bounds of the EOF and concurrence for
qubit-qudit systems [15] and for bipartite systems in arbitrary dimensions [16, 17] using
numerical optimization over a large number of free parameters. In [18, 19] analytic lower
bounds on EOF and concurrence for any dimensional mixed bipartite quantum states have
been presented, which have further been shown to be exact for some special classes of
states and detect many bound entangled states. In [20] another lower bound on EOF for
bipartite states has been presented from a new separability criterion [21]. A lower bound on
concurrence based on a local uncertainty relations(LURs) criterion is obtained in [22] and
this bound is furthermore optimized in [23].



Although the EOF is only well defined for bipartite systems, the concurrence is well
defined even for multipartite states. The lower bound of concurrence for tripartite states
has been studied in [24]. In this review, we first summarize the results related to the analytic
formulae and the lower bounds on EOF for bipartite systems, as well as to the lower bounds
on concurrence for bipartite and tripartite systems, and then we generalize them to arbitrary
multipartite systems.

2 Entanglement of formation for bipartite systems

Let 'Hy, Hs be Ny, No-dimensional complex Hilbert spaces with orthonormal basis ef, 1=

1,..., N, k = 1,2, respectively. A pure quantum state on H; ® Hs is generally of the form,

Ni No
V) = Zzaijez‘l & 6?7 a;;j € C (1)
i=1j=1
with normalization
Ni No
Z Z aijajj =1. (2)
i=1j=1

The EOF FE is defined as the partial entropy with respect to the subsystems [25],

E(|¢)) = —=Tr (p1logy p1) = —Tr (p2logy p2) (3)

where p; (resp. p2) is the reduced density matrix obtained by tracing ) (¢| (the orthogonal
projector onto [¢)) over the second (resp. first) Hilbert space of Hy ® Ha.

It is evident that E(|¢)) vanishes only for product states. This definition can be extended
to mixed states p by the convex roof,

E(p) = min Zpl (|i)), (4)

{pl"wl

for all possible ensemble realizations
PZZM\WW, pi >0, sz‘zl- (5)

Consequently, a state p is separable if and only if E(p) = 0 and hence can be represented as
a convex combination of product states as p = 3, pip; ® p7, where p; and p? are pure state
density matrices associated to the subsystems H; and Hs, respectively [26]. The measure
Eq. (4) satisfies all the essential requirements of a good entanglement measure: convexity,
no increase under local quantum operations and classical communications on average, no
increase under local measurements, asymptotic continuity and other properties [2, 3].

It is a challenge to calculate Eq. (4) for general mixed states due to the extremizations
involved in the calculation. Till now explicit formulae of E(p) have been obtained only for
a few special cases.



2.1 EOF for 2-qubits

In this case, Eq. (3) can be written as E(|¢)) = ¢(C(|¢))), where the function € is defined

by
1++v1—C?

e(C) = Hy( 5

), Hs(z) = —xlogyx — (1 —x)logy(l — x).

C'is called concurrence [5]:

C(|9) = [(¥|4)] = 2laniaz — arza2], (6)

where \1;) = 0, ® 0,|¢*), [¢*) is the complex conjugate of |¢), o, is the Pauli matrix,
0 —i
=i o0

As FE is a monotonically increasing function of C, C' can be also taken as a kind of
measure of entanglement. Calculating the minimum in Eq. (4) is reduced to calculating the
corresponding minimum of

C(p) = i i 7
{prz%n Zp (|¢s)) (7)

which simplifies the computation.

The formula for the entanglement of a pair of qubits in any mixed states p is given in
6]: E(p) = e(C(p)), with C(p) = maz(0,\; — Aoy — A3 — A\y), here the As are the square
roots of the eigenvalues of p(o, ® 0,)p*(0, ® 0,) in the descending order. The concurrence
is itself a measure of entanglement that provides an analytic formula for the EOF for a pair
of qubits.

The direct experimental measurement of C'(]1))) is not possible due to the unphysical
operation of the complex conjugation in equation (6). Nevertheless it has been shown that
any m-th degree polynomial function of a density matrix p can be measured on an m-fold
copy of p [27]. By considering a twofold copy of the state in question, the concurrence C
of an arbitrary state [¢)) can be defined as C' = 2/Py4, where P4 = (¢| @ (| A])) & |¢) is
the probability of observing the two copies of the first subsystem in an antisymmetric state,
that is, a state that acquires a phase shift of 7 upon exchange of the constituents, and A is
the corresponding measurement operator [9].

2.2 EOF for isotropic states

The EOF for a class of mixed states in arbitrary dimension Ny = Ny = N, the isotropic
states, was presented by Terhal and Vollbrecht [10]. The isotropic states are invariant under
the transformations U ® U*, for any unitary transformation U. They have the form

1-F (

g (1= [WH)(WF]) + Floty(u], (8)

PF =
where |[UF) = J1/NY, |it), F = (UF|pp|¥T), 0 < F < 1, is the fidelity of pp. It is
shown that for ' > 1/N, the EOF for isotropic states is E(pr) = co[R(F)], where R(F) is
a simple function of F', “co” stands for the convex hull, that is the largest convex function



bounded above by the given function. For N = 2,3, the EOF for pg is given by

0, F S %7
E(PF) = R1,N_1(F), Fc (%’ 4(]]\\7[;1)) 7 (9)
ME(F —1) +log N, F e [1521),
where
Rin_1(F) = Hy(y(F)) + (1 — y(F))log (N — 1), (10)
with

V(F):%<\/F+ \/(N—l)(l—F))Q. (11)

For general N, the correctness of this formula is proved in [29].

2.3 EOF for Werner states

The Werner states are a class of mixed states for N x N systems which are invariant under
the transformations U®U, for any unitary transformation U [26, 30]. The density matrix
of these states can be expressed as

1
=—  (N—fiI+(Nf-1)P 12
ps = s (N = NI+ (N~ DP, (12)
where P is the flip operator (or swap operator) defined by P(¢ @ ) = ¥ ® ¢. In the
computational basis |ij), P is of the form P = Y27, |ij)(ji|. Here f is a constant f = (P) =
Tr(Ppy) satisfying —1 < f < 1. Werner states are separable if and only if f > 0, as shown
in [26, 30].

The EOF of Werner states has been derived from an extremization procedure [30],

Blpg) = a5 (1~ /1= 2)). (13

Since E(py) is a monotonically increasing function of — f, as seen from Eq. (13), it is expected
[31] that —f plays the role of concurrence, similarly as in the two qubits case [6].

Instead of Eq. (6), the generalized concurrence for a pure state [¢) in the tensor space

H1 ® Hy is defined by [4],
C(l)) = y2(1 = Trpd), (14)

where p; is the reduced density matrix. The concurrence (7) of Werner states is given by
[32]
|fl=—f, for f <0,
C = 15
(p) { 0, for f > 0. (15)

This shows that the EOF of Werner states is a monotonically increasing function of the
concurrence. Namely, the conjecture [31] that —f plays exactly the role of concurrence is
verified. Furthermore, it is shown that the concurrence and EOF of Werner states have the
same optimal decomposition [32].



2.4 EOF for a special class of mixed states

For Ny = N, = N > 3, there is no such concurrence C' that entanglement of formation E
as given by (4) is a monotonically increasing function of C'. The concurrences discussed in
[4] can be only used to judge whether a pure state is separable (or maximally entangled)
or not [33, 34]. The EOF is no longer a monotonically increasing function of these concur-
rences. Nevertheless, if one considers special classes of quantum states, certain quantities
(generalized concurrence) can be found to simplify the calculation of the corresponding EOF
[11].

Let A denote the matrix with entries given by a;; in (1), 4,5 = 1,..., N. The reduced
density matrix p; can be expressed as

If AA' has only two non-zero eigenvalues A\; (resp. \o) with degeneracy n (resp. m),
n+m < N, we denote D the maximal non-zero diagonal determinant

D = \'Ay. (17)
From the normalization of |1, one has Tr(AAT) = 1, i.e.,
nA\y +mig =1. (18)
A1 (resp. A2) takes values (0,+) (resp. (0,-)). In this case the EOF of |¢) is given by
E(|1)) = —nA1logy Ay — mAglogy A . (19)

According to (17) and (18), one has

, (20)

OE  mAl™ (1—n)\1>1m 1—n\

8_D_1—n)\1—m)\1 m

which is positive for A; € (0, ). Therefore E(|t))) is a monotonically increasing function of
D. D is a generalized concurrence and can be taken as a kind of measure of entanglement
in this case.

From (18) and (19), the quantum states with the measure of entanglement characterized
by D are generally entangled. They are separated when n =1, A\ — 1 (A — 0) or m =1,
Ay — 1 (A — 0). For the case n = m > 1, all the pure states in this class are non-separable.
In this case,

B(1)) = (—wlogyz — (- — ) logy(- — ) ) (21)
where z = 1 (% + /=1 - d2)) and

d = 20Dz = 2n\/ A\ Ao (22)

The generalized concurrence d takes values in [0, 1]. From (21) one can show that E(d) is
a convex function. Instead of calculating E(p) directly, one may calculate the minimum
decomposition of D(p) or d(p) to simplify the calculations.
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Consider a class of pure states (1) with the matrix A given by

0 b aq b1
-b 0 C1 dl
A= 2
ap ¢ 0 —e |’ (23)
b1 dl (& 0
ai,bi,c1,di,b,e € C. The matrix AA" has two eigenvalues with degeneracy two, i.e.,
n =m = 2 and |AAT| = |bie; — ayd; + be|t. The generalized concurrence d is given by
d= 4|b101 — a1d1 + b6|
Let p be a 16 x 16 matrix with only non-zero entries p; 16 = p215 = —D3.14 = Pa10 =
D512 = Pe11 = Pr,13 = —P88 = —P9,9 = P10o,4 = P11,6 = P12,5 = P13,7 = —P14,3 = P15,2 = P16,1 —

1. d can be further written as
d = [(lpy)] (24)

Let ¥ denote the set of pure states (1) with A of the form (23). Consider all mixed states
with density matrix p such that its decompositions are of the form

M M
p= pilb(wil,  dopi=1, |h) €W (25)
=1 =1

All other kind of decompositions, (say decomposition with respect to |¢]) # [1)) [¢]), can
be obtained from a unitary linear combination of |¢/;) [5, 11]. As linear combinations of |¢;)
do not change the form of the corresponding matrices (23), once p has a decomposition with
respect to |¢;) € U, all other decompositions |¢}), including the minimum decomposition
of the EOF, also satisfy [¢)/) € W. Then the minimum decomposition of the generalized
concurrence is [11]

d(p) = A — ZA (26)

where A;, in decreasing order, are the eigenvalues of the Hermitian matrix R = |/\/ppp*p/p;
or, alternatively, the square roots of the eigenvalues of the non-Hermitian matrix ppp*p.

An important fact used in the derivation of Eq. (26) is that the generalized concurrence
d is a quadratic form of the entries of the matrix A, so that d can be expressed in the form of
(24) in terms of a suitable matrix p. An N-dimensional pure state (1) is called d-computable
if A satisfies the following relations:

[AAT] = ([AJA])Y?, JAAT = Mdy] = (N = [|A| X+ [A][A]) Y2, (27)

where [A] and ||A]| are quadratic forms of a;;, Idy is the N x N identity matrix. Let A
be the set of matrices satisfying (27), which implies that for A € A, AA" has at most two
different eigenvalues, each one has order N/2 and d is a quadratic form of the entries of the
matrix A.

N-dimensional, N = 2% 2 < k € IN, d-computable states can be constructed as follows
a —c

, where a,c,d € €. For any by,c; € €', a 4 x 4 matrix A, € A



can be constructed in the following way,

BQ AQ
where
0 1
By =b1Jo, Cy=c1dy, Jo= 10 |

where ¢ stands for transpose. It is straightforward to verify that A, satisfies the relations
in Eq. (27).

For general construction of high dimensional matrices Asr1 € A, 2 < k € IN, one has

BQk AQk
Agrn = , 29
2k+1 (_ )k(k+1 At Cék ( )

0 JQk
Jok+1 = (_1)(k+1><k+2 Jék 0 ) (30)

where Bor = b Jor, Cor = cpJor, by, cp € C. Jort+1 are called multipliers.

For all N%2x N? density matrices with decompositions on these N-dimensional d-computable
pure states, their EOF can be calculated by formulae similar to Eq. (26).

The results can be generalized to the case that AA" has n > 3 different non-zero eigenval-

ues [13]. Let Ay, Ao, ..., Ay, each with degeneracy m, mn < N, be the non-zero eigenvalues
of AAT. \; = \i(u,v), i =1, 2 ,n, are differentiable functions of two real variables u and
v. Define D = mny/ Ay - If Ai = Ni(u,v), 1 =1,2,...,n, satisfy
O\
31
> o (31)

then D is a measure of entanglement in the sense that the EOF of the corresponding pure
state is a monotonically increasing function of D.

As an example consider the non-zero eigenvalues of AA" to be Ay = u, Ay = u + v,
A3 = u+2v, each with degeneracy m, v and v € IR taking values in (0, 3--). The generalized

concurrence is given by D = 3m\/ u(u+ v)(u + 2v). It is straightforward to verify that E' is
a monotonically increasing function of D, since

o\

1 —3mvu

1
——logo\; = 1 —9m*3) Y 2logy——— < 0
Zi: oD 092 BmU\/?)m( m ) Og21 + 3mwu
Due to the relation
1 ,0N2 02\ 1 1 — 3mw
— : 6 In——— 0
;Ai(ap) 0D? 7m3v3( mo+ n1+3mv) ’



FE is also a convex function of D.

As E(|)) is a monotonically increasing and convex function of D, instead of calcu-
lating E(p), one may calculate the minimum decomposition (in the sense of (4)), D(p) =
min M | p,D(|¢,)), to simplify the calculations, as long as p has all decompositions on
pure states with their eigenvalues of AAT satisfying Eq. (31). Nevertheless, like E(|¢)),
generally the expression of D(|¢)) = mny/A Ay - -+ A, can still be quite complicated.

If the generalized concurrence D = mn\/A Ay - - -\, satisfying Eq. (31) can be further

expressed as
mn
D= —\/I2 -1,
VoA

N N
where Iy = Tr(AA") = ¥ ajal;, L =Tr[(AAT)?] = > apaj,ajal,, the calculation
t,j=1 4,3,0,q=1

of the corresponding EOF is then greatly simplified.

Let W denote the set of all pure states of the form (1) such that i) Eq. (31) is satisfied; ii)
the EOF is a convex function of D, i.e., 3 %(6’\1‘)2—1-62’\2‘ InX; < 0;iil) D = mny/MAgy -\, =

oD 0D?

mn

s I3 — I,. A mixed state p given by (5) is called D-computable if all the decompositions
of p into pure states belong to W.

Due to the conditions i) and ii), for a D-computable state p, calculating E(p) is then
reduced to the calculation of the corresponding minimum of D(p) = min =2, p, D(|0a)),
which simplifies the calculation if D(]),)) has a simpler expression than E(|¢,)). The
condition iii) guarantees that D is a quadratic form of the entries of the matrix A and can
be expressed as D = [()|S¢*)] in terms of a suitable matrix S, which allows one to find an
explicit analytical expression of the EOF in a way similar to the one used in [5] and [11].

Let S%% be a symmetric N2 x N? matrix whose elements are all zero except for
SptN(i-1).g+N(G-1) = SgtN(G-1)p+N(i-1) = 1,
SqtN(i-1).p+N(=1) = SptN(-1),q+N(i-1) = — L,

where i,j,p,q = 1,...,N. Let A% AP/ API% and A7 in decreasing order, be the
eigenvalues of the rank four Hermitian matrix \/ /PSPIap* SPIa, /p.

For a D-computable state p, the minimum decomposition of the generalized concurrence
D(p), i.e., the average generalized concurrence of the pure states of the decomposition,
minimized over all decompositions of p, is given by

T Z (Allmq - AZQPM - Agqu o AZPJQ)2 ] (32)
4,.J,p,q=1

Due to convex relation between E(|1)) and D(|¢)), the EOF of p is given by E(D(p)).

3 Lower bounds of EOF and concurrence for mixed
states

It is generally difficult to calculate the minimum (4) for arbitrary given (5). Instead of finding
the exact minimum, one may also try to find the lower bound of EOF or concurrence.
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3.1 Lower bounds of EOF for bipartite mixed states

Let Hi, Hs be Ny, No-dimensional (N7 < N,) Hilbert spaces respectively. A pure state |1)
in H; ® Hsy has a standard Schmidt form

) = 3 Vilaiby), (33)

where /fi;, i = 1,..., N1, are the Schmidt coefficients, |a;) and |b;) are orthonormal basis
in H; and H,, respectively.

From Eq. (3), the EOF for |¢) is given by

N1
E(l)) = = pilogy s = H(ji), (34)
=1
where i is the Schmidt vector (1, o, - - ., finy)-

Let ||G]| denote the trace norm of a matrix G defined by ||G|| = Tr(GG")Y2. Set
p = |) (¥|. Tt is easy to see that

177 = IR = (3 vim)? = A (35)

where p™' is the partial transposed matrix of p with respect to the first subsystem, R(p) is
the realigned matrix of p defined by R(p)iju = pik,ji, where ¢ and j are the row and column
indices with respect to the first subsystem respectively, while & and [ are the corresponding
indices for the second subsystem [35, 36, 37].

Assume that one has already found an optimal decomposition Y, p;p’ for p to achieve
the infimum of E(p), where p’ are pure state density matrices. Then E(p) = 3, p:E(p') by
definition. For a given A\, H({) in (34) has a minimum [10],

RO) = min {H(D) | (3 Vi) =3} = Bb)] +[1 - 2] loma(V ~ 1), (36)

where

A\ = NL%W /(N DN -V (37)

Moreover co[R(A)] is a monotonously increasing, convex function and satisfies co[ R(\)]
H(fi) for a given A. Set E(N\) = co[R(\)], then one thus has

IN

7

| | | [ EUD,
E(p) = E(p') = cH () > E(N) > €& i) > 38
(1) = EpiB(0) = o p (i) 2 LX) 2 (>p )>{6<H7z<p>u>, (38)

where the monotonicity and convexity properties of £, and convexity of the trace norm
™[] < i pill(p") ™4[ and [ R(p) || < X pil R(p")|| have been used. Setting A = max[[|p" |, [ R(p)|],
one obtains

B(p) = E(A) = co[ R(A)]. (39)



If the function R(A) has only one reflection point, co[R(A)] can be obtained explicitly
from R(A) [10]. One has then

0, A=1,
E(p) > { Ha[y(M)]+[1 = v(A)]logy(Ny — 1), A e [1, 454, (40)
logﬁ\gfng_l)(A—Nﬂ-i-lngNh Ae [MNN%I_I),]\G].

For isotropic states, this lower bound is exact.

It is direct to verify that the function R(A) has only one reflection point for Ny = 2, 3.
One can also easily verify this fact by plotting R(A) for N; = 4. To show that the second
derivative of R with respect to A has only one zero point for general Ny, for simplicity we
replace log, in (36) by the natural log. Without confusion the notion R(A) below is still
used, which, in fact, differs a positive factor log, e from the R(A) above.

First it can be shown that there is one and only one point Ay between 1 and N; — 1 such
that R"(Ag) = 0 for Ny > 5. The second derivative of R with respect to A is

1—~(A) 1

R'(A) = +"(A) lo _ , A1
) =7 B (1) (1) A =) 4
where
" Ny —1 —
) = =Y, - a) (12)
Hence R"(1) = Lim,._,oR"(1 4+ €) = +00. On the other hand,
., ! Ny —2
R"(Ny —1) = N 1 <1Og2(N1—1) +1>,

which is less than 0 for N; > 5. Therefore for N; > 5 there exists Ag € (1, Ny — 1) such
that R"(Ag) = 0. From (41) and (42) Ay is the solution of g(A) = f(A), where

1 —(A) AN — A)
A) =log ————2 . A) = -2y ———.
As g'(A) > 0, g(A) is a monotonically increasing function taking values from ¢g(1) = —oo to
Ny —2
Ni—1)=2log———m > —
9N = 1) = 2log g5

On the other hand, f(1) = f(N; — 1) = =2, f"(A) > 0, i.e., f is convex. Therefore there is
one and only one solution Aq to the equation g(A) = f(A) for A € (1, Ny — 1).

Next one can show that there are no solutions to R”(A) = 0 for A € (N — 1, Ny),
ie. RM(Ny —1+40)#0,V6 € (0,1). From (37), (41) and (42) this is equivalent to show
F(6) = $B(6)log A(6) # —1, where,

N -1 (N,O(5))? — 1
B@) = \/(N1 —1+6)(1—0) Al9) = Ni—1

and C(0) = (VN — 1+ 9+ \/(N1 —1)(1—6))"". It is straightforward to verify that A(0) >
0. As the derivative C’(d) of C'(9) with respect to d, is stricktly positive, one has A’(d) > 0.
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Hence log A(0) increases as § increases. Similarly, as the derivative of (N; —1)/((Ny — 1+
9)(1 —¢)) with respect to ¢ is positive, B(d) also increases as ¢ increases. Therefore F'(9) is
an increasing function of 9. Moreover F'(0) = log(N; —2)/(2(N; — 1)) > log3/8 > —1. It
is seen that F'(0) > F(0) > —1,V¢d € (0,1) and N; > 5. Thus R”(A) = 0 has no solutions
for A € (Nl — ]_,Nl) [29]

From the proof above, one has that both EOF (9) for isotropic states and the tight lower
bound of EOF (40) are valid for arbitrary dimensions.

Another lower bound of EOF for bipartite states on even dimensional Hilbert spaces N
has been presented [20] from a new separability criterion [21]. On even dimensional spaces
there exist antisymmetric unitary operations V7 = —V. The corresponding antiunitary
maps V(-)TV, map any pure state to some state that is orthogonal to it. This leads to the
conclusion that the map

©(p) =Tr(p)] —p—V(p)'V! (43)
is a positive but not completely positive map. It is nondecomposable.

The corresponding entanglement witness Wy has the form:
W = NI @ P)F,, (44)

where the factor NV is introduced for convenience, Py represents the one-dimensional projec-
tion onto the maximally entangled singlet state. This criterion can detect some of the PPT
entangled states. From this separability criterion a lower bound of EOF can be similarly
obtained, E(p) > co[R(A)], here A = max {|[o" [, [R(p)||, 1 = tr(Wap)}.

3.2 Lower bounds of concurrence for bipartite mixed states

The lower bound of the concurrence (7) for bipartite 2@ N mixed states p has been discussed
in [15]. Define the set of N(N —1)/2 symmetric 2N x 2N square matrices S, 1 <i < N—1,
J > i, to be the matrices whose elements S are all zero except for:

SZ]+N S]+NZ = 7 S] +N T SZ—I—NJ =-1L

Then one has

(45)

where Cj;(p) = max(0, \Y — S3_, N7), A\, 1 = 1,2,3,4 are the square roots, in decreasing
order, of the four largest eigenvalues of the matrix /pS”p*S”,/p. This bound also gives
rise to a corresponding lower bound for EOF,

where ¢[z] is a monotonically increasing convex function of « in its range 0 < z < 1.

In fact for general bipartite states in N; x N,, the squared concurrence has the form
[38]:

D1 DQ Nl N2
=> > |Con|® = 43 agan — anaj)?, (46)
m=1n=1 1<j k<l

11



where D; = Ny(N; — 1)/2, Dy = No(Ny — 1)/2, Crin = (0|0mn)s [Umn) = (L @ Ly)|*),
and Ly,,m=1,--- Ny(Ny —1)/2, L,,n=1,--- Ny(Ny — 1)/2 are the generators of group
SO(N;) and SO(N,) respectively.

From Eq. (46) it is evident that the N; ® N, dimensional Hilbert space is decomposed
into Ny (N1 —1)Ny(No—1)/4 2®2 dimensional subspaces, such that the squared concurrence
is just the sum of all squared two-qubit’s concurrences. A pure state is separable iff all these
“two qubits” are separable.

Set |&;) = /Dilts). The concurrence Eq.(7) takes the form:

N1(N171)/2N2(N271)/2 2

C(p)zminZ( > > !(fi!Lm®Ln\§2‘>\2)> (47)

m=1 n=1

1/2
by using the fact that any function F' = >, ( ; 9512]) / subjected to the constraints z; =

>_i Ti; with x;; real and nonnegative, the inequality >, 2]2 < F? holds and the procedure of
extremization adopted in [6, 17], one can prove that for an arbitrary Ny ® N, state (5), the
concurrence C(p) satisfies

N1(N1—1)/2 N2(N2—1)/2

()= Y Z:l Cr. < C%(p), (48)

m=1

where 7 is the lower bound,

mn

AL

oA ,/\,(ﬁ}l are the square roots of the four nonzero eigenvalues, in decreasing order, of
the non-Hermitian matrix pp,,, where po, = (L ® Ly)p* (L @ Ly).

The lower bound 7 provides not only an effective separability criterion and an easy
evaluation of entanglement, but also helps to classify mixed-state entanglement. It can be
shown that a bipartite quantum state p is distillable if 7(p®™) > 0 for some number M. For
any pure tripartite state |¢)i93 in arbitrary Ny ® Ny ® N3 dimensional spaces, the bound 7
satisfies

7(p12) + 7(p13) < T(p1:23), (50)

where p1 = Tr3(|¢)123(9]), p13 = Tr2(|¢)123(¢]), and pr.oz = Tras(|d)123(¢]).

Similar to the case of EOF, the separability criteria positive partial transpose (PPT)
and realignment can also be used to obtain lower bounds of concurrence [18]. From (33)

and (14) one has
) =2 (S pan 61)

which varies smoothly from 0 for separable states to 2(/N; — 1)/N; for maximally entangled
states.

By summing over all of arithmetic mean inequalities po;14; + purpyy > 2. /ffe; fiefy for @ < j
and k < [, one gets

DD (s + ppu) 2 230>ttt = 203 v/Hifty)” (52)

1<j k<l 1<j k<l 1<j
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There are N;(N; — 1) terms of ji;¢; on the left hand side of Eq. (52). Therefore

4me_—7£jﬂ«§¢mf—nﬁﬁﬂr———vam (53)

1<) 1<]

From (53) one gets C'(p) > \/2/(Ny (N1 — 1))([[(p)™]|—1) and C(p*) > 1/2/(N1(Ny — 1))(y|7z( oI

1) for any pure state p', as from (35) one has ||R(p?)|| = ||(p")™4] = (Zk k)2, where /11
are the Schmidt coefficients for the pure state p°.

Now assume Y; p;p’ is an optimal decomposition for p to achieve the infimum of C(p),
where p' are pure state density matrices. Then C(p) = 3, p;C(p") by definition. Noticing
that [[p™ | < 32 pill(p°)"4] and [R(p)l| < 3 pil|R(p")|| due to the convexity property of
the trace norm, one can prove that for any Ny ® Ny (N; < Ny) mixed quantum state p, the
concurrence C(p) satisfies

m(maX(HPTl I IR (o)1) — 1)‘ (54)

For the U ® U* invariant mixed isotropic states with Ny = Ny = N [39, 40], the bound
(54) gives the exact value of the concurrence derived in [14].

If one takes the separability criterion (44) into account, the above bound can be improved

20]. Set fupu(9) = 116 | — 1. fratin(6) = IR — 1, iy (p) = —tr(Wap), where Wy is
defined in Eq. (44). Then

2

R v

maX{fppt (p)> frealign(p)> fW<I> (p)}’

holds for any Ny ® Ny (N; < N3) mixed quantum state p.

An interesting separability criterion called local uncertainty relations (LURs) criterion is
based on uncertainty relations [41]. It can detect some of the PPT entangled states [42, 43].
It says that if {A;} and {B;} are observables acting on H; and Hs respectively, fulfilling
the uncertainty relations 3°; A%(4;) > C4 and 3, A2(B;) > Cp (Ca,Cp > 0), then,

Y AHARI+T®B;) >Ca+Cp (55)

holds for separable states [41]. The variance A® is given by A>(M) = (M?), — (M)?, where
(M), = Tr(pM) is the expectation value of the observable M. A particularly interest-
ing choice of the observables is the local orthogonal observables (LOOs) [44], that is, the

orthonormal bases of B(H;) and B(H;), denoted by {G;“}?ﬁl and {GP }f\ﬁl Since
N2 N2
Y ANGH) = Ny -1, ZN GBY> N, -1, (56)
i=1
in this case Eq. (55) reads [43]
N2

ZAQGA®I+I®GB)>N1+N2—2 (57)

=1
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For any set of LOOs {G#} and {GP} and any N; x Ny (N; < Ns) pure state [)) with
Schmidt decomposition (33), using Eq. (56), one can obtain that

SAUGH @I +1®GP) 2 Ny + Ny —2+23 (G @ GF )y — (G, (GT)ps)-

Furthermore, due to the fact that ,((G# @ GP)y — (G),,(GP) ) = =231 /Tij Pk, OneE
has

N3
S ANGHQI+T®GP) > Ny + No—2 =4\ /lis7i. (58)
i=1 i<k

Let 3, pnlthn) (| be the decomposition of p for which the minimum in Eq. (7) is
attained, so that, C'(p) = X, pnC(¢,). From Eq. (51) and (58), a lower bound of concurrence
based on LURs criterion is obtained [22]: For any Ny x Ny (N; < Ny) quantum state p,

- Ni+ Ny —2—- 3, AXGE @1 +1®GP)

Clp) 2 AL (59)

for any set of LOOs {G#} and {GZ}.

The bound (59) depends on the choice of the local orthonormal observables. In [23],
this bound is optimized. For a given state p, one can choose an arbitrary complete set
of LOOs {G#},{GP}. The other orthonormal normalized basis of the local orthonormal
observable space can be obtained from {G#} and {GE} by unitary transformations U and
Vi G = S, UnGH, G =, VimGE. Select U and V so that 7 = UTAV is the singular
value decomposition of the matrix 7 defined by 7, = (Gf* 9 GJ) — (G @ ) {I@G}}). Then
the new observables can be written as Gif = Zl: Ua{Gi'}, GE = =X Vi {G}}. One has

ZA?)(EkZ®1+[®§k§):Nl—Trpi—i-Ng—i—TrpQB—QZJk(T), (60)
k k

where oy(7) stands for the kth singular value of 7.

Since the entanglement criterion based on local uncertainty relations is strictly stronger
than the realignment criterion [43], one has the following inequality [23]:

Co) 2\ |y e (16™ | Loar ) = 1) (61)

for any Ny ® Ny (N; < N,) mixed quantum state p, where L0, = S ou(7) + (Trp? +
Trpg)/2-

In [45] a separability criterion based on the Bloch representation of density matrices has
been presented. This correlation matrix criterion says that for bipartite separable states p,

where T is an (N7 — 1) x (N3 — 1) matrix with T;; = NyNp/4 - Tr(pA @ AP), A and A]

are the generators of SU(N;) and SU(N,) respectively, satisfying Tr/\,(CA/ B))\Z(A/ B = 25,
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Based on the correlation matrix criterion a lower bound of concurrence is obtained in
[22]. For any Ny x Ny (N7 < Ny) quantum state p, one has

C0) 2\ sz 171l - Kvove). (63)

where Ky, n, = /NiNa(Ny — 1)(N, — 1)/2.
Example 1: Consider the 3 x 3 bound entangled state [46],

- >IN, (64)

where Iy is the 9 x 9 identity matrix, [§) = J5(0)(|0) — [1)), [&) = 5(10) — [1))[2),
[62) = Z512)(11) = 12)), [&5) = 5 (11) = 12)10), [€4) = 5(10) +[1) +12))(|0) + [1) +]2)). Choose

the local orthonormal observables to be the normalized generators of SU(3). Eq. (63) gives
C(p) > 0.0205. Eq. (54) gives C(p) > 0.050. Eq. (59) gives C(p) > 0.052 [22], Wh1le Eq. (61)
yields a better lower bound C'(p) > 0.055.

Example 2: Consider the 4 x 4 bound entangled states [47],

-1 —¢ -

. 0 0 0 0 O 0 0 0 0 0 0 0 0 0 0
0 % 0 0 —% O 0 0 0 0 0 0 0 0 0 0
0 0 % 0 0 0 0 0 72 0 0 0 0 0 0 0
0 0. 0 0 0 O 0 0 0 0 0 0 0 0 0 0
o -2 o o = O 0 0 0 0 0 0 0 0 0 0
) 8
0 0 0 0 ;8 00 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 - 0 0 0 0 0 2 0 0 6
P= 0 0 72 0 0 0 0 0 g 0 0 0 0 0 0 o |’ (65)
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 O 0 0 0 0 ;5 0 0 0 0 0
0 0 0 0 0 O 0 0 0 0 0 % 0 0 —% 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 —= 0 0 0 0 0 = 0 0
0 0 0 0 0 o 0o 0 0 0 0 -0 0o % 0
) 8
o 0 0 0 0 O 0 0 0 0 0 0 0 0 0 45_

where 0 < e < L. Eq. (54), (61), (63) give the same result: C(p) > 0. This result shows that
the realignment, LURs and correlation matrix criteria fail to detect this bound entangled
state.

3.3 Lower bounds of concurrence for tripartite systems

Let Hy, Ha, -+, Hy be M(> 2) Ny, Ny, ..., Ny-dimensional Hilbert spaces respectively.
The concurrence for a general pure multipartite state [¢)) € Hy @ Hy ® - - - ® Hyy is defined

by
C(ly)) = ,|m— Z;Trpéa (66)
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where m = 2M~! — 1 is the number of all possible bipartite separations of an M-partite

system, the reduced density matrix p,, @ = 1, ..., m, is obtained by tracing over one part of
the subsystems associated with the a-th bipartite separation.

For the multipartite case, a Schmidt expression like (33) does not exist. To get a lower
bound of the multipartite concurrence, one needs the operations of generalized partial trans-
pose and realignment. Let us first recall some notations used in various matrix operations
48, 49]. A generic matrix G can always be written as G = a;; (j| ® |i), where |i), |j) are

7
vectors of a suitably selected normalized real orthogonal basis. The operations 7, (resp. 7.)
are defined to be the row transposition (resp. column transposition) of G which transposes
the second (resp. first) vector in the above tensor product expression of G:

T(G) = Yay Gl @ (il TC) = Yay li) @ i) (67)

It is easily verified that 7.7,(G) = 7,7.(G) = GT, where T denotes matrix transposition.

In the following 7,, (resp. 7, ) are defined to be the row (resp. column) transpositions
with respect to the subsystem k. For instance, 7,,, stands for the row transpositions with
respect to the subsystems 1 and 2. Let Y = {xy,x2,...} be a set of such operations on a
density matrix p. Set p™ = Ty(p) = Tp, Tp-..(p), €.g. pTlerrarst = Tieny Tira) Ty ()

The concurrence for a general pure tripartite state |¢)) € Hy; ® Hy ® Hj is defined by

C(19) = /3 = Tr(p} + 03 + p3), (68)

where the reduced density matrix p; (resp. pa, ps3) is obtained by tracing over the subsystems
2 and 3 (resp. 1 and 3, 1 and 2). In [34] a special class of ) is discussed: Y; = {¢;, 7},
i=1,2,3, Vs ={c1,ra3}, Vs = {ci2,m3}, Vs = {c13,72}. As p™i = pTi i =1,2,3, where T;
stands for the partial transposition with respect to the subsystem i, the operations V;, Vs
and Y3 correspond to the partial transpositions of p.

For the most simple tripartite system, the three qubits case, a state |¥) can be written
in terms of the generalized Schmidt decomposition [50],

|T) = Ag|000) + A1e™?[100) + Ag|101) 4 A3|110) + A4|111) (69)

with normalization condition \; > 0, 0 < ¢ < 7, >; A\ = 1. The corresponding density
matrix p = |W)(W¥| has the following properties:

Trpt =1—2p0(1 — po — f11),
Trps =1—2u0(1 — po — pa — p2) — 24,
Trp3 =1—2u0(1 — po — pa — p3) — 24,
where A = [AAge™® — Mo A3)%, s = A2, i =0, 1, ..., 4. Therefore from (68) one has
C*(p) = 2u0(3 — Bpo — 3p1 — pia — ) + 44, (70)

which varies smoothly from 0, for pure product states, to 3/2 for maximally entangled pure
states.
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On the other hand, under the operations of );, i = 1,2, 3, one gets

1ol = 142y po(ra + pis + pa),
[|[pP2|| = 1+2\/A+,uo(,u3+,u4)a (71)
[1PPs]] = 142/ A + polaz + pa).

Combining (70) and (71) one can obtain
Cl) = (™1l =1, =123 (72)

A three-qubit (2 ® 2 ® 2) system can be viewed as three different bipartite (2 ® 4 or
4 ® 2) systems. From the results for bipartite systems in section 3.2, these three bipartite
separations give rise to, respectively

1
L=Tr((p)?) = 5(|lp"erms]] = 1)%,

2
1

1=Tr((p2)?) = 5(\\0%3”2}\\ - 1)
1

1—Tr((ps)?) = 5(\\07“12”3}\\ —1)%

Therefore

Clp) 2 —mar {[l™] -1}, =456 (73)

- \/5 ) ) Y

Hence if one assumes that 3, p;p’ is the optimal decomposition of p such that C(p) =
>, piC(p'), where p’ are pure state density matrices, taking into account that |[p%| <
> pill ()], from (72) and (73) one gets that for any three-qubit mixed quantum state p,
the concurrence C(p) satisfies
1

1™ - 1)}, (74)

Cp) > maz {prw

where 1 =1,2,3, 7 =4,5,6.

For higher dimensional tripartite systems, an expression like (69) does not exist. The
related lower bound of concurrence will be discussed in the next section for arbitrary mul-
tipartite systems.

3.4 Lower bounds of concurrence for multipartite systems

3.4.1 Generalized Greenberger-Horne-Zeilinger state

Concerning multipartite (M > 3) systems, let us first consider the M-partite generalized
Greenberger-Horne-Zeilinger (GHZ) state,

|®) = co0sf|00---0) +sinf|11---1). (75)

For p = |®)(®|, one gets p; = Tr.i—1i41,m3p = cos?0]0)(0] + sin®@|1)(1|. Therefore
Trp? = cos*f +sin*0 = 1 — 2sin?fcos?d, i = 1,2,..., M. In fact, one can prove that
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Trp? ;... =1—2sin*@cos?0 for all iy # iy # - # i € {1,2,..., M}, 1 <m < M. Hence

from (66) one has
C(p) = \/2dsin? 6 cos? 6. (76)

On the other hand, the partial transpose of p with respect to the ith qubit space gives
rise to

pli=" cos?0]0---0;---0)(0---0;---0] + cos@sinf|0---1;---0)(1---0;---1]

i=1,2,---,M. As p’i is Hermitian, its singular values are simply given by the square root
of the eigenvalues of (p’")2. The trace norm of p’i takes the form ||p%|| = 1+2V/sin® § cos? 6.
The trace norms of partial transposed p with respect to the other sub-qubit spaces can be
similarly calculated. All together one gets

| =1+ 24/sin® @ cos? 0, (77)

where i1 #ig # -+ Fipm € {1,2,..., M}, 1 <m < M.

Now consider the norm of p under bipartite realignment. If a bipartite realignment
with respect to the subsystems ¢ and j, 1 <17 # j < M is made, while leaving the other
subsystems untouched, one has

HpTZVle

Rijj(p) = cos?0]0---0;+--0;---0)(0---0;---0;---0]
+cosfsinB|0---0;---1;---0)(1---0;-+- 15+ 1]
+Cosé’sin0|1---12----Oj---1><0---1i---0j---0\
1 R N ERE PR PRETE DTG RS PR PRRRS [

Therefore ||R;;(p)|] = 14 2Vsin®  cos? §. Let ©; and O, be two different subsystems. One

can similarly verify that
[|Reyje,(p)|| = 1 + 2y/sin® 6 cos? 6. (78)

From (76), (77) and (78) one can prove that for any M-qubit mixed state with decomposition
p = > pi| Vi) (W], if |¥;) can be written in the form (75) for all 4, then the concurrence
C(p) satisfies

C(p) = maz{][p"®]],||Reyje, ()|} — 1, (79)
where ©, 01, O, are subsets of the indices {1,2,..., M}, such that ©; N6y = (.

Remark: Once a density matrix has a decomposition with all the pure states of the form
(75), then all other possible decompositions of it will also have the form (75), since other de-
compositions can be obtained from the unitarily linear combinations of this decomposition,
and any linear combinations of the type (75) still have the form (75).

3.4.2 Generalized W-state

We consider now another M-qubit state, the generalized W-state,

[U) = a1[10 -+ -0) + as|0L---0) + - - - + ays]00 - - - 1). (80)
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Let p = (U)W, then pi = Trosiosirsan = laP|1) (1] + (S lay[2)[0) (0], Therefore
Trp? = |ail* + (X la)?)?, @ = 1,2,..., M. Generally one can prove that Trp?,, ., =
(lai [* + @i [P+ 4 03, 1)+ (St sy |0kl ?)? for all 4y # da # -+ # iy € {1,2,..., M},
1 <m < M. Hence from (66)

Clp) = Wl > a2, (81)

1<j

From a direct calculation, the trace norm of the partial transposed matrix p’¢ of p with

respect to the ith qubit space is given by |[p"t|| = 14 2,/3, |a;a;|>. The trace norms of
the partial transposed p with respect to the other sub-qubit spaces can also be similarly
calculated,

||pTi11-2mim|| =142 Z Z laxa|?, (82)
1#{i1,i2,im} k=11

where iy # g # - F i € {1,2,..., M}, 1 <m < M.

An M-qubit W state can be viewed as m different bipartite systems. Let T'}, T2 denote
two subsets of the indices {1,2,..., M}, T:NI% =0, TLUT2 ={1,2,... M}, a=1,---,m.
From the results for bipartite systems, these m bipartite separations give rise to, respectively

(IReyrz (P = 1)%, a=1,---m.

N | —

1—Tr((pry)?) =

Hence

C(p)zJm—aler(pga)z%mm{umalra(muq, a=1--m}.  (83)

Therefore for any M-qubit mixed state with decomposition with respect to the general-
ized W states, p = >, p;|V;)(¥;], such that |¥;) can be written in the form (80) for all i,
the concurrence C(p) satisfies

Clp) = max {||pTFaH -1, %(IIerra(p)H -1, a=1,-- -,m} : (84)

From (79) and (84), it is seen that the lower bound for the class of mixed states with
decompositions with respect to the generalized GHZ states is weaker than the one for the
class of mixed states with decompositions with respect to the generalized W states, in the
sense that in (79) the realignment is associated with two arbitrary subsystems ©; and O,
such that ©; N O = 0, but not necessary 0; U0y = {1,2,..., M}. While in (84) we simply
treat the realignment associated with bipartite separations, so that the two subsystems T'}
and I'2 satisfy both T, VT2 =0 and I',UT2 = {1,2, ..., M}.

3.4.3 Schmidt-correlated state

The Schmidt-correlated (SC) states are the mixtures of pure states, sharing the same
Schmidt bases. For any classical measurement related to the SC states, two observers will
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always obtain the same result [51]. Such SC states naturally appear in a bipartite system
dynamics with additive integrals of motion [52].

An M-partite state pin C¥ @ CV ®@ --- ® C¥ is called a Schmidt-correlated state if it

can be expressed as
N-1

p= Y apalm---mn---n] (85)

m,n=0
where Zm 0 @mm = 1. The SC state (85) can and can only be realized by an ensemble
(9, |8, |®,) Z«/—ammezggﬂm m), With @y given in (85) [53].

Let GHZ(M, N ) denote the M-partite maximally entangled state

GHZ(M,N):\/LN(]O~-~0>+\1-.-1>+-~-+\N—1,~-~,N—1>).

Then |®;) is equivalent to either a fully separable state or GHZ(M,t) (0 < ¢ < N) under
stochastic local operation and classical communication (SLOCC) [54, 55].

For a multipartite SC state p,

N-1

2 Z Q|- -m)(n - - :sz|\ljz><\ljz|7 (86)
m,n=0 7

where |U;) takes the form |¥;) = 3, cD|m---m), 3, [cD? =1, app = 3 pic@DcD*. Tt is

easily seen that the concurrences of |¥;) are the same for all reduced density matrices in

bipartite decompositions. Due to the fact that p; = Tro. ([T ) (U;]) = X, [¢@2|m) (m],

one has

c(wy) = ¢2<1 3|l

C(p) = min sz\/ Z]c(z)] —2 min Zpl /Z ]c
{Pz W)} 1‘\11 m<n

2 = 1, one has 0 < C(p) < ,/2(1— +). For the state

m |
GHZ(M, N), C(GHZ(M, N)) = /2(1 — S84 ) = /2(1 — 5).

Instead of bipartite decompositions, one may also directly use the concurrence formula

Taking into account that 3

Eq. (66) for multipartite states. Similarly one can get 0 < C(p) < /m(1 — ) from the
Lagrange multipliers method. Applying this to the state GHZ(M, N), one has similarly
C(GHZ(M,N)) = \/m(1 — %)

For general multipartite systems, one can deal with them as bipartite separations I'}
and I'? | which give rise to

L= Tr((pry)?) = mar{(llp"74] = % (IRry ()| = %), a= 1o,

Do(Dy — 1

where D,, = min(dim(T'}), dim(T2)), dim(T'}) (resp. dim(T'2)) is the dimension associated
with the subsystems contained in '}, (resp. I'2).
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Therefore for any Ny ® No®- - -® Ny, M-partite mixed quantum state p, the concurrence
C(p) satisfies

Clp) = K {maxx ([lo" 4|l [Regrz (0I]) =1, @ =1.om}, (87)

where K =1/1/Dy(D, — 1).

Here for general mixed states, it is difficult to find the relation between the concurrence
of a pure state and the corresponding norm of the partial transposed state with respect
to certain subsystems, like the one between (76) and (77). The bound (87) is obtained by
bipartite separations of the system, and there is an extra factor K, which makes this bound
weaker than (84), when it is applied to the special class of mixed states with decompositions
with respect to the generalized W states.

4 Summary and conclusions

We have given a review on the measures of quantum entanglement: entanglement of forma-
tion and concurrence. As it is difficult to calculate the EOF and concurrence for general
mixed states due to the extremization involved in the calculation, analytic formulae for the
EOF and concurrence are only obtained for a few special classes of mixed states. Fortu-
nately many strong separability criteria have been found. From these separability criteria
many tight lower bounds of the EOF and concurrence have been obtained, which can detect,
in particular, some bound entangled states.
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