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We present a measure of entanglement for pure two-quitrit states which constitutes a probability interpretation
for negativity. We also obtain an equivalence relation for the latter, which is used to find a lower bound on its
convex-roof extension, for systems with dimensions up to 6. The possibility of the obtained results being valid

for higher-dimensional systems is also discussed.
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I. INTRODUCTION

There has been an extensive effort to formulate suitable
entanglement measures over the last decade [1,2]. Entangle-
ment entropy was defined in 1996 for the pure state of a
bipartite system of two qubits which has an operational and
quite comprehensible interpretation [3]. Entanglement entropy
was then extended to the mixed states of two-qubit systems,
through the convex-roof method, known as entanglement of
formation [4]. Another entanglement measure which is also
related to the entanglement of formation and has been used
extensively is the well-known concurrence, which was put
forward in 1998 [5]. A probabilistic interpretation of this
measure for the pure bipartite states has been established
recently [6]. Several more measures, which are mostly exten-
sions of concurrence in some manner, were introduced later;
however, they have been difficult to evaluate for the mixed
states [7-9]. Conditions required of an acceptable measure
were put forward in 1998 [10], but it was emphasized later that
the only necessary condition is that it should not change under
local operations and classical communications [11]. Negativity
is a measure that is the simplest to calculate for mixed states
and was developed on the basis of the partial positive transpose
criterion [12] in 2002 [13]. It satisfies the essential condition
for a legitimate measure, but it is not necessarily faithful
when applied beyond qubit-qubit and qubit-qutrit systems. In
fact, there are some states, known as bound states, which are
entangled, although they have zero negativity [14]. It has been
revealed that negativity has some relevance to the distillation
of entanglement; namely, a nil result for the negativity of a
bound state implies that it cannot be distilled for entanglement
extraction [15]. In spite of its limitations, negativity is being
used extensively due to its easy evaluation. Negativity for the
pure state has also been extended to the mixed ones, through
the convex-roof method, in 2003 [16]; it has also been shown
that it is free from lack of faithfulness when applied to bound
states. There have been variations in the definition of negativity
with regard to its numerical coefficient in the course of time;
but we adhere to the one whose maximum is unity, as follows:
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where p’ is the partially transposed density matrix of the
bipartite system with respect to the subsystem A and d :=
min{dim(A), dim(B)}.

Now we set up an expression for negativity in terms of
the Schmidt coefficients. Let us consider the following pure
bipartite state:
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it may be written in the Schmidt form in the following manner
[17]:
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where |aiA, ,Bl.B ) are called Schmidt bases, and {,/p;} are the
Schmidt coefficients. It has been shown that { p;} are the eigen-
values of the reduced density matrix p4 = Trg|yA8) (48]
[18]. Now we apply the local unitary transformation Ug to
[4B) as expressed in Eq. (3), to write its expansion in the
computational basis
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Moreover, using Eq. (4) we may express negativity in terms of
the Schmidt coefficients as follows [16]:
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II. A PROBABILISTIC ENTANGLEMENT MEASURE

FOR TWO-QUTRIT SYSTEMS

We first consider the following theorem.
Theorem 1. Let us consider a two-qutrit system whose state
in the computational bases is given by Eq. (2) ford =d; =

T —1 dy = 3. There is at least a local unitary transformation under

Ny = ————, (1) . : . U )
d—1 which the expansion coefficients |¢;;| and also the expansion

coefficients |cilf ji| are equal, simultaneously.

Proof. Assume that the unitary transformation U = U Uy
*abas.sabor @yahoo.com suits the job, where Ug transforms the state to the Schmidt
tmojtaba_jafarpour @hotmail.com form in the computational bases. This implies that it suffices
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to find a unitary matrix U that transforms the Schmidt form
in the computational bases to the required one. Of course, the
unitary matrix U, and thus U , i1s not unique; we introduce
the ones which not only prove the theorem but also lead to
a probability interpretation for negativity. The proposed U is
defined by

U=u,Qu_, (6)
where
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Applying U to the Schmidt form (4) ford = d; = d, = 3,
we obtain
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where the new expansion coefficients in the computational

bases are given by
[1—3c?
and ]c, iz = ¢

13
ljzgz
(10)
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Considering the above result, we conclude that any bipartite

pure two-qutrit state may be expressed in the computational
bases as follows:

— 3¢2
_CZeIQ,,|lA ;B /1 Zeze,,|lA B

i#]

(1)

where 6;; are the phases. Now, we define the following
orthonormal states expressed in the computational bases:
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They are similar to the Bell states and display the maximum
of entanglement as do the latter. Suppose that the system is in
one of the states given by Eqgs. (12)-(14), which we refer to by
lpAB); if a projective von Neumann local measurement (PM)
is performed on this state in the computational bases and the
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value i4 is obtained for A measurement, then a simple analysis
shows that B measurement leads to

i“+n-2
d

with d = 3, where the square brackets denote the integer part.
That is, the unknown state may be determined by the latter
measurement. We may also construct a set of nine qutrit Bell-
type states in the H3; ® Hj space, like the four genuine Bell
states that are set up in the H, ® H, space, as follows:

iBd;n; it = iA+n—d|: }—1, (15)

|(pnm \/_Ze’wm’h JBGinii)), nom =123,
(16)
Wi = ?n(l = 8m1)(1 = 8;1)(5 — 2m)(5 — 20).

Now, using Egs. (12), (13), and (14) in Eq. (11), we have
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Two interpretations may be associated with p;: First,
Eq. (17) reveals that it is the probability of realization of |?*#)
in [y{}%) and, second, considering Eq. (11), itis the probability
that B obtains i ? in his measurement while A has obtained i4
in hers. Let us choose ¢ = 1/3 to obtain

1
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ij=1
then, a PM is performed on the above state in the computational
bases. It is clear that B’s result does not depend on A’s result
and vice versa; that is, no correlation is observed. However,
c = 1/4/3 yields |gof‘3); in this case A’s and B’s results are
perfectly correlated as may be deduced from Eq. (12). Thus,
in light of the above observations, the difference between the
probabilities p; and p, = p3 may be considered as a measure
of the quantum correlation between the two qutrits,
92 —1
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which may be expressed in the following form, using Eq. (10):

1 > ?
APU:3T1{<;\/E> —1}. (20)

This is an interesting result; it is exactly equal to the nega-
tivity as expressed by Eq. (5); however, it may not necessarily
be unique and depends on the unitary transformation U that
has been applied in Eq. (11). Thus, we maximize Eq. (20) over
all the unitary transformations U, to define a unique measure
as follows:

19)

AP = mla;lePU. 21

Now, considering Eq. (5); we also obtain

P > Ns; (22)
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that is, the derived measure also provides an upper bound on
negativity. But still we can achieve even better than this: Our
extensive numerical computations have revealed that actually
the inequality in Eq. (22) is an equality

AP = Ns; (23)

thus, we conclude that AP is a probabilistic measure of
two-qutrit entanglement, which is equal to the negativity and
provides a probabilistic interpretation for the latter; its value
ranges from zero to 1.

One may wonder if it is possible to generalize the measure
expressed in Eq. (21) to higher-dimensional systems. In fact,
we have tried the four-dimensional case too. In this case we

need to transform the state in Eq. (2), ford = d; = d, = 4, to
the required form; considering Eq. (15) we may write
V") = vPilvi®) + Vv ) + Vsl
+ /Pl Y (24)
|wAB> — lieie,,ﬂ“;“”A JB4:n:i%)) (25)
! 2 i=1 ’ o ’

where p, = p3 = p4, and the same definition as in Eq. (22)
is applicable again. However, we have not been able to find
an appropriate Uto do the job, analytically; thus we have
resorted to relatively tedious numerical computations. We note
that any bipartite state may be transformed to the Schmidt
form; thus it suffices to consider the latter type of state for
examination. We have tried the four-dimensional bipartite
states with unnormalized Schmidt coefficients {1,1,1,2},
{1,1,1,5}, {1,1,1,10}, {1,1,1,20}, {1,1,5,5}, {1,2,3,4},
{2,3,4,5}, {3,4,5,6}, {4,5,6,7}, {1,3,5,7}, {1,4,7,10}, and
{1,5,9,13} and have ascertained that the negativity and our
defined measure are equal in all cases. Considering the trend,
one may conjecture that our results may even be valid for
d > 4; however, we believe that more investigations are called
for, to check this conjecture.

III. AN EQUIVALENCE RELATION FOR PURE-STATE
NEGATIVITY

An equivalence relation for the pure-state negativity is
proved in this section. We start with the following theorem.

Theorem 2. A unitarily transformed expansion of the
bipartite state (2) is given by

d1 ‘>
WAB LUy = 30N it (26)

i=1 j=I

Now, defining
il =2(cfl el — clichh), (27)
1 d
U
— 2 %l (28)
j>i=1

Ny = max NY, (29)

where d = min{d;,d>}; then N, = N,.
Proof. First, assuming U = Uy, |¢4%) is transformed to
the Schmidt form |y 42) = Us|yy*B) in the computational
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bases, whose corresponding negativity is given by Eq. (5).
Considering the latter and Eqgs. (28) and (29), we note that for
cf]] = /Didij, Nuy reduces to Ny; thus we may write

N, > Ng; (30)

that is, NV, is a lower bound on N L} Now we demonstrate that
the inequality in Eq. (30) is actually an equality. To show this,
we follow the method of Ref. [19] which we have recently
developed to prove an equality for the entropic uncertainty
relation. First we note that in the (d; x d,)-dimensional space
of the bipartite system, the negativity expressed in the Schmidt
form requires n; = min{d;,d>} — 1 independent variables.
Application of a general local unitary transformation to this
state also requires ny = df + d; more variables. Thus, we
define the following function of n = n + n, variables:

Aa(Us[¥57)) = NG (U3 |[vg®) = Na(Jws®)). - GD

where |y §‘B ) is the general state expressed in the Schmidt form.
N, is independent of the parameters which define the unitary
transformation U ; thus, maximizing Eq. (31) with respect to all
the n parameters is just equivalent to maximizing the difference
N/, — Ny. Carrying out numerical computations up to d; and
d, equal to 6, we have found zero for the latter in all cases,
without fail. Thus, we find an equivalence relation for the
negativity as follows:

Ny =N[;—max

Z vif| for

j>l 1

max{d;,d,} < 6

(32)

|

This is an interesting equivalence result; it is used in the

sequence to derive a lower bound on the convex-roof extended

negativity (CREN) and potentially may be useful in other

entanglement investigations. We also conclude that for any

arbitrary unitary transformation with max{d;,d,} < 6, N 5]
provides a lower bound on the negativity,

N; > NY. (33)

IV. ALOWER BOUND ON CONVEX-ROOF EXTENDED
NEGATIVITY

The convex-roof method [20] has been used to extend the
pure-state negativity to mixed states [16]; however, it is very
difficult to evaluate the CREN for the general case. In fact, only
highly symmetrical states, for example the isotropic ones [21],
have rendered this evaluation possible [16].

Here we intend to derive a lower bound on the CREN,
which turns out to be specifically useful in the estimation of
entanglement in nonsymmetrical mixed states, whereas the
lack of symmetry hinders an easy evaluation of the CREN
itself. Our method of approach is similar to the one we took
recently to obtain a lower bound on the concurrence [22]. We
assume that the ensemble ¢ = {|v;); p;} represents the state
of the system; that is, its density operator is given by p =
> il {(¥;|. Thus, the ensemble average of the negativity
N, corresponding to this density operator is expressed by

Na(&) := [Nale=(iun): ZplNd(m) (34)
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As there may be several decompositions of the density
operator [23], the CREN (C) is defined as the infimum of
the average negativity with respect to the decomposition
ensembles; thus, it is decomposition independent and depends
only on the p itself:

(35)

Ca(p) := min Y p:Na(|¥:))
{IYi)spi} ==
4 Yo pilvi) (Wil=p
Now, considering Egs. (18)—(20), we may write

Na(e) =Y piNa(i) = Y piNy(1¥)

d
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Ui . Ui Ui Ui Ui
Viijk = Z(Ci;jjci;kk - Ci;jkci;kj)’ (38)
and the following inequality has been used:
rr%]ax fil) + n%]ax LU+ 2= m&lx[fl(U)
1 2
+ U)+ -] (39)

To simplify the notation we combine the two indices j and
k into the single index 1(j,k) = j + di(k — 1); thus we write

d]Xdz
Wiy = cull), (40)
=1
dy xd,
p=_pilyidyil= ) (Zpic,-;,c;,/>|1><1’|
i 1,1'=1 i
dy xd,
= Y prrlINI, (41)
1,I'=1

where p; = ) ; pici;icl, is the matrix representation of the
density operator p. ’

Now, using Eq. (38), Eq. (15) in Ref. [22], and the fact that
the mixed-state concurrence is obtained through the convex-
roof method from the pure-state concurrence, we obtain

U U U
ctigwnCiaenl = € (05) (42)

U

where C(o jl,’{) is the mixed two-qubit concurrence and the unnormalized density matrix o, is expressed by

U U U U
PrG Gy PrgapaGh  Pigopak.y  Pig,j itk

U U U U
PrGknaG.y  PiGaoaGe  PiGu k) Preik.1kk (43)

’

U U U U
Pitejy, Gy Praejp.aGh Pt j ity Pl j),1ckk

U U U U
Pricio 1.y  Prii.aG.k  Prai, ity Pk, 1¢k.k)

where pV = UpU"'. Now, defining

_ 1
k>j=1
Eq. (36) may be expressed by
Ny(e) > max NY (p). (45)

We note that the right-hand side (RHS) of the above inequality is independent of the ensemble decomposition; thus we
minimize the LHS with respect to the latter, which does not affect the faithfulness of the inequality. Then, considering (35) we
finally obtain the lower bound on the CREN ( the LCREN £) as follows:

Ca (p) > max N{ (p)=: La(p). (46)

Obviously, N, 5/ (p) will also be a lower bound on C,(p) for any U, but not necessarily as strong as in the case when the latter
is the maximizing transformation yielding L£;(p).
To check our result, we apply (46) to the following isotropic state studied in Ref. [16]:

—F
plo = (1M = 10" )™ ) + Flp*®) (o), 7)
where
1 d
F = (p"81pk 19"B), 198y = —=) " 1i%,i®). (48)
o*B1pf o ¢ ﬁ;
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Let us choose the trivial unitary transformation U = 14% = 14 ® 15. Considering that all the o j[z matrices are equal due to
the symmetry of the isotropic density operator, we find

(49)

Il
OO =
O O= O
O OO
= O ON

Z

where x = (F 4+ 1/d)/d — 1), y = (1 — F)/{d*> — 1), and z = (Fd — 1/d)/(d*> — 1). The density matrix in Eq. (49) is the
familiar X state, whose concurrence is max{0,2(|z| — |y|)} [24]. Therefore, we finally have

. | - 1 d - 1 d(d —1) Fd—1 1—F
Nallj(pifo) = d—l C(aj%):d_l< Z 1>C(Ull£)=d_1 X 2 X max {0’2<' dz_ld o d2_1‘>}
k>j=I k>j=1
Fd—1
=max{0, - }:cd(p;;,). (50)

This is an interesting result; the bound derived on the CREN the negativity itself; thus providing an operational inter-
is exactly equal to the CREN itself for the isotropic state. That ~ pretation for the latter. The possibility that the obtained
is, the unitary transformation U was the maximizing U in bound might be valid for higher dimensions has also been
Eq. (46). However, L;(p) is just a lower bound in the general discussed. We have also derived an equivalence relation

case and no judgment regarding its sharpness may be made; for the pure-state negativity which has proved to be valid
it is particularly of use whenever the state is not symmetric for dimensions up to 6, with potential applications in en-
enough to render the evaluation of the CREN possible. tanglement investigations. As an example, we have used

this equivalence relation to obtain a lower bound on the
V. CONCLUSIONS convex-roof extended negativity for mixed states, which is
We have obtained an upper bound on the negativity of ~ particularly useful in assessing entanglement in nonsymmetric
a pure two-qutrit state, which turns out to be equal to states.
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