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Abstract The concurrence of a two-qubit nonorthogonal pure state is determined
through the construction of this state in the language of spin coherent states. The gener-
alization of this method to the case of a class of mixed states is given. The concurrence
in this case is nothing but a function of the amplitude of the spin coherent states, it is
shown also that probability present an interesting behavior.
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1 Introduction

The entanglement phenomenon has been studied in quantum mechanics as a specific
quantum mechanical nonlocal correlation [1,2]. Recently it has been regarded as a
resource for quantum information processing and transmission, we notice the case
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of the quantum cryptography [3-5], the quantum teleportation [6] and the quantum
computation [7]. Generally, there are two important problems for quantum entangle-
ment, the first is to find a method to determine whether a given state of a compos-
ite quantum system, consisting of two or more subsystem is entangled or not, the
second is to define the best measure quantifying the amount of entanglement of a
given state. Thus, the characterization and quantification of the entanglement have
attracted much attention [8—10] and became a fundamental problem in the field. To
quantify the entanglement, various entanglement measures are proposed, such as con-
currence [9-11], entanglement of formation [12,13], tangle [14,15] and negativity
[16-19].

For bipartite pure states, the concurrence and entanglement of formation which
was proposed by Bennett et al. [12] are the best measures of entanglement and are
widely accepted. However, for quantifying the entanglement of mixed states there is
no such general methods, so the problem in these measures depend on the pure state
decompositions, in this way the main difficulty is to find the minimization over all
decompositions of mixed state into pure states. For particular cases many minimiza-
tion can be done analytically [9,20-22], but this problem is not solved in the general
case. For the special case of two-qubits, Wootters and Hill [23] have proposed as a
measure of entanglement the famous formula for the bipartite concurrence and the
associated entanglement of formation.

In quantum optics and quantum information theory, the theory of coherent states
(quasi-classical states) is one of the most important and widely used concepts. These
states are very useful tool for the study of various problems in physics [24,25]. The con-
cept of coherent sates introduced by Schrodinger [26] in the context of the harmonic
oscillator, has been extensively studied in physics [27,28]. Later the term coherent
state has become very important in quantum optics due to Glauber [29], who he dem-
onstrated that these states have the interesting property of minimizing the Heisenberg
uncertainty relation. The next most important coherent states are spin coherent states
or SU(2) coherent states [30], they describe several systems and also have some appli-
cations in quantum optics, statistical mechanics and condensed matter physics [27,28].
The general treatment of coherent sates can be found in references [27,30,31]. Spin
coherent states are also widely used in quantum information theory [32,33]. In fact,
spin coherent states are viewed as the closet quantum states to Glauber’s coherent
states. These are, inturn, viewed as the closet to classical states. They have raised
the idea of studying the entanglement of spin coherent states as a measure of their
classicality.

The aim of this paper is to propose a useful method for measuring the entangle-
ment of two-qubit nonorthogonal states which play an important role in the quantum
cryptography and quantum information processing. This method is based on spin
coherent states. We use the concurrence as a measure of entanglement. We formu-
late it in terms of the amplitudes of spin coherent states and we study its behavior in
detail.

This paper is organized as follows: In Sect. 2 we define the concurrence of a two-
qubit state for the pure and mixed cases. In Sect. 3 we give the concurrence in terms
of the spin coherent states and we study its behavior in the case of two-qubit nonor-
thogonal states for both cases. The conclusion is given in Sect. 4.
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2 Concurrence of an arbitrary state of two qubits
The most general state of two-qubits can be expressed by
[Y¥) = al00) + b|01) + c|10) +d|11) (1)
with the normalization condition
lal® + b + le]* + 1d* = 1.

The state |y) is factorizable or (separable) if ad = bc, otherwise it is entangled or
(inseparable). For such a state the concurrence C (/) is defined by [34]

CW) = [yly)l
= 2|ad — bc| 2)

where
1) = (0y @ ay)|y™)
is the spin-flip operation applied to pure state of two-qubits, and |/ *) is the complex

conjugate of |).
The concurrence is related to the entanglement of formation by the equation

Ef(y) =§(CH)) 3

where
1++1—-C2
£(C) = H(%) 4)

Here, we have introduced the binary entropy function

H(x)=—xInx — (1 —x)In(1 —x) 5)
The function £(C) is monotonically increasing and ranges from O to 1 as C goes from
Oto 1.

In the case of mixed states it is more convenient to describe the quantum state by
the density operator p defined by

p =D pilvi)(¥il, ©6)

where {|1;)} is a set (but not necessarily orthogonal) of normalized pure states of
two-qubit system, and p;’s are positive real numbers that add up to one.
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The state p is said to be separable if it can be written as a convex combination of
product states, i.e., p = >_p; ,ol.R ® piR/ where ,ol.R’R is the reduced density matrix
i

. R,R’
given by pi( ) = Trw Vi) (Wil
The concurrence of the mixed state p can be defined as the average concurrence of
the pure states minimized over all decompositions of p [34]

C(p) =inf > piC(¥) (7

where C (1) is the concurrence of the pure state |y;). The creative contribution of
Wootters and Hill [23] consists to fining an explicit formula for C(p). It is

C(p) =max{r; — A2 — A3 — A4, 0} ®)

where A; are the square roots of the eigenvalues of the non-Hermitian matrix pp in
descending order. Note that each A; is a positive real number (p being the spin-flip
operation of p given by

:5 = (Gy ® Uy)p*(ay X Uy)

and p* denotes the complex conjugate of p).
We can also express the entanglement of formation in terms of the concurrence as

Ef(p) =& (C(p)) ©)

where C(p) is given by Eq. 8 and the function & is given by Eq. 4.

For bipartite systems with no more than two non vanishing eigenvalues there is an
explicit formula for the square of the concurrence [35]. In the case of two-qubits, an
obvious expression of concurrence of the mixed state by two orthogonal pure states
[36,37].

Indeed, for simplicity we take the density operator given by Eq. 6 as

o = il (] + pzluz) (2l (10)

i.e., a mixed state of two-qubits with no more than two non vanishing eigenvalues
denoted as 1 and po. Without loss of generality, we take the pure states |1) and
|p2) as follows:

lw1) = a1|00) + b1|01) + c1[10) +di[11)
ln2) = a2|00) + b2[01) + c2[10) + da|11). (1)
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The concurrence of two-qubit mixed state p is
2 22 2.2 1 ) | 2
C2p) = (WICT +13CE) + SpammalCy = C-P = Spuipa (€4 = C)2 = 401
(12)
where
Ci = |Ci| = 2la;id; — bici] (i =1,2)
is the concurrence of the pure state |u;), and
Ci = |Cx| = (a1 £ax)(d) £ dr) — (b1 £ b2)(c1 £ c2)

is the concurrence of the pure state |u+) = \/LE (Juu1) £ |2)). C; and Cy are the
corresponding complex concurrences.

3 Concurrence in the framework of spin coherent states
3.1 The case of pure states

The coherent states have been established to be an important type of robust states which
are extensively applied for various quantum information processing and transmission
tasks. Those coherent states are chooser since they are easy to generate experimentally
and convenient to use.

Generally a qubit can be represented through a phase factor as [33]

0 . .
|0, @) = exp [—5 (o+e_”p — oe”p):| [1)
210) + ¢ sin Z1) (13)
= cos — e'?sin —
2 2
where o0+ = o, L ioy, (0y, 0y) are the Pauli matrices and (6, ¢) are real parameters.
One can demonstrate that the above equation represents a spin-coherent state of the

Klauder-Perelomov [30]

&, j) = R(&)|0, j)
= exp (n(€)J+ —n*(€)J-) 10, j)

- S @) e (14)

(1+16?) 7=

where R(§) is the rotation operator. J; and J_ represent the raising and lowering
operators of SU(2) Lie algebra satisfying the commutation relation

Vi, J-1=2J [, Je]l =+Js 15)
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acting on an irreductible unitary representation as follows

Jeljym) = VG Fm)GEm+Dlj,m+1); Jlj,m)=mlj,m).  (16)

The spin coherent states are obtained by successively applying the raising operator on
the state |j, —j).

R S 2))! P im
1§, J) = (1+|§|2)jm§j|:(j+m)!(j—m)!] 7T G, m). (17)

A change of variable n = j 4+ m will give the formula in (14).
For a particle with spin% it gives

1 ! 18
) w

and for £ = tan (%) ¢’ we find
0 : 0
|§):cos§|0)+e"/’sin5|l) (19)

where |0, %) = |0) and |1, %) = |1) are the basis states.

A separable pure state of two-qubits can be expressed as |01, ¢1) ® |62, ¢2). Con-
sequently the pure state that represents the simplest extension of the separable pure
state to entangled pure state of two-qubits can be given by the unnormalized state [33]

1) = cos 0161, ¢1) ® |62, 2) + ¢ 5in 616, ¢}) © 165, ¢3) (20)

|61, @1) and |0}, ¢}) are normalized states of the qubit 1 and |62, @) and |65, ¢}) are
states of the qubit 2, such as

(61, 91161, 1) # 05 (62, 92165, ¢3) # 0.

From Eq. 18, we obtain

1) = cosbla) ® |B) +¢'¢sinfla’) @ |B) 2
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where
1
lo) = —==(|0) + «|1))
J(L+ 1af?)
1
|8) = ——————=(10) + BI1))
JA+182)
1
o) = ——(10) + /| 1))
1/(1 + Ia/lz)
1
1By = ———(10) + B'I1))
J L+ 1817)

are respectively the states for each qubit.
In this case Eq. 21 becomes

0
) = = |:|2§(1 = (100) + BI01) +0110) + apl11)

el sin @
+
VA + P+ 181?)
= a|00) + b|01) + ¢|10) +d|11)

(100) + B'101) + &’|10) + &/ B/|11))

where
a=Ai+y
b=pr+py
c=ar+a'y
d=afr+d'By
with

cos 0 e'¥sinf

A= ;oY = .
VA + a1+ 1812 VA + 2P (A +81?)

Finally the normalized pure state of two-qubits may be written as

v = \/LW (al00) + b|01) + ¢[10) +d|11))

where

N = @ll¥) = lal* + B> + [c|* + |d]*.

(22)

(23)
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The concurrence of this state is given by
C =y )l
—2 'A—V«x —d)B-B) 4)
N

e C=0forh=0, y =0, a =a’ or 8 =, which corresponds to a factorizable
state |V).

o 2 %—(oz —a)(B— B')| =1, for a Bell state.

3.2 The case of mixed states

In this section, we present the advantages of the expression given by Eq. 12; it depends
on concurrence of pure states and their simple combinations. Furthermore, it can be
solved easily analytically and describes an important result in quantum information
area.

Let us consider a class of mixed states given by a statistical mixture of two pure
states of two-qubit system

p =D pilyi)il (=12 (25)

where

Vi) = \/LN, (ai100) + b;|01) + ¢;[10) +d;[11))

are the pure states of two-qubits, with

ai = Ai +i
bi = Biri + Bivi
¢i = aidi +ay;
di = aifiri + o) Bivi
Ni = Will) = lai* + 161 + lil” + 1di .
The expression of the concurrence of the mixed state of two orthogonal states given

by Eq. 12 can be directly generalized to the case of mixed state of two nonorthogonal
states [38]. So, in our case we have

1 1
C%(p) = (piCT + p5C3) + SPpalCy — C_|*>— 5Py = C_)? —4C1Cy|
(26)
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where

Ci=1C| =2 %(w — (B — B

is concurrence of the pure state |v;), and

Ci = |Cy]
)\' / !/ )\' / /
= J‘v—yl‘«xl —a))(Bi — B)) + j[—zz«xz —a5) (B2 — B))
1 / /
+ m(/\lkz(on —a2)(B1 — B2) + Arya(ar — ay)(B1 — By)
+ Aayi(a) — a2)(B) — B2) + vivale) — a5 (B — B3)) (27)

is the concurrence of the pure state |+) = % (1) £ [¥2) .

The simplified expression of the concurrence in the Wootters measure of entangle-
ment present some important features

e The concurrence is bounded

(P1C1 — p2C2)* < C2(p) < (p1C1 + p2Ca)? (28)

where

A A 2
(plcl—pzcz>2=4(p1 X/—?(al—ab(ﬁl—ﬁi) —p2 j"’v—zzmz—ag)(ﬁz—ﬂ;))
and

A A 2
(P1C1+P2C2)2=4(P1 S 1=y (Br—B)| + 2 2—”<a2—a§>(ﬂz—ﬂ§>)

N] NZ

are respectively the lower and upper bounds of concurrence.

e If the coefficients a;, b;, c; and d; are real numbers, then we have
For 0 > (C+ — C_)2 > 4C;(C,, the concurrence is equal to the upper bound

Ay

/ I )\'
NJW1—%Xm—ﬁQ £2r2

2 (a2 — ) (B2 — BY)

+
p2 No

y

(29)

C*(p) =4 (m
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For 0 < (Cy —C_)? <4CiCy, itis

)\' / !/ )\' / / 2
C2(p) = 4 (m j‘v—yl‘ml —a})(B1 - B)| - p2 j/—fwz —ab)(Ba — BY) )
4
+ /\IZXZ (MAa(ar — a2) (Br — B2) + Miyalan — ab) (B — BY)
+lan (@) — @) (B — B2) + nva(e) — i) (B — )’ (30)

For C;C, < 0, the concurrence equal to the lower bound

AY1

M

A
2272 6y — o) (Ba — BY)

(1 —a)(B1 = B N

2
)y

€1y

C*(p) =4 (m

e When(Cy =C_,1ie.,

(o — a2)(B1 — B2) + vivala) — ar)(B) — By) = diya(ar — ah)(By — Bi)
+ Aayi(aj—a2) (B2—By)

the concurrence reaches the lower bound

AY

, , 2
N]l(al —a))(B1 — B)) f2r2

2 (2 — ) (B2 — BY)

- D2 N,

)

(32)

C(p) =4 (m

e In the case where |y1) or |yr;) is factorizable, (i.e., C; = 0 or C» = 0), the concur-
rence of the mixed state becomes

A 2
C%(p) = 4p3 /i/——yz(dz —ay) (B2 — B)) (33)
2
or
2 2 [ M / ’ :
C(p) =4p; T(al —o)(B1— B (34)
1

This expression of concurrence shows that the probability p; (or p) and the pure
state [y1) (or |Y2)) contain the information about the entanglement of the mixed
state p.

Without loss of generality, we consider simple case where o; = B; and o] = f/.
The concurrence has the simplified form

A2Y2 2
_V(az _ aé)z

N> G

C%(p) = 4p3
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or

(36)

For simplicity we take o and o’ to be real and set 8 and ¢ to their values at the extre-
mum of C (i.e., 3°C/30d¢ = 0) [39]. This corresponds to = /4 and ¢ = 0,
C?(p) is then given by

(o — at))*
C2 — 2 1
(P) = pi Qo? o +a? + 200 + o +2)2
i=1forCr,=0; i=2forC; =0) (37)
C 2(/o) can also be written as
2
c(p) = (2 (38)
1+2X;
where
aial + 12
X = (—) . (39)
o — Otl-

Here X; € [0, oo[, where we can distinguish two interesting cases:

e X; =0(xj =—1/a) corresponds to C%(p) = pi2 which reduces in the case
of p; = 1 to the maximally entangled pure states (C%(p) = C*(y) = 1). Thus,
in this case we have a mixed state p as a mixture of a maximally entangled pure
state and a separable pure state. These mixed states present an important class
of mixed states [40,41] which are widely studied and applied in many quantum
information processing and transmission tasks.

o X;—> oo(y = alf ) which corresponds to the factorizable states (C 2(p) = 0).

At this point an interesting case is worth notifying: the completely mixed state for
which the density operator is simply p = él where d is the dimension of the Hilbert
space (in our case p = %1), this corresponds to p; = p> = % The plot of C%(p) as a
function of @ and &’ (Figs. 1, 2) shows that the maximal value of the concurrence C(p)
is % rather than 1 as for the pure state. This can be interpreted as reflecting the fact that
in a completely mixed state the concurrence is equally shared by the two subsystems.

4 Conclusion

In this paper, we have showed how the concurrence of two-qubit nonorthogonal pure
states can be expressed in terms of the spin coherent states. We have then analyzed
these states and calculated the concurrence that allowed us to determine the conditions
for minimal and maximal entanglement.
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24 K. Berrada et al.

Fig.1 C%(X, p)

Fig.2 CZ%(a, o). For
pi=pr=3%

o o
o © N
a N o

o
i

o
[
a

o
9o

We have generalized this formalism of concurrence to the case of a class of mixed
states. Using a simplified and evident expression of the concurrence in terms of the
concurrences of the pure states and their simple combinations we have calculated the
square of the concurrence of the mixed state and studied its behavior as a function of
the amplitudes of spin coherent states and the probabilities.

By studying a simple case we found that the concurrence of the mixed state cannot
be higher than the probability of one of the subsystems. Furthermore, in the case of
completely mixed state it cannot exceed one half.

In this way, it is shown that the coherent states are useful elements to determine and
measure the entanglement of two-qubit states, and their use is not only of theoretical
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but also of some practical importance having in mind their experimental accessibility
[42].
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