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We investigate the entanglement of assistance which quantifies capabilities of producing pure bipartite
entangled states from a pure tripartite state. The lower bound and upper bound of entanglement of assistance
are obtained. In the light of the upper bound, monogamy constraints are proved for arbitrary n-qubit states.
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I. INTRODUCTION

In quantum-information theory, entanglement is a vital re-
source for some practical applications such as quantum cryp-
tography, quantum teleportation, and quantum computation
[1,2]. During the last decade, this inspired a great deal of
effort for detecting and quantifying the entanglement [3—11].
On the other hand, the creation and distribution of entangle-
ment are also of central interest in quantum-information pro-
cessing. More especially, the distribution of bipartite en-
tanglement is a key ingredient for performing certain
quantum-information processing tasks such as teleportation.

One of the methods, generating bipartite entanglement, is
the entanglement of assistance that is defined in Refs.
[12,13]. Tt quantifies the entanglement which could be cre-
ated by reducing a multipartite entangled state to an en-
tangled state with fewer parties (e.g., bipartite) via measure-
ments. Such producing of entanglement, also called “assisted
entanglement,” is a special case of the localizable entangle-
ment [14], which is especially important for quantum com-
munication, where quantum repeaters are needed to establish
bipartite entanglement over a long length scale [15]. For a
pure 2®2®n state, the analytical formula of entanglement
of assistance has been derived by Laustsen er al. [16],
whereas the calculation of entanglement of assistance is not
easy for a general pure tripartite state [17].

In this paper, we explore the entanglement of assistance
for a general pure tripartite state in terms of / concurrence
[18]. We obtain a lower bound of entanglement of assistance,
which is also the lower bound of a tripartite entanglement
measure, the entanglement of collaboration. This may help to
characterize the localizable entanglement. Furthermore, an
upper bound is also obtained. Deducing from the upper
bound of entanglement of assistance, we find a proper form
of entanglement monogamy inequality for arbitrary n-qubit
states, which is analogous to the monogamy constraints for
concurrence proposed by Coffman et al. [19] and proven by
Osborne and Verstraete [20] for the general case.

The paper is organized as follows. In Sec. II, we derive a
lower bound and upper bound of entanglement of assistance
for pure tripartite states. In Sec. III, monogamy constraints
are proved in terms of this upper bound. Finally in Sec. IV,
we conclude with a discussion of our results.

II. BOUND OF ENTANGLEMENT OF ASSISTANCE

We consider a pure (d; X d, X N) tripartite state shared by
three parties referred to as Alice, Bob, and Charlie, who per-
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forms a measurement on his party to yield a known bipartite
entangled state shared by Alice and Bob. Charlie’s aim is to
maximize the entanglement of the state between Alice and
Bob. This maximum average entanglement that he can create
is called entanglement of assistance, which was originally
defined in terms of entropy of entanglement [12,13]. In
this paper, we define entanglement of assistance in terms
of the entanglement measure I concurrence E,(|¢)spc)
=E, (psp) =max2,p,C(|$;)5), which is maximized over all
possible pure-state decompositions of p,=TrdL| ) pc{]
=3.p/| s By applying the method in Ref. [4], we can
obtain the lower bound of entanglement of assistance for
pure tripartite states.

For any given pure-state decomposition of pupz, pas
=3p| )i, we have

Ea(| W apc) = maxz PiC(| i) ap)

=maX2Pi E |<¢:|Smn|¢t>|2

= max | [> (Zp,-|<¢;‘|smn|¢,->|)2, (1)

where S,,=L,®L,, L, ,m=1,...,d/(d;—1)/2, and L,,n
=1,...,d5(d,—1)/2 are the generators of groups SO(d,) and
SO(d,), respectively. The inequality holds accordinkg to the
Minkowski inequality [=._;(SxN)P]P<3,[3.,(x)P1"7,p
>1.

For any given decomposition p,z=p;| )¢, we can
take the matrix notation [21] and rewrite the state as p,p
=®PDT, where P is a diagonal matrix with P;;=p; and @ is
a unitary matrix whose columns are the vectors ¢;. Consider
the eigenvalue decomposition p,z=WMW¥T', where M is a
diagonal matrix whose diagonal elements are the eigenvalues
of p,p and the columns of the matrix W correspond to the
eigenvectors of p,p. Moreover, we can get the relation
®P2=WM'2U, where U is a right-unitary matrix. Thus we
can rewrite inequality (1) as

E,(ppg) = max ., [ (2 |<I>TP1’ZsmnP”%DIi,-)2

mn i

=max. /> (2 |UTM”Z\IITS,,m‘IfM“ZU|ii>2

mn i

= max \/2 (E |UTAan|ii>2’ (2)
where A,,,=M">WTS VM2,
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In terms of the Cauchy-Schwarz
(Ea)2(Z )2 =32y, the inequality

inequality

>zl

mn

Ea(pAB) = max E (2 |UTAan|ii>2

mn i

= maxz |U” (2 Lo mn) Ul;; (3)

mn

is implied for any z,,=y,., exp(i6,,), with y,. =0 and
Emnyﬁmzl. Since 2,,,2,,,A™" is a symmetric matrix, we can
always find a unitary matrix U such that
2i|[]T(ZmnzmnAmn)[]|ii=||2mnzmnAmn|| as shown iIl Ref [22],
where ||| stands
=Tr(GG")"2.

For an arbitrary unitary matrix V, we have

Tz

i

il

VI( U—‘)TUT<E z,m,,Am,,) uU'v

mn

il

= 2 |VT(U_1)TDiag(7\],)\2‘ ")U_IVL-i = 2 |(U_1V)”|2)\l
i ij

:2)\1"

where \,(z)’s, dependent on the choice of the y and 6, are the
singular values of the matrix 7=%,,,z,,,A™", i.e., the square
roots of the eigenvalues of the positive Hermitian matrix
TT'. Therefore, the maximum of Eq. (3) is given by
max, . c[2\(z)]=max, . ¢||Z,,,zmA™. Hence, we arrive at
the lower bound of entanglement of assistance for a pure
tripartite state as following:

EZHH’!A'"" * (4)

mn

E,(psp) = max

zeC

Moreover, it has been shown by Gour and Spekkens [23]
that, for tripartite states, entanglement of collaboration
[24,25] is greater than or equal to entanglement of assistance
in terms of a given entanglement measure. Therefore, our
lower bound is also the one for entanglement of collabora-
tion. Our bound may help to characterize localizable en-
tanglement. For a pure 2 X2 XN state, this lower bound is
consistent with the result of Ref. [16].

Generally, for each set {y,,,, 0.}, we can obtain a lower
bound of E,(psp), which can be tightened by numerical op-
timization. In fact, there is always one matrix A,,, that gives
the main contribution to the right-hand side of Eq. (4).
Hence, the singular values of this matrix provide a simple
algebraic approximation for the lower bound of E (pAB) As
an example, we consider a state | ) apc=1al000)+b|111)
+ \C|222> with a+b+c=1. Without loss of generality, we as-
sume that a=b=c=0. Then, we get a purely algebraic es-
timate for the lower bound of E,(psz), 2Vab, without nu-
merical optimization. In the case a=b=c=1/3, a lower
bound of E,(p,z), 4y3/9, is obtained through an optimiza-
tion.

PHYSICAL REVIEW A 80, 034301 (2009)

We can also obtain the upper bound of entanglement of
assistance. From the definition of entanglement of assistance,
we have

[Edpan) P = [ max piClbhas) |
= max > [\piC(|$)ap) P2 (Vp)?
=maxY, 2p[1 - Tr(p?)?] = 2(1 - Tr p3),

where pi'=Try| ;) 45(¢i|. The first inequality holds according
to the Cauchy-Schwarz inequality [26]; the last one, which
has also been proved in Ref. [27], holds due to the convex
property of Tr pj. Define the upper bound as the tangle of
assistance 7,(pyp) =maxZ;p [ C(| ¢ ap) 1

In addition to the tangle of assistance being the upper
bound of entanglement of assistance, the tangle of assistance
for n-qubit states also exhibits some proper forms of mo-
nogamy inequality. In fact, not only does the concurrence
satisfy the monogamy constraints for n-qubit state [19,20],
but also the entanglement of assistance exhibit monogamy
constraints for n-qubit pure states [28-30]. We will show
below the monogamy inequalities in the light of the tangle of
assistance [31].

III. MONOGAMY INEQUALITY

Consider a pure tripartite state |¥), .. The tangle of as-
sistance is defined by 7,(|¥)450)= maxg, |¢>}2XpX[C(|l[lx>)]2
=maxy, |45 2.P:Sol Trg(|)(])], where the linear entropy
NE 2[1 Tr(p)?] and the maximum runs over all pure-
state decompositions {p,,|)} of pap=Trc(|¥)spc(¥])
=3 p. Xt ]. In the case of pure state p,p, the tangle of
assistance is the square of concurrence of this state.

Theorem 1. For an arbitrary n-qubit state, the tangle of
assistance satisfies

Ta(Pa,a) + TaPaa) + 4 Tipaa ) = 7u(paayny-a,)

)

where 7,(p4 [(Ayhy A, )) denotes the tangle of assistance in the
bipartite partition A, |A,As---A,.
Proof. First of all we prove the following inequality:

T(Pap) + T(pac) = T.(pac) - (6)

for arbitrary tripartite states p,pc in 2 X2 X 2"2 system.
We first prove Eq. (6) for pure states. In this case, due to
the local-unitary invariance of 7,(psc), we can rotate the
basis of subsystem C into the local Schmidt basis |V}), k
=1,...,4, given by the eigenvectors of pr=Trsz(pspc). In
this way, we can regard the 2"~>-dimensional qudit C as an
effective four-dimensional qudit. Therefore, we simply need
to prove Eq. (6) for a 2 X2 X4 pure state ABC.
For pure states of a tripartite system ABC of two qubits A
and B and a four-level system C, we have 7,(psc)
—7(pac)=S2(pa) - max&, |¢>}E]P152[Trc(|¢]><¢;|)] where
2pild{bjl=pac. It can be shown that any pure-state de-
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composition of p,- can be realized by positive-operator-
valued measures (POVMs) {M,} performed by Bob, the rank
of which is 1 (for more details see [17,32]). Therefore, we
get the following expression:

7(pac) = r{na>}<2 PS2(py), (7)

xox

where the maximum runs over all rank-1 POVMs on Bob’s
system, p,=Tr(I, ® M,p,p) is the probability of outcome x,
and p,=Trz(I,® M pap)/p, is the posterior state in Alice’s
subsystem. For convenience, we take the definition I(p4p)
:=5,(py) —maxZp,S,(p,). By comparing I(p,z) to Eq. (6) for
M} x

pure tripart{ité}states, we see that it is sufficient to prove the
inequality I(psp) = 7,(pap) for all two-qubit states pyp.

We first derive a computable formula for I(p,). Any bi-
partite quantum state p,p may be written as

(8)

where Vp:p is the symmetric two-qubit purification of the
reduced density operator pgz on an auxiliary qubit system B’
and A is a qubit channel from B’ to A. Deducing from
Eq. (7), we have p,=Trp(ly® M, pysp)/p,=Trg[(I,&M,)
X(A @ 1)V gXViprpll/ pi= Al Trg(Iy @ M|V p)(Vigr )]/ P
Since the rank of M, is 1, Trg(I,® M|V ){(Vg)] is a
pure state. Moreover, all pure-state decompositions of py
=Trg(|Vg5)XVa 5l)=pg can be realized by the rank-1 POVM
measurements {M,} operating on subsystem B of
|V 5XVpigl. Hence, I(p,p) satisfies

Hpap) = SolA(pp)] - max 2 p SIA(gN)],  (9)

o} x

pap=NA ® I

where the maximum runs over all pure-state decompositions
{px’ lsz>} of PB such that Expx|(//x><wx|:p3

The action of a qubit channel A on a single-qubit state
p=(I+r-0)/2, where o is the vector of Pauli operators, may
be written as A(p)=[I+(Lr+1)-o]/2, where L is a 3 X 3 real
matrix and 1 is a three-dimensional vector. In this Pauli basis,
the possible pure-state decompositions of pp are represented
by all possible sets of probabilities {p;} and unit vectors {r;}
such that 2 ;p;r;=rp, where (I+rg-@)/2=pp. In terms of the
Block representation of one-qubit states, the linear entropy
S, is given by S,[(I+r-o)/2]=1-|r|*. In this way, we get
the following equation: S,[A(/+r-0)/2]=1-(Lr+1)7(Lr
+1).

Substituting r;=rz+X;, one can easily check that Eq. (9)
reduces to the following one whose value is determined by
{p;.x;} subject to the conditions X ;px;=0 and [rz+x;|=1:

1(pag) = Sa[A(pg)] — max Y, ijZ{A(H(r%Mﬂ =1
XS

—(Lrg+D)7(Lrg+1) — max >, pj
X

X{l = [L(rz+x)) + 1 [L(rz+ x;) +1]}

= mmzpj(x LTLX) (10)
{pjxit

Without loss of generality, we assume that L'L is diagonal
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with diagonal elements N, =\, <)\ The constrains |rz+x;|
=1 lead to the identities (X )= |r3|2 2rpx;— -(x)*- (Xj)£
Substituting this into Eq. (10) we get I(pAB) )\x(l [rs%)
+ming, x }Ejpj[()\ —N)(x))*+(\,—\,)(x))*]. This expression
is obv10usly minimized by choosmg X;= xy 0 for all j. Then,
from the condition [rz+x;[=1, x] have two solutions. The
ensemble of two states correspondmg to such two solutions
can reach the minimum \,(1-|rg|?).

As S,(pg)=(1-|rg|?), we obtain the following computable
expression: 1(p,5)=NninS2(pp). Note that a local filtering
operation of the form p),=(I®B)p,s(I®B")/Tt[(I
®B'B)pss] leaves L invariant and transforms S,(pg)
=det(B)*/ Ti[(I© B'B)p,51*S:(ps) [33].

If the local filtering operator B is invertible, we can get
the conclusion that there does not exist a pure-state decom-
position {g;.l4)} of pjp such that 7,(p),)>det(B)*/ Te[(I
® B'B)papl7.(pap) by the contradiction. For the case that the
operator B is not invertible, such pure-state decomposition
also does not exist. Furthermore, there exists exactly an op-
timal pure-state decomposition {p;,|¢;)} of the state p,p
for 7,(pap) such that Sp,CL(I®B)(|d) (i1 BY)/Til(1
® B'B)pap]1*=det(B)?/ Tt[ (18 B'B)pap)*7,(pas)- There-
fore, the tangle of assistance  7,(p)z)=det(B)*/
T{(I®B'B)pas)*7.(pap).-  Since  1(p}z)=det(B)*/Tr[(1
® B'B) papl\inS2(pp), it transforms exactly in the same
way as the tangle of assistance 7,(p) ) does. As there always
exists a filtering operation for which pjoc/, we can assume,
without loss of generality, that S,(pg)=1.

So let us consider p,p with pB=TrA(pAB)=%1. In terms of

Pauli operators, we can rewrite the pure state as follows: (7
® B)|Vy pX(Vprp| (1@ BY)  TH{ (1@ B'B)|Vigr p)(Vigrl] = 1/4 1
+2,md ® 0+ Zin,;0,® [+2,,0,,0,® 0;], where 0, 0, and o3
are o,, 0y, and o, respectlvely Then we get the conclusion,
from its purity and unity reduced density, that m;=n;=0 for
all i and the 3 X 3 real matrix O is orthogonal. Thus we have
pap=3A®II+2,0,0,® 0j]=;[[+21,0,0 [+2,(LO) 0, .
® ;). As unitary operator U, satisfies the equatlon U,o; U 1
=2 P,joj, where P is a real orthogonal 3 X 3 matrix, we can
always find local-unitary operators, in terms of the theorem
of singular value decomposition, so that Ul ® UszBU1
® Uy=;[I+2(IP),0,® [+3,(QLOP)j0;®@ 0;] = ; [I+Z]]
QI +2,(L");;0;® a;], where Q and P are real orthogonal ma—
trices and L' is a diagonal matrix with its diagonal elements
the singular values of L. Because of the local-unitary invari-
ance of 7,(psp) and I(p,p), without loss of generality, we
assume that pAB=j—l[l+2iti0',-®l+2,-(R),-ia'i® o;], where R is a
diagonal matrix with its diagonal elements the singular val-
ues of L. Due to the positivity of

1+R3+l3 0 tl—itz RI_RZ
1 0 1—R3+t3 R1+R2 tl—itz
Pap=", . )
4 [1+lt2 R1+R2 1—R3—t3 0
R, -R, t +it 0 1+R;—13

the inequality 1-7;—#3—£;=R3 must hold. Therefore we ob-
tain
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7upag) = [Colpap)V = Tilo, @ 0,050, © T,pa]

1
= £[4 + 4RI+ Ry +R3) —4(ri + 5+ 13)]

1
= Z[R% + R+ 2R3] = N\ (LL).

These inequalities imply that I(p,p) < 7,(psp) for all two-
qubit states p,p, which then proves Eq. (6) for pure states.

Now we extend Eq. (6) to mixed state case. Consider
the maximizing pure-state decomposition {p,,|¥)}
for 7,(pasc)- By applying the inequality Eq. (6) and
taking into account the concavity of 7, we have
Ta(pA(BC)) = Expru(pj}(BC)) = zxpx[Ta(sz) + Ta(Pﬁc)]S Ta
(pap)+ T(pac), where PZ(BCF ACTAR

Let C=C,C, be a 22" system and apply Eq. (6), then
we  get Ta(pA(BC))STa(pAB)"'Ta(pAC)STa(pAB)+Ta(pACl)
+7,(pac,). Successively applying Eq. (6) to partitions of C,
we obtain the inequality Eq. (5) by induction. |

In fact, Eq. (5) turns out to be an equality for product
states under partition A|BC,C,. For the generalized n-qubit
GHZ states |¢)=(]0-+-0)+|1---1))/2, Eq. (5) is a strictly
inequality.
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IV. DISCUSSION

In summary, as an important quantity in quantum compu-
tation, the entanglement of assistance has been investigated
in terms of I concurrence for pure tripartite states. We have
obtained a lower bound of entanglement of assistance, which
is also the lower bound of the tripartite entanglement mea-
sure, the entanglement of collaboration. Instead of great dif-
ficulty involved in computing the entanglement of collabora-
tion, the lower bound Eq. (4) can be calculated in a
numerical optimization to make a good estimate of entangle-
ment of collaboration. Furthermore, this bound can also be
reduced to a simple algebraic bound to provide a good ap-
proximation of entanglement of assistance without a numeri-
cal optimization. In addition to the lower bound, an upper
bound is also obtained. In the light of the upper bound of
entanglement of assistance, we find a proper form of en-
tanglement monogamy inequality for arbitrary n-qubit states.
We hope that this concise form of monogamy inequality may
help to apprehend the nature of distributed entanglement.
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