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Bounds on negativity of superpositions

Yong-Cheng Ou and Heng Fan
Institute of Physics, Chinese Academy of Sciences, Beijing 100080, People’s Republic of China
(Received 5 January 2007; revised manuscript received 23 April 2007; published 22 August 2007)

For pure bipartite superposed states, the entanglement quantified by negativity is studied. If the entanglement

is quantified by concurrence, we show that two pure states with high fidelity to one another have nearly the
same entanglement. We deduce an inequality in which the concurrence is known to be a continuous function
in infinite dimensions. The main result of this paper is to give the bounds on the negativity of a bipartite state
in terms of the entanglement of the states being superposed. These bounds may be used in estimating the

entanglement of a given state.
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Quantum entanglement plays an important role both in
many aspects of quantum information theory [1] and in de-
scribing quantum phase transition in quantum many-body
systems [2,3]. As such, characterization of quantum en-
tanglement is a fundamental issue. Consequently, the legiti-
mate measures of entanglement are desirable as a first step.
The existing well-known measures of entanglement for two-
qubit systems with an elegant formula are the concurrence
derived analytically by Wootters [4] and the entanglement of
formation [5,6] which is a monotonically increasing function
of the concurrence. In general, for a multipartite or higher-
dimensional system, it is a formidable task to quantify its
entanglement since a complicate convex-roof extension is
needed. In recent decades, some important properties of
quantum entanglement were found, one of which is the mo-
nogamy property described by the Coffman-Kundu-Wootters
inequality in terms of concurrence [7]. In our previous work,
we have shown that the monogamy inequality can not be
generalized to higher-dimensional systems [8] and we estab-
lished a monogamy inequality in terms of negativity, giving a
different residual entanglement [9].

On the other hand, quantum entanglement is a direct con-
sequence of the superposition principle of quantum mechan-
ics. It is an interesting physical phenomenon that the super-
position of two separable states may give birth to an
entangled state, on the contrary, the superposition of two
entangled states may give birth to a separable state. The re-
lationships between the entanglement of a given state and
that of the individual terms which by superposition yield the
state have been studied, where the entanglement is quantified
by the von Neumann entropy [10], the concurrence [12], and
witnessed entanglement [13], respectively. Recently, it was
generalized to the superposition of more than two compo-
nents [14]. If the entanglement is quantified by negativity, it
would be interesting to establish the analogous relation and
obtain the bounds of entanglement for the superposition
states. In this paper, we first deduce an inequality to guaran-
tee that the concurrence is a continuous function even in
infinite dimensions. Next, we give the bounds of negativity
of the superposition states. The discussions and conclusions
are presented in the final part.

Before giving the main results of this paper, we first prove
Theorem 1, which determines how much the entanglement of
a state p changes when we vary p by a small amount. The
authors in [10] have shown that two states of high fidelity to
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one another may not have the same entanglement, i.e.,
[{s]| $)]>— 1 may not generally result in E(y) — E(¢), where
E is the von Neumann entropy. For a bipartite pure state
|®) 5, the von Neumann entropy is defined as

E(D,p) = S(Tr3|q)>AB<q)|) = S(TYA|CI)>AB<(D

), (D)

where S(p)=-Tr(p log p), and the concurrence is defined as

C(D ) =\2(1 - Trp) = /2(1 > ;ﬂ) 2)

where p,=Trg|®),z(P| with the eigenvalues ;. However, if
we employ the concurrence to quantify the entanglement,
[(s| $)|>— 1 must result in C(4) — C(¢). Let us see their ex-
ample

|d)ap=00), (3)

and

s =1— el Bap+ \/§[|11>+ 22) + o+ +|dd)]. (4)

It is obvious that E(¢,5)=C(¢4p) =0, while according to [10]
the von Neumann entropy of the state |4),5 is

E(p) =~ €log, d. (5)

For sufficiently large d and small fixed €, E(i,5)— . The
concurrence in Eq. (2) gives the result

62(¢AB)=2<26—£—§>. (6)

When e is small, C*(i,5) — 0. In this situation, by contrast to
E(if,) in Eq. (5), the contribution of d to C*(,5) in Eq. (6)
can be ignored. Note that when € is small the two states have
high fidelity [(¢/| ¢)|*=1-€— 1. Comparing Eq. (5) to Eq.
(6), we can still draw a conclusion that if the entanglement is
quantified by the concurrence, two states of high fidelity with
one another still have nearly the same entanglement.
Indeed, the difference of the von Neumann entropy be-
tween two pure states of fixed dimension can be bounded
using Fannes’ inequality [11], while the von Neumann en-
tropy is not a continuous function and no such bound applies
in infinite dimensions. However, as we will show here, a
similar bound still works if the entanglement is quantified by
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the concurrence and the concurrence is a continuous function
even in infinite dimensions. In order to explain our above
viewpoint we present the following Theorem which is simi-
lar to the original Fannes’ inequality except that the entangle-
ment is quantified by the concurrence.

Theorem 1. Suppose psp and o, are density matrices of
two bipartite pure states in arbitrary dimensions. For the
trace distance T(p,,0,)=Tr|p,—0p| between p,=Trgp,p
and o, =Trgo,z we have

IC*(pan) — C*(0ap)| < 4T(ps,0). (7)

Proof. Let ry=r,=---=r; be the eigenvalues of p,, in
decreasing order, and s; =s,=-- =5, be the eigenvalues of
o4, also in decreasing order. According to [11], it follows
that

2 |ri— )| < T(pa, 04). (8)

From the observation of the definition of the concurrence in
Eq. (2), we can rewrite the left-hand side of Eq. (7) as

C(par) = Cloap)| =2| 2 (7 =7 | <2Z |1 5]

=22 [ri+sllr—s| <42 |- s).
i i

)

The second formula is obtained from the observation that
|a+b+---+k|<|a|+|b|+---+|k| for any complex quantities
a,b, -, k. In the derivation of the last formula we have
taken into account the fact that |r;+s;| <2 since each eigen-
value of r; and s; is not greater than one. Combining Egs. (8)
and (9) can give Eq. (7). Thus the proof is completed.

From Theorem 1 it can be seen that the difference of the
concurrences of two pure states is a function of fidelity and
can be bounded by Eq. (7). What’s more, by contrast to the
von Neumann entropy [10], the concurrence is a continuous
function and such a bound still works in infinite dimensions.
Note that the question of whether a similar bound in Eq. (7)
holds for the negativity is still open. In the following we are
devoted to deducing the bounds on the negativity of any
bipartite pure state as a superposition of two terms |},
=a|V)+ D).

Before embarking on this study, we first recall some basic
definitions of the negativity [15]. As for detecting an en-
tangled state in higher-dimensional Hilbert space, Peres-
Horodecki criterion based on partial transpose [16,17] is a
convenient method. Given a density matrix p of a bipartite
state in A and B, the partial transpose with respect to the A
subsystem is described by (p’4),; ;=(p);; 4 and the negativity
is defined as

=271, (10)

The trace norm ||R| is given by |R|=TrVRR'. Note that N/
>0 is the necessary and sufficient condition for inseparable
bipartite pure states.
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There are two key ingredients to obtain the bounds of the
negativity for bipartite superposition pure states. One is that
the negativity can be expressed by means of Schmidt coeffi-
cients of a pure state. Suppose that a pure m®n(m<n)
quantum state has the standard Schmidt form |4
=S\ wlab;), where Vu; (i=1,-++,m) are the Schmidt coef-
ficients, a; and b; are the orthogonal basis in H, and Hp,
respectively. For the pure bipartite state we can derive
lp"4]|=(Z;Vae;)? [19], and therefore Eq. (10) can be reex-
pressed as

2

1

1 —\2
=—[(E \E) —1]. (11)
In order for later use we can transform Eq. (11) into

(E \%>2=2J\/+ 1. (12)

l

Another one is the Theorem [18] which states that for any
two Hermitian matrices H and K defined in C"*",

wiH) + i (K) < pu(H + K) < p(H) + m,(K), (13)

holds, where u,(-) are the eigenvalues in increasing order. If
u(K)=0, from Eq. (13) it is easy to check that

Vii(H) < Npi(H +K) = N H) + N (K), - (14)

holds also. Then Egs. (13) and (14) will be used repeatedly
in what follows.

For the negativity of the arbitrary superposition state let
us first see the simplest case in which two bipartite states we
are superposing, ®; and W, are biorthogonal [10], i.e.,
& Wi=W &7=0 [12]. Since the matrix representation of a
reduced density matrix will be used, we explain the corre-
sponding notations in the following. For the pure state | D),
defined in m ® n dimensions, generally it can be considered
as a vector: |®),p=[dg0,a01>" " »domsA10>A11»" " »@pp]’ With
the superscript 7 denoting transpose operation. With the ma-
trix notation, the reduced density matrix reads

pa= DO, (15)

whose eigenvalues are w; appearing in Eq. (11).

Theorem 2. Suppose that two biorthogonal pure states @,
and V¥, are defined in m®n(n<m) dimensions. The nega-
tivity of their superposed states I'j=a®,+BV¥, with |?|
+|B>=1 satisfies

2|aPM®@)) +2|BPMW) - 1
4
= N(aq)l + B‘Ill)

_ 2aPA®) +2|BPAY) - 1
B 4

; (16)

where
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1l BN (T D2MD)) + 1]

]

N@) = M@)) +

n2|13|21un(q,1)
2lef

and

nla\ p (@ D2MW) + 1]

/V(\Iil)z,/\[(\]fl)+ |ﬂ|

n2|a|2lun(q)l)
2|82

Proof. From Eq. (15) the reduced density matrix of the
state I'; can read

T =|af®,®] + |8V, V] + af &V + o' BV, ®].
(17)

The biorthogonal condition with ®;¥;=0 and ¥ ,®]=0
makes Eq. (17) reduce to

'\ = |a)?® @] +|B2¥, ¥, (18)

Substituting Eq. (18) into the left inequality of Eq. (13) we
have

|a|2Mi(q)1q)J1r) + |ﬂ|2M1(\I’1‘1’D = Mi(rlri)- (19)

Since W, W is positive semidefinite, w;(¥,W1)=0. Thus
Eq. (19) becomes

|’ (@, ®]) < (T T)). (20)
Taking the square root of both sides in Eq. (20) and the sum
of u;(-) over all index i, we have

alE Vi (@,0)) = E [T\ T) (1)

In a similar way, substituting Eq. (18) into the right inequal-
ity of Eq. (14) and taking the sum of +/u,(-) over all index i,
we have

2 VT < o] 2 (@1 D]) + 1| BV, (¥, 7).
(22)

Substituting Egs. (21) and (22) into Eq. (12), respectively,
we can obtain

1
laPMD)) + < Ma®, +B¥))

|af” -
2
|af” -

< |a|®N
|a| N@)) + >

(23)

If we replace the matrix |a|>®,®] with |8>¥, V] in Egs.
(20) and (21), i.e., equivalently exchange the matrixes H and
K in Eq. (14), finally we can also obtain
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IBI2

|BPMWY ) + ——— <N(CY(I)1+,3\I’1)

2
< g+ P2 ey

Then combining Egs. (23) and (24) gives Eq. (16). Thus the
proof is completed.

Note that the lower bound in Eq. (16) can provide a non-
zero value only when 2| MV(®,)+2| B> NV(¥,) > 1. Next we
provide an example to illustrate the validity of our bound.
Consider the state

| as = al@)ap+ Bl as, (25)
with
) —L|00>+i|11> (26)
(P AB — \/E \"E s
[ap= L|22> + L|33> (27)
AB= \6 \6 >

where a=p=1/2. It is easy to check that |@),z and [)4s
are biorthogonal, N(|¢)45)=3/2, N(|@)ap)=N(|)ap)=1/2,

and wy(|@)ap)=pa(|¥)ap)=1/2. Accordingly from Eq. (16)
we obtain the lower and upper bounds

3
O<N(|¢>AB)=5<4, (28)

which work well. It is clear that varying the coefficients of «
and B would give tighter bounds.

Finally we present the main Theorem of this paper, in
which the two states being superposed can be biorthogonal,
orthogonal, or nonorthogonal.

Theorem 3. Suppose that two arbitrary normalized pure
states @, with rank r; and W, with rank r,, which are defined
in any dimensions. The negativity of their superposed states
I',=a®,+ LY, with rank r; and |a?|+|8|*=1 satisfies

2||a|<D2> + ﬂ|‘P2>||2N(aCD2 + BY,)
< 2|aPM(®@,) + 2| BPN(W,) — [la|®,) + B[P + 1,

(29)
where
_ [, (W) [2MD
N(®,) = N (D) + V|ﬁ|\l’~n( 2|)£|N( ) +1]
r2|ﬂ|2#n(q}2)
20af 7

rla\ pa(@)[2MW,) + 1]

N(‘Irz) =N¥,) + |,3|

r2|a|21un((b2)
2187
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where r=max{r;,r,,rs}.
Proof. Consider the matrix

= |a*®,®] + | g2, V], (30)

which can be rewritten as

(1N zII2 ||2

M =

()T + I @7,

where

I, = a®, - BY,, fz =

and T5=T3/3].
(31)

Thus Egs. (13) show that

|a|2Mi(q)2‘I’;) + |ﬁ|2M1(‘I’2‘PD

< w(M) < |a u (D, D)) + | B2 u, (¥, W),  (32)
and
F 2 2
! 22” (g I 2” )7
I 2||2 [y 2||2 :
< w, (M) < > 2 (0,0 + 2w, [T5 () 1.

(33)

Since ,ul(\lfz\lf;)zo and ,ul(f‘g(fg)T)ZO, observing the left
inequality of Eq. (33) and the right inequality in Eq. (32) we
have

Ul & A -
: éH (o)) < |af \"/,U«i(q)zq)i) +|B \/,U«n(‘I’z‘I’D
v
(34)

Substituting Eqgs. (34) into Eq. (12) we have
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a|®,) + BW) PN ad, + BYV,) < 2|al>N(D,)

_ ||a|(I)2) + ,3|‘I'2>||2

2 + |a|2. (35)

Likewise, if we replace the two matrices |a|’®,®] with
|,8|2‘I’2\IfT in Eq. (32), we can obtain

| @) + Bl¥ )P N, + BY,) <
_ ||a|d>2> + ,3|‘I'2>||2
2

Combining Egs. (35) and (36) gives Eq. (29). Thus the proof
is completed.

Since there exists an extra term of the maximal eigen-
value in the second inequality in Eq. (33), generally it is
difficult to find a universal formula for the lower bound of
the negativity in this case. But it is our interest in future
work. Note that the lower bound of the von Neumann en-
tropy of superposition states was not yet offered [10].

In conclusion, we have shown that if the entanglement is
quantified by the concurrence, two pure states of high fidelity
to one another still have nearly the same entanglement, and
we obtained an inequality that can guarantee that the concur-
rence is a continuous function even in infinite dimensions.
However, the question of whether a similar property can ap-
ply to the negativity case is still open. The bounds on the
negativity of superposed states in terms of negativities of the
states being superposed were obtained. For the superposition
states, in addition to the bounds of the well-studied measures
of entanglement such as the von Neumann entropy [10], the
concurrence [12], and the witnessed entanglement [13], in
this paper we have presented the bounds for the case of nega-
tivity which is also one of the well-accepted measures of
entanglement. In view of the concurrence being directly ac-
cessible in laboratory experiments [20], these bounds can
find useful applications in estimating the amount of the en-
tanglement of a given pure state.

2|BPN(Y)

+|BP. (36)
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