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The question of under what conditions different witnesses (e.g., W, W,) may detect some common entangled
states [i.e., there exists some state p so that Tr(W; p) < 0and Tr(W,p) < 0] is answered for both finite-dimensional

and infinite-dimensional bipartite systems. Finitely many different witnesses Wy, W, ..

., W, can detect some

common entangled states if and only if ZLI d; W; is still a witness for any nonnegative numbers d,,da, . .. ,d,
with >"'_, d; = 1; they cannot detect any common entangled state if and only if Y ;| ¢; W; is a positive operator

for some nonnegative numbers cy,c;, . .

.,C, With Z:.':] ¢; = 1. For two witnesses W; and W, more can be said.

First, W, and W, can detect the same set of entangled states if and only if W; = aW, for some number a > 0.
Second, W, can detect more entangled states than W, can if and only if W; = aW, + D for some number a > 0
and a positive operator D. As an application, some characterizations of the optimal witnesses are given and some
structural properties of the decomposable optimal witnesses are presented.
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I. INTRODUCTION

Entanglement plays a crucial role in quantum theory
since it can be used as an essential resource in quantum
information processing [1]. The detection of entanglement has
attracted much attention in recent years. However, despite the
remarkable progress in this field, there is no general qualitative
or quantitative characterizing of entanglement [2—12].

Recall that the quantum states of a quantum system are
described by density operators which are trace-one positive
operators acting on the associated separable complex Hilbert
space. A bipartite composite quantum system is associated
with a tensor product of two separable complex Hilbert spaces
H; (e, H = H ® H,). By SV = S(H)), S® = S(H,), and
S = S(H, ® H,) we denote the sets of all states on Hj,
H,, and H; ® H,, respectively. A state p € S is said to be
separable if it is a trace-norm limit of the states of the

form
1 2
p=> pir"®p7, D pi=1 p=>0
i

1

where pfl) and plfz) are states in S and 8@, respectively
[13,14]. Otherwise p is said to be entangled. The set of all
separable states will be denoted by Se.p(H; ® H).

Among the multitudinous criteria for deciding whether a
given state is entangled or not, the well-known one is the
entanglement witness criterion [6]. This criterion provides a
sufficient and necessary condition for the separability of a
given state in a bipartite quantum system. In Ref. [6], it was
shown that a given state is entangled if and only if there exists at
least one entanglement witness detecting it. An entanglement
witness (or witness for short) W is a self-adjoint operator (also
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called a Hermitian operator) acting on H; ® H, that satisfies
Tr(Wo) > 0 for all separable states o € Sy, and Tr(Wp) < 0
for at least one entangled state p (in this case, we say that p is
detected by W, or equivalently, W is a witness for p).

Although any entangled state can be detected by some
specific choice of witness, there is no universal witness (i.e.,
there is no witness which can detect all entangled states).
From the entanglement witness criterion, the task is reduced
to find out all witnesses. However, constructing the witnesses
for an entangled state is a hard task, and the determination
of witnesses for all entangled states is a nondeterministic
polynomial-time (NP) hard problem [15].

Witnesses cannot only be used to detect any entangled
states, but also are directly measurable quantities. This makes
the entanglement witnesses one of the main methods of de-
tecting entanglement experimentally and a very useful tool for
analyzing entanglement in the experiment. So it is important to
know more about the features of the witnesses. Concerning this
topic, much work has been done for finite-dimensional systems
(for example, Refs. [16,17]). However, few results are known
for infinite-dimensional systems. Generally, the structure of
witnesses for infinite-dimensional systems are complicated.
However, it was proved in Ref. [14] that for any entangled
state a witness can be chosen so that it has a simple form
of “nonnegative constant times the identity + a self-adjoint
operator of finite rank.” These kinds of witnesses are special
Fredholm operators that are easily handled in mathematics.
For example, such witnesses W have the spectrum consisting
of finitely many eigenvalues. The goal of the present paper
is to solve the question of when different witnesses can
detect some common entangled states for mainly infinite-
dimensional systems. Particularly, we deduce a sufficient and
necessary condition that different witnesses can detect the
same entangled states.

For simplicity, we introduce some notations. Let H;, H, be
complex Hilbert spaces and let W = W(H; ® H>) be the set
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of all entanglement witnesses of the system H; ® H,

W =W(H ® Hy) = (W : W € B(H, ® Hy),W! =W,
Tr(Wo) > 0 forall o € Syp and W is not positive}.

For W e Wand I C W define
Dy ={p:p e S(H ® Hy), Tr(Wp) < 0},

and Dr = (< Pw. Then Dy, and Dr are convex sets. Thus
the witnesses in I" can detect some common entangled states
if and only if Dr # 0.

For W, W, € W, we say that W, is finer than W, if Dy, C
Dy, , denoted by

Wz < W],

which means that W, can recognize more entangled states than
W, can. Thus, Wi and W, can detect the same set of entangled
states if and only if W) is finer than W, and W, is also finer
than Wy, or equivalently, Dy, = Dy,. While a witness W is an
optimal witness if there exists no other witness finer than W.

The finer relation “<” above is a partial order and W
becomes a partially ordered set (poset) with respect to “<”.
If Wy < W, or W, < W, we say that W, and W, are
comparable. Otherwise, they are not comparable. Particularly,
we say that W; and W, are equivalent if W; < W, and
W, < W, hold simultaneously. Generally speaking, for two
given witnesses W and W, there are three different situations
that may occur. (i) W; < W, or W, < Wy, and in particular,
DWI = DWZ»(II) DW] N 'Z)W2 75 @andDWl,DWj,i,j = 1,2; and
(iii) Dw, N Dw, = 0.

Case (i) means that W; and W, are comparable, that is, W,
(or W) can detect more entangled states than W, (or W) can,
and in particular, W, and W, detect exactly the same entangled
states if they are equivalent (Dy, = Dy,). Case (ii) means that
W, and W, are not comparable, but there exists some entangled
state so that both W and W, can recognize it. While case (iii)
says that Wy, W, are not comparable, and there is no entangled
state so that W and W, can be detected simultaneously. Thus
W, and W, can detect a common entangled state, that is, there
exists a state p such that both Tr(W;p) < 0 and Tr(W,p) < 0,
if and only if case (i) or (ii) holds.

For the finite-dimensional case, case (i) above was
studied in Ref. [16] and cases (ii) and (iii) were studied
in Ref. [17]. Suppose that Tr(W;) = Tr(W,), then the
following conclusions are true. (1) Dy, C Dy, if and only
if Wi=0—e)Wr+¢eD for some D>0 and 0 < ¢ < 1;
in particular, Dy, = Dy, if and only if W; = W, [16]. (2)
If there are no inclusion relations between Dy, and Dy,
then Dy, N Dy, # @ if and only if W =eW; + (1 — )W,
is not positive for any 0 < € < 1 [17]. However, we remark
that, though the result (2) above is true as we will show,
there are some mistakes in the proof of it in Ref. [17]. Then
an interesting and natural question arises: What can we say
for the infinite-dimensional case? The main purpose of the
present paper is to show that the similar results hold for the
infinite-dimensional systems. Note that one of the difficulties
of extending the above results to the infinite-dimensional
systems is that the condition Tr(W;) = Tr(W,) makes no
sense, in general, for the infinite-dimensional case. So, we have
to discuss the question without the trace-equal assumption.
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This paper is organized as follows. In Sec. II, we propose
a sufficient and necessary condition for any two given general
witnesses W and W, to be comparable. Let H;, H, be complex
Hilbert spaces. Assume that W,,W, € W(H; ® H,). We show
that (1) W; < W, if and only if W, =aW, + D for some
operator D > 0 and some real number a > 0; (2) Dy, = Dy,
if and only if there exists a positive number a > 0 such
that W) = aW,. Then these results are applied in Sec. III
to obtain a sufficient and necessary condition for a witness
to be optimal. We show that W € W(H, ® H;) is optimal if
and only if W =aW — D ¢ W(H, ® H,) for any nonzero
operator D > 0 and scalar a > 0. Some structural properties
of the optimal decomposable witnesses are also presented.
In Sec. IV, we discuss the question of when two witnesses
that are not comparable can detect a common entangled state.
Combining with the results in Sec. II, the question of when
finitely many witnesses can detect a common entangled state
is answered. We show that N}_, Dy, # ¥ if and only if every
convex combination of Wy, ... ,W,, that is, Z;’Zl d; W; with
di >0and )|, d; =1, is still a witness; N}_, Dy, =@ if
and only if there exists at least one convex combination W of
Wi, ..., W, such that W > 0.

Throughout this paper we call an operator A € B(H ) as pos-
itive, denoted by A > 0,if (x|A|x) > Oforall |x) € H. || - ||t
denotes the trace norm and || - ||, denotes the Hilbert-Schmidt
norm, that is, ||Allr, = Tr[(ATA)?] and ||A], = [Tr(ATA)]=.
For an operator A, AT stands for the transpose of A with
respect to some given orthonormal basis. By A2, we denote
the partial transpose of A with respect to the second subsystem
H, if AeB(H, ®H,) [ie, A" = (I, ® t)A] where T is
the transpose operation. 7 (H; ® H;) denotes the set of all
trace class operators (the operators with finite trace norm)
in B(H, ® H,) while TT(H; ® H,) stands for the set of all
positive elements in 7 (H; Q H>).

II. COMPARABLE WITNESSES, WITNESSES DETECTING
THE SAME ENTANGLED STATES

In this section, we mainly highlight the finer relation
between two given witnesses Wy, W, of an infinite-dimensional
bipartite system. Namely, we study the question of under what
conditions W, detects more (or the same) entangled states than
(as) W, does.

For the finite-dimensional bipartite quantum system, it
is known that if Wi, W, € W with Tr(W;) = Tr(W,), then
Dw, € Dy, if and only if W; = (1 — &)W, 4+ D for some
D >0and 0 <& <1; Dy, =Dy, if and only if W, =W,
[16]. Since the condition Tr(W;) = Tr(W;) does not make
sense, in general, for the infinite-dimensional case, we have to
consider the question without the trace-equal assumption.

The following is the main result of this section which
answers the above question for both infinite-dimensional
systems and finite-dimensional cases.

Theorem 2.1. Let H;, H, be complex Hilbert spaces.
Assume that W{,W, € W(H, ® H,). Then (1) W, < W, if
and only if W; =aW, + D for some operator D > 0 and
some real number a > 0. (2) Dy, = Dy, if and only if there
exists a number a > 0 such that W, = aW,.

To prove Theorem 2.1, we need several lemmas.
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A useful technical result in Ref. [16] asserts that, for
finite-dimensional systems, every entanglement witness has
a positive trace. This result does not make any sense for the
infinite-dimensional cases. However, we can generalize it to
the infinite-dimensional case by showing that the restriction
of any entanglement witness is nonzero as a linear functional
to the convex set consisting of separable states. This result is
useful for our purpose.

Lemma 2.2. Let H,, H, be complex Hilbert spaces. For
any W € W(H, @ H»), there is a separable pure state o €
Ssep(Hi ® H») such that Tr(Wo') > 0.

Proof. Let {|i)} and {|j)} be any orthonormal bases of H;
and H,, respectively. Then, {|i)|j)} is an orthonormal basis of
Hy ® Hy.Itturnsout (i |(j|W]i})|j) = Osince (i|(j|W]i)|j) =
Te(WIi) (il ® 1j){(jl) = O for any i, j.

To prove the lemma, it suffices to show that there exist
orthonormal bases {|i)} and {|j)} such that Tr(W|i)({i| ®
[7/Y{j]) # O for some i, j. To get a contradiction assume that
this is not true. Then

(1| (Y2l W) [4r2) = 0,

for all product vectors | )|Y,) € H; ® H,. For any pure state
|¥) € Hi ® Hy, let [r) = Y }_, Axlk)|k) be the Schmidt de-
composition of |y), where Ay > 0, Y }_, ki = land {|k)}}_,,
{Ik')}3,_, are the orthonormal sets, respectively, in H;, H,; here
n is called the Schmidt number of |y). Then

p=1Y)y|= (Zkklkﬂk’)) (Zmum)
k 1

= hhlk) I @ 1K)

k.l

=D A3lk) (k| ® [K') (K|

k=l

+ Zkkkz(lkﬂll ® [K) (' + 1)kl & 1) (K],
k<l

For a given pair (k, [) with k # [, define |y ;) = \%(VC) k') +
|)]1")). We have

) @ K (U] 4 1) (k| @ 1) (K|
= 2|) (Y| — k) (k| @ K (K] — 1D TN @ 1))

This indicates that if n < oo then (¥|W|iy) =0. As the
set of all unit vectors with the finite Schmidt number is
dense in the set of all unit vectors in H; ® H,, we see that
(¥ |W|yr) = 0holds for all unit vector |) and hence W = 0, a
contradiction. [ ]

Analogous to the finite-dimensional case [ 16], the following
lemma is obvious.

Lemma 2.3. Let Hy, H, be complex Hilbert spaces. For a
given W € W(H; ® H,),if p € Dy and ow € TT(H| ® H,)
satisfying Tr(Wow) = 0, then (o + ow)/Tr(o + ow) € Dy.

The next lemma is crucial to prove Theorem 2.1. Note that
the counterpart lemma in Ref. [16] for the finite-dimensional
case is not valid for the infinite-dimensional case.

PHYSICAL REVIEW A 82, 052301 (2010)
Lemma 2.4. Let Hy, H, be complex Hilbert spaces and Wy,
W, € W(H; ® H;). Assume that W; < W, and let

P ITr(W>01)]
" peDw, [Te(Wipn)|

Then the following statements are true:

1. If peS(H ® Hy) satisfies Tr(W;p) =0, then
Tr(W2p) < 0.

2. A>0.

3. If peS(H ®H;) satisfies Tr(W;p) >0, then

Te(W2p) < ATr(Wyp).

Proof. (1) Let us assume, to reach a contradiction, that
Tr(W,p) > 0. Then, for any p; € Dy, and a > 0, we have
p(a) = (p1 +ap)/(1 4+ a) € Dy,. On the other hand, there
exists a positive number ag such that Tr[ W, p(a)] > 0 holds for
all a > ay, which is impossible since it leads to p(a) ¢ Dy,.

(2) Assume that, on the contrary, A = 0. Then there exists
a sequence {p,} C Dy, such that

6 — Tr(WZ/)n)
" T (Wipn)

Note that there exists 0 € Sgp = Ssep(Hi ® H») such that
both Tr(W,0) and Tr(W,o) are nonzero. If not, then for
any o € Syp, either Tr(W,0) = 0 or Tr(W,0) = 0. Thus, by
Lemma 2.2, there exist 01,02 € Sgp so that Te(Wioy) =t > 0,
Tr(Wy0,) = 0, Tr(W,01) = 0 and Tr(W,0,) = s > 0. Leto =
ﬁal + ﬁﬂz € Ssep~ Then TI'(W]O') = TI'(WQO') = tli 5& 0,
contradicting to the assumption.

Now we can take o € Sy, so that both Tr(W;o) and

Tr(W,0o) are nonzero. Let
ai| €S,

with p, satisfying Eq. (2.1). Then Tr(W,5,) = 0 and by (1),
we have Tr(W,0,) < 0 for every n. However,

— 0 as n— oo. (2.1)

Tr(Wipn)

1
on = Pn —
- T |: " Ti(Wio)

TH(Wapn) = ——— [ Te(Wapn) — L)y )
1 — IrWip,) Tr(W,0)
Tr(W,0)
1 [ Tr(W20)1|
= &, — Tr(Wip,),
_ TWip) |1
1 — T Te(Wo)

and &, — 0, which implies that for sufficiently large n, we have
&y — g%:gi < 0 and hence Tr(W,p5,) > 0, a contradiction.
This completes the proof of (2).

(3) Assume that Tr(W;p) > 0. Take p; € Dy, and let
p= m[Tr(Wlp)pl — Tr(W;p1)p]. Then we have
Tr(W;0) = 0. By (1), we obtain that Tr(W,p) < 0. Thus we
have Tr(W, p)Tr(W,p1) < Tr(W, p1)Tr(W;p). It follows that

Tr(Wap) _ |Te(Wapy)|
Te(Wip) — |Te(Wipp)|

Taking the infimum with respect to p; € Dy, on the right side
of the above equation, we get Tr(W,p) < ATr(W) p). |

Now we are in a position to give our proof of Theorem 2.1.
Note that the proof of statement (2) is also different from that
of the counterpart result in Ref. [16] for the finite-dimensional
case. The approach in Ref. [16] does not work for the infinite-
dimensional case.
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Proof of Theorem 2.1. (1) If Wy =aW, + D for some
positive operator D and some scalar a > 0, then for any p €
Dyw,, we have aTr(W,p) 4 Tr(Dp) = Tr(W;p) < 0, which
implies that Tr(W,p) < 0. Hence Dy, C Dy,. Conversely,
assume that Dy, C Dy,. Then, by Lemma 2.4,

Te(W2p) < ATe(W1p), (2.2)
[Tr(W2p1) = 0. This

holds for all p € S, where A = inf), ep,, 7o)
implies that Dy = AW; — W, > 0 and hence, with D =
27Dy, Wi = A=W, + D, as desired.

(2) We only need to prove the “only if” part. Assume that
Dyw, = Dyw,. Then, by the statement (1) just proved above,
there exist operators D; > 0 and scalars a; > 0, i = 1,2,
such that W; = a; W, 4+ D and W, = a, W + D,. It follows
that Wi =ai(@Wi + D) + Dy = ajaa Wy + a1 D, + D;.
Thus (1 —aja)Wy =a1D, + Dy > 0. Since W; € W, we
must have aja, = 1. Hence D; = D, =0 and W, = ap, Wy,
completing the proof. ]

III. OPTIMIZATION OF ENTANGLEMENT WITNESSES

In this section we discuss the optimization of entanglement
witnesses, especially for infinite-dimensional systems by
applying Theorem 2.1.

The following result states that a witness is optimal if and
only if any negative permutation will break the witness. For
the finite-dimensional case, a similar result was obtained in
Ref. [16].

Theorem 3.1. Let Hy, H, be complex Hilbert spaces. Then
W e W(H, ® H,) is optimal if and only if W = aW — D ¢
W(H; ® H,) for any nonzero operator D > 0 and scalar
a>0.

Proof. To prove the “if” part assume, on the contrary, that
W is not optimal, then W < W’ for some W' € W(H, ® H;)
with W and W’ are linearly independent. It follows from
Theorem 2.1(1) that W = aW’ + D for some D > 0 and
a > 0, which reveals that W/ = %W — alD.

To prove the “only if” part assume that W is optimal,
but there exists a nonzero operator D > 0, scalar a > 0 so
that W =aW — D € W(H, ® H). Then W = 1w’ + 1D
and W’ is linearly independent to W. But by Theorem 2.1,
W < W/, a contradiction. [ |

In the following, we discuss the condition for an entangle-
ment witness that cannot subtract some positive operators. For
convenience, we define

Pw ={¥)I¢) € Hi @ Hy : (Y |{¢p|WI¥)I¢) = 0}.

Proposition 3.2. Let Hy, H, be complex Hilbert spaces and
W € W(H, @ H). Let Py be asinEq. (3.1).If D € B(H; ®
H,)ispositiveand DPy # {0},then W —aD ¢ W(H; @ H,)
forany a > 0.

Proof. If DPy # {0}, then there exists a product vector
[%0)|90) € Pw such that

(Yol(éol Do) ldo) > 0.

Let po = |Y0) (Yol ® |do) (¢ol. It is clear that py is separable

and Tr[(W — aD)pg] = —aTr(Dpy) < 0, which leads to W —

aD ¢ W(H; ® H,) for all a > 0. |
The following corollary is obvious.

3.1)
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Corollary 3.3. Let Hy, H, be complex Hilbert spaces and
W e W(H, ® H,). Let Py be as in Eq. (3.1). If Py spans
H; ® H,, then W is optimal.

Next we give some structural properties of optimal de-
composable witnesses. Recall that a self-adjoint operator
A € B(H; ® H,) is said to be decomposable if

A=P+0",

for some operators P > 0, Q > 0, where Q> denotes the
partial transpose of Q W1th respect to the second subsys-
tem H,. Otherwise, A is said to be indecomposable. For
example, in the n x n system, the Hermitian swap operator
V= Z?;io [i)(j| ® |j)(i| is a decomposable witness since
(1) Tr(Vo) > 0 for all separable pure states o, (2) V has a
negative eigenvalue —l and 3) V. =nQ" with Q = |¢)(¥]
with |¢) = f > o |l li) (Ref. [18]). The examples of
indecomposable witnesses can be found in Refs. [14,19,20]. It
is easy to show that the decomposable witnesses cannot detect
any positive partial transpose (PPT) entangled states [21].

By applying Theorem 2.1, one can get a simple structural
property of optimal decomposable entanglement witnesses for
both the finite-dimensional systems and infinite-dimensional
systems.

Theorem 3.4. Let H;, H, be complex Hilbert spaces and
W € W(H; ® H,) be a decomposable entanglement witness.
If W is optimal, then W = Q™ for some positive operator Q,
and Q contains no product vectors in its range.

Proof. Since W is decomposable, W = P 4+ Q™ for some
positive operators P, Q. Assume that P # 0. As Tr(Q"0) =
Tr(Qo ™) > 0 for all o € Ssep and W € W, we must have
Q" € W. Thus, by Theorem 2.1 (1), one sees that W < Q™2,
that is, W is not optimal. Hence, W is optimal implies that
P =0 and W = Q™. Moreover, the range of Q contains
no product vectors. In fact, if |Y)|¢) € R(Q) for some unit
vectors |Y) € H; and |¢) € H,, then there exists a vector
|lw) € HH ® H, such that Qlw) = |¥) ® |¢). Observe that
O — M) (@))Q = 0* = MY ) (V| ® ) (¢] > Olfandonly
if I — A|w)(w| > 0.1t turns out that, forany 0 < A < |||w)| >
we have [Q — AlY) (V| ® @) (#]]™ € W, which implies that
[Q — AY) (Y| ® |¢)(@|1™ is finer than W, contradicting to
the optimality of W. ]

Theorem 3.4 can be strengthened a little.

Theorem 3.5. Let H;, H, be complex Hilbert spaces and
W € W(H; ® H,) be a decomposable entanglement witness.
If W is optimal, then W = Q™ for some positive operator Q
and there exists no positive operator A with R(A) € R(Q)
such that AT > 0.

Proof. By Theorem 3.4, W = Q™ as W is optimal. If
there exists a positive operator A such that R(A) € R(Q)
and A2 > 0, then, by a well-known result from operator
theory, there exists an operator 7 € B(H; ® H;) such that
A = QT. It follows that A> = QTT'Q < tQ?, where t =
T 1>. Thus, A < +/1Q, which implies QO — LA > 0 whenever

0<A< % Thus we get (Q — AA)" € W. Now it follows

from Theorem 2.1 (1) that (Q — AA)™ is finer than W, a
contradiction. ]

Corollary 3.6. Let Hy, H, be complex Hilbert spaces and
W € W(H; ® H,) be a decomposable entanglement witness.
If W is optimal, then W ¢ W.
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Proof. By Theorem 3.4, we know that W = O™ for some
Q > 0. Therefore, W2 = Q0 > 0. [ ]

For low-dimensional systems, the optimal witnesses are
easily constructed. For example, the optimal witnesses for two
qubits (i.e., the 2 x 2 system) are of the form

W=y} yl®,

where [v/) is an entangled state vector [22]. In fact, an optimal
witness detecting the state p can be constructed as W =
[¥) (| from the eigenvector |) of p™ with negative eigen-
value X since Tr(|y) (¥ |2 p) = Tr(|¥) (¥ |p2) = A < 0 [22].
This method can be generalized to the infinite-dimensional
case, but the resulting witness may be not an optimal one.

IV. INCOMPARABLE WITNESSES THAT
DETECT A COMMON STATE

Now we turn back to the question of when different
entanglement witnesses that are incomparable can detect
some common entangled states. This question was studied
in Ref. [17] for the finite-dimensional cases, there the authors
of Ref. [17, Theorem 4] asserted that in finite-dimensional
systems, under the condition Tr(W;) = Tr(W,), if there exists
no inclusion relation between Dy, and Dy,, then Dy, N
Dy, # @ifandonlyif W = AW, 4 (1 — A)W, isnota positive
operator for all 0 < A < 1. We point out, though this result is
true, the proof of it in Ref. [17] is not correct.

Our attention is mainly focused on the infinite-dimensional
cases. We establish a similar result without the assumption
“Tr(W;) = Tr(W,)” and provide a proof that is valid for both
finite-dimensional systems and infinite-dimensional systems.

The following two lemmas are obvious.

Lemma 4.1. Let Hy, H, be complex Hilbert spaces and
let Wy, Wo e W(H; ® Hy) with Wi < W,. If W(a,b) =
aW; 4+ bW,, where a and b are positive numbers, then W; <
W(a,b) < W,.

Particularly, if W; < W,, then all convex combinations of
them are still witnesses.

Lemma 4.2. Let H;, H, be complex Hilbert spaces. For Wy,
Wy, e W(H, @ Hy),let W = aW;, + bW, # O witha > 0and
b > 0, then Dy C DW] U DWZ and DW] N DWZ C Dy.

The following is our key lemma which is obtained for the
finite-dimensional cases in Ref. [17] with a different and longer
proof.

Lemma 4.3. Let H,, H, be complex Hilbert spaces. For
W, Wi,W, e W(H, ® H>), if Dy, N Dy, =¥ and if Dy C
Dyw, U Dyy,, then either Dy C Dy, or Dy C Dy,.

Proof. Assume, on the contrary, that both Dy, N Dy
and Dy, N Dy are nonempty. Take p; € Dy, N Dy, i = 1,2.
Consider the segment [p;, ] = {0, =1 —1)p; +1p2:0 <
t < 1}. As Dy is convex, we have

[p1.02] € Pw S Dy, U Dy,.
Thus we get

[p1.02] = (Dw, N [p1.021) U (Dw, N [p1,02]),

that is, [p;,p02] is divided into two convex parts. It follows
that there is 0 < #) < 1 such that {p; : 0 <t < 1} € Dy,
{p: : to <t < 1} C Dy,, and either p,, € Dy, or py, € Dy,.
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Assume that p;, € Dy,; then Tr(W;p;,) < 0. Thus, for suffi-
ciently small ¢ > 0 with #y + ¢ < 1, we have

0 < Tr(Wi i)
= Te(Wip) + e[Te(W1p2) = Te(W1 01)] < O,

a contradiction. Similarly, o;, € Dy, leads to a contradiction
as well. This completes the proof. ]

Now we are ready to state and prove the main result in this
section, which asserts that two entanglement witnesses can
detect no common entangled states if and only if at least one
convex combinations of them is positive, that is, breaks the
witness.

Theorem 4.4. Let Hy, H, be complex Hilbert spaces and
W1, W, € W(H, ® H,). Then Dy, N Dy, = @ if and only if
there exists 0 < A < 1 such that W = AW; + ({1 — M)W, is
positive.

ByLemma4.1, Lemma4.2, and Theorem 4.4, the following
result is immediate, which states that two witnesses can detect
some common entangled states if and only if their convex
combination does not break the witness.

Theorem 4.5. Let H;, H, be complex Hilbert spaces and
Wi, W, € W(H; ® H,). Then Dy, N Dy, # @ if and only if
W, =AW+ —-1M)W, e WH, ® Hy) forall0 < A < 1.

Proof of Theorem 4.4. If W = AW + (1 — L)W, > 0 for
some A € (0,1), then, by Lemma 4.2, Dy, N Dy, € Dy = 0.

Assume that Dy, NDy, =0. Let WQR)=1W; +
(1 —A)W,,0 < A < 1. Then, by Lemma 4.3, forall A € [0,1],
we have

'DW()\) C DWU or DW(A) C DWZ‘

When A varies from O to 1 continuously, Dy, also varies from
Dy, to Dy, continuously. Take Ag = sup{A : Dwu) C Dy, }.
We claim that if Dy ) C Dy, then there exist 0 < & <
1 — Ao such that W (Ao 4+ ¢) is a positive operator. Otherwise,
ifforall0 < e <1 —Xg, Dwgyte) # 9, then we have

Dwio) C Dw,,  Dwig+e) C Dw,,

and for all p € Dy, we have

Tr[W(ko)p] <O,
Tr[W(ko)p] + e[Te(W1p) — Te(W2p0)] = 0.

Noticing that Tr(W;p) > 0 and Tr(W,p) < 0, the second part
of the last inequality is positive, and ¢ is an arbitrarily small
positive number, hence the last inequality is impossible. (We
remark that there is a mistake in the proof found in Ref. [17,
Theorem4]. InRef. [17], the argumentis “forall p € Dy +e)»
we have

Tr[W(2o)p] = 0,
Tr[W(ko)p] + e[Te(W1p) — Te(W20)] = Tr[W (Ao + £)p] < 0.

Noticing that Tr(W;p) < 0 and Tr(W,p) > 0, the second part
of the last inequality is negative, and ¢ is an arbitrarily small
positive number, hence the last inequality is impossible.”
However, Tr[W(A)p] maybe equals O for all possible p and
the above argument is invalid.)
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On the other hand, if Dy, C Dw, then there exist 0 <
& < Xo such that W(Ag — ¢) is a positive operator. Otherwise,
ifforall 0 < & < Ao, Dwny—e) 7 ¥, then we have

Dwio) C Dw,s  Dwiy—s) C Dw,,

and for all p € Dy, we have

Tr[W(xo)p] <0,  Tr[W(ko)p] + e[Te(W2p) — Tr(W; p)] 2 0.

Noticing that Tr(W,p) > 0 and Tr(W;p) < 0, the second part
of the last inequality is positive and ¢ is an arbitrarily small
positive number, hence the last inequality is impossible. (We
remark that there is a mistake similar to that pointed out above
in the proof of Ref. [17, Theorem 4] here as well.)

To sum up the previous discussion, no matter Dy ) C Dy,
or Dy, C Dy, there exists A € [0, 1] such that W(})
is a positive operator, which completes the proof of the
theorem. |

Based on Theorem 4.4 and Theorem 4.5, we can make a
little generalization by the allowing of finitely many witnesses.
The idea of the proof of the statement (1) is similar to that in
Ref. [17] for the finite-dimensional cases, and we provide it
here for the reader’s convenience.

Denote by cov(I") the convex hull of ', that is, cov(I") =
(> diW, Wi eTd; >0, d =1,k e N},

Theorem 4.6. Let H;, H, be complex Hilbert spaces.
Let ' ={W;:1<i<n} CW(H ® Hy) be a finite set of
entanglement witnesses. Then (1) Dr = @ if and only if cov(I")
contains some positive operators and (2) Dr # ¢ if and only
if cov(I") € W(H; ® H»).

Proof. (1) The sufficient part is clear. In fact, if W =
Yo' diW; >0 for some numbers d; > 0 with >, A; =1,
then Dy, = @, which implies that D = {J since Dr € Dy.

Conversely, if Dr = @, we assume, without loss of gen-
erality that any subset of I" can detect some entangled states
simultaneously. If n = 2, the theorem becomes Theorem 4.4.
Assume that the theorem holds for £ < n — 1. By induction,
we have to show that the theorem holds for n. Since the method
is the same, we only need to show it for the case n = 3. By
assumption, we have

Dy, 0, Dw, N Dw, # 9, Dy, N Dy, £ 0,

but
DW] N DWZ n 'Z)W3 = M,
namely,
(Dw, N Dw,) N (Dw, N Dy,) = 9.
Let
W) =W+ — W3, 1 e]0,1];
then

Dy, N Dy C (Dw, N Dy,) U (Dw, N Dyy,).

Since Dy, N Dy, and Dy, N Dy, are disjoint and Dy, N
Dw,y is convex, we know that Dy, N Dy, varies from
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Dy, N Dy, to Dy, N Dy, whenever A varies from 0 to 1. Using
the similar argument as that in the proof of Theorem 4.4, we
can conclude that there exists 0 < A9 < 1 such that

Dw, N Dwa,) = 9.
Therefore,
W =puW;+d - W)
=uWi+ A = wWioWa + (1 — ) (1 —210)W3 > 0,

for some u € (0, 1). By induction on n we complete the proof
of (1).

(2) The “only if” part is obvious. To check the “if”
part assume that cov(I') € W(H; ® H,). If, on the contrary,
Dr = 0, then, by the statement (1) just proved above, there

exists W € cov(I") such that W > 0. It follows that W & W,
a contradiction. |

By Theorem 4.6 it is clear that Wy, ..., W, € W(H| ® H;)
detect some entangled states simultaneously if and only if all
convex combinations of them are witnesses.

V. CONCLUSION

To sum up, in this paper we answer the question under
what conditions different witnesses may detect some common
entangled states. Generally speaking, for bipartite quantum
systems, finitely many different witnesses Wi, W,, ..., W, can
detect some common entangled states if and only if their
convex combinations (i.e., Z:’:I d; W; with numbers d; > 0
and ) _, d; = 1) are still witnesses; they cannot detect any
common entangled state if and only if one of their convex
combinations is a positive operator. For two witnesses W, and
W,, more can be said: W; and W, can detect the same set of
entangled states if and only if W; = oW, for some positive
number «; W, can detect more entangled states than W can if
and only if W; = a W, + D for some number & > 0 and some
positive operator D. As an application of the above results,
we show that a witness is optimal if and only if any negative
permutation of it will break the witness, that is, a witness W is
optimal if and only if W — D is not a witness for any positive
operator D; W is decomposable optimal implies that W is the
partial transpose of some positive operator.

Finally, we would like to stress that our results hold for
both the infinite-dimensional and finite-dimensional cases.
Though some of them are known for finite-dimensional
systems under the additional assumption Tr(W;) = Tr(W,),
the proof of our main results for the infinite-dimensional case
needs new methods.
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