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Entanglement concurrence has been widely used for featuring entanglement in quantum experiments. As an
entanglement monotone it is related to specific quantum Tsallis entropy. Our goal in this paper is to propose
a parametrized bipartite entanglement monotone which is named as q-concurrence inspired by general Tsallis
entropy. We derive an analytical lower bound for the q-concurrence of any bipartite quantum entanglement
state by employing positive partial transposition criterion and realignment criterion, which shows an interesting
relationship to the strong separability criteria. The parametrized entanglement monotone is used to characterize
bipartite isotropic states. Finally, we provide a computational method to estimate the q-concurrence for any
entanglement by superposing two bipartite pure states. It shows that the superposition operations can at most
increase one ebit for the q-concurrence in the case that the two states being superposed are biorthogonal or one-
sided orthogonal. These results reveal a series of phenomena about the entanglement, which may be interesting
in quantum communication and quantum information processing.
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I. INTRODUCTION

Quantum entanglement as one of the most remarkable
phenomena of quantum mechanics reveals the fundamental
insights into the nature of quantum correlations. It is the key of
many interesting quantum tasks such as quantum teleportation
[1], quantum dense coding [2], quantum secret sharing [3],
and quantum cryptography [4]. A fundamental problem is
how to justify whether a given quantum composite system
state is entangled or separable. So far, there are two important
entanglement criteria for the bipartite entanglement. One is
positive partial transpose (PPT) criterion [5], which implies
the partial transposition satisfying ρTA � 0 for any separable
state ρAB. The PPT criterion is a necessary and sufficient
condition of its separability for pure states and 2 ⊗ 2 and
2 ⊗ 3 mixed states, but in general not sufficient for higher
dimensions [5,6]. The other is complementary operational
criterion which is called the realignment criterion [7–9]. For
a separable ρAB, the realignment operation R(ρ) satisfies
‖R(ρ)‖1 � 1. Both entanglement criteria are widely used in
quantum experiments and quantum applications [10].

Entanglement measure as another approach is also used
to quantify entanglement [11,12]. There are some interest-
ing entanglement measures for bipartite entangled systems,
such as the concurrence [13–15], entanglement of formation
[16,17], negativity [18,19], Tsallis-q entropy of entanglement
[20], and Rényi-α entropy of entanglement [21,22]. Howbeit,
the explicit computation of these measures for arbitrary states
is a formidable task because of the extremization for mixed
states. So far, analytical results are only available for special
measures and two-qubit states or special higher-dimensional
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mixed states [15,23–27]. Moreover, these entanglement mea-
sures are also related to the PPT criterion and the realignment
criterion. Recently, some efforts have been made towards the
analytical lower bounds of concurrence [28–31]. Specially,
a completely analytical and powerful lower bound for the
concurrence was found in Ref. [29] by relating this quantity
to the PPT and realignment criteria. Further, in Ref. [30] the
authors sharpened this bound by relating concurrence to the
local uncertainty relations and the correlation matrix criterion.
Based on PPT and realignment, a lower bound for genuine
tripartite entanglement concurrence was obtained in Ref. [31].
Thereby, the development of analytical lower bounds for var-
ious entanglement measures is of great interest. One of the
goals in this paper is to construct an analytical lower bound of
an entanglement monotone. This bound includes the result in
Ref. [29] as a special case.

In fact, as one reason of the difficult quantification of mixed
states, any entanglement generated by superposing two pure
states cannot be simply featured by two individual states being
superposed. Entanglement of superpositions is first introduced
by Linden et al. [32], who found an upper bound on the en-
tanglement of formation for the superposition in terms of the
entanglement of two individual states being superposed. Their
bound is then improved by Gour [33]. So far, the entanglement
of superpositions has been addressed in terms of different
entanglement measures [34–40]. Although it is difficult to
exactly estimate the entanglement measure of the superposed
entanglement from individual states being superposed, how-
ever, it may be helpful for exploring the nature of quantum
entanglement by investigating the superposed entanglement.
Additionally, it provides direct results for the approximate
quantification of mixed entanglement [41–43].

The concurrence for a bipartite pure state |ψ〉AB is defined

by C(|ψ〉AB) =
√

2(1 − Trρ2
A) [13]. It plays a major role in
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entanglement distributions such as entanglement swapping
and remote preparation of bipartite entangled states [44]. In
fact, the concurrence for pure states is related to specific
Tsallis entropy [45,46] as C(|ψ〉AB) = √

2T2(ρA) for q = 2.
Noteworthily, Tsallis entropy provides a generalization of
traditional Boltzmann-Gibbs statistical mechanics and en-
ables us to find a consistent treatment of dynamics in many
nonextensive physical systems such as long-range interac-
tions, long-time memories, and multifractal structures [47].
Tsallis entropy also provides many intriguing applications in
the realms of quantum information theory [48–51]. Hence a
natural problem is how to construct an entanglement measure
from general Tsallis entropy with q � 2. Our goal in this
paper is to solve this problem.

The outline of the rest is as follows. In Sec. II, we pro-
pose a parametrized bipartite entanglement monotone which
is related to general Tsallis entropy for any q � 2. The so-
called q-concurrence is actually an entanglement monotone.
We prove an analytical lower bound for the q-concurrence
by using the PPT and realignment criteria. Moreover, we
valuate the q-concurrence for isotropic states. In Sec. III,
we investigate the entanglement of the superposition of two
pure states by using the q-concurrence in terms of two
states being superposed. The entanglement of the superposed
state can be expressed explicitly when two input states are
biorthogonal or one-sided orthogonal. As a result, the super-
posing operation can only increase at most one ebit in terms
of the q-concurrence in both cases. The last section concludes
the paper.

II. ENTANGLEMENT MONOTONE

Before giving our definition, we recall a well-known bi-
partite entanglement monotone. For any arbitrary bipartite
pure state |ψ〉AB on Hilbert space HA ⊗ HB, the concurrence
[13,14] is given by

C(|ψ〉AB) =
√

2
(
1 − Trρ2

A

)
, (1)

where ρA = TrB(|ψ〉AB〈ψ |) is the reduced density matrix of
the subsystem A by tracing out the subsystem B.

The concurrence defined in Eq. (1) can be regarded as
a function of specific Tsallis entropy of q = 2 [45,46], i.e.,
C(|ψ〉AB) = √

2T2(ρA) for q = 2. In this section, we define
another parametrized entanglement monotone named the q-
concurrence which is related to general Tsallis entropy for any
q � 2.

A. q-concurrence

Definition 1. For an arbitrary bipartite pure state |ψ〉AB on
Hilbert space HA ⊗ HB, the q-concurrence is defined as

Cq(|ψ〉AB) = 1 − Trρq
A (2)

for any q � 2, where ρA is the reduced density operator of the
subsystem A.

It is clear that Cq(|ψ〉AB) = 0 if and only if |ψ〉AB is a sep-
arable state, i.e., |ψ〉AB = |ψ〉A ⊗ |ψ〉B. The q-concurrence
may be concerned with Schatten q-norm for the positive
semidefinite matrices, where the Schatten q-norm [52] is de-

fined as

‖A‖q = (TrAq)1/q. (3)

It will be a useful tool to prove the subadditivity inequality in
the following Lemma 1.

Suppose a pure state |ψ〉AB defined on Hilbert space HA ⊗
HB has the Schmidt decomposition

|ψ〉 =
m∑

i=1

√
λi|ai〉A|bi〉B. (4)

It is apparent that the reduced density matrices ρA and ρB have
the same spectra of {λi}. Hence we have

Cq(|ψ〉AB) = 1 − Trρq
A = 1 − Trρq

B. (5)

This implies that

Cq(|ψ〉) = 1 −
m∑

i=1

λ
q
i , (6)

where Cq(|ψ〉) satisfies 0 � Cq(|ψ〉) � 1 − m1−q. The lower
bound is obtained for product states, while the upper
bound is achieved for the maximally entangled pure states

1√
m

∑m
i=1 |ii〉.

For a mixed state ρAB on Hilbert space HA ⊗ HB, we define
its q-concurrence via the convex-roof extension as follows:

Cq(ρAB) = inf
{pi,|ψi〉}

∑
i

piCq(|ψi〉AB), (7)

where the infimum is taken over all the pure-state decomposi-
tions of ρAB = ∑

i pi|ψi〉〈ψi|, with
∑

i pi = 1 and pi � 0.
So far, several results have been made for the require-

ments that a reasonable measure of entanglement should fulfill
[11,53,54]. Specially, it has been proposed in Ref. [55] that the
monotonicity under local operations and classical communi-
cation (LOCC) has to satisfy as the only requirement of any
entanglement measure. This kind of entanglement measure is
then defined as entanglement monotone. In fact, Vidal [55]
states that it is an entanglement monotone E if the following
conditions hold.

(i) E (ρ) � 0 for any state ρ and E (ρ) = 0 if ρ is fully
separable.

(ii) For a pure state |�〉, the measure is a function of the
reduced density operator ρA = TrB(|�〉〈�|), i.e., E (|�〉) =
f (ρA), where the function f has the following properties:
(a) f is invariant under any unitary transformation U , i.e.,
f (UρAU †) = f (ρA); (b) f is concave, i.e., f [λρ1 + (1 −
λ)ρ2] � λ f (ρ1) + (1 − λ) f (ρ2) for λ ∈ (0, 1).

(iii) For a mixed state ρ, the measure E (ρ) is defined as the
convex-roof extension, i.e.,

E (ρ) = inf
{pi,|ψi〉}

{∑
i

piE (|ψi〉)|
∑

i

pi|ψi〉〈ψi| = ρ

}
, (8)

where the minimum is taken over all possible pure-state de-
compositions of ρ.

These conditions (i)–(iii) formalize intuitive properties of
an entanglement monotone. From this point of view any
entanglement monotone could be regarded as a measure of
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entanglement. We present the following Lemma 1 for ver-
ifying that the q-concurrence defined in Eq. (7) is a proper
entanglement monotone.

Lemma 1. Define the function

Fq(ρ) = 1 − Trρq (9)

for any density matrix ρ and q � 2. Fq(ρ) satisfies the follow-
ing properties.

(i) Non-negativity. Fq(ρ) � 0 for any density operator ρ,
where the equality holds for pure states.

(ii) Symmetry. Fq(ρA) = Fq(ρB) for a pure state ρAB of the
composite system AB.

(iii) Subadditivity. For a general bipartite state ρAB, Fq(ρAB)
satisfies the inequalities:

|Fq(ρA) − Fq(ρB)| � Fq(ρAB) � Fq(ρA) + Fq(ρB). (10)

(iv) Concavity and quasiconvexity. Fq is concave, i.e.,

∑
i

piFq(ρi ) � Fq

(∑
i

piρi

)
, (11)

where {pi} is a probability distribution and ρi’s are density
matrices. The equality holds if and only if ρi’s are identical
for all pi > 0. Moreover, Fq is quasiconvex, i.e.,

Fq

(∑
i

piρi

)
�

∑
i

pq
i Fq(ρi ) + 1 −

∑
i

pq
i , (12)

where the equality holds if and only if ρi
′s have supports

on orthogonal subspaces, i.e., ρi = |ψi〉〈ψi|, and {|ψi〉} are
orthogonal.

The proof of Lemma 1 is provided in Appendix A. Next
we prove Cq(ρ) is a proper entanglement monotone.

Proposition 1. The q-concurrence Cq(ρ) in Eq. (7) is an
entanglement monotone.

Proof. From the non-negativity in Lemma 1 and Eq. (7),
it follows that Cq(ρ) � 0 for any density matrix ρ, where
the equality holds iff ρ is separable. Furthermore, from the
concavity in Lemma 1, we know that Fq[λρ1 + (1 − λ)ρ2] �
λFq(ρ1) + (1 − λ)Fq(ρ2) for any density matrices ρ1 and ρ2

and λ ∈ (0, 1). Thus Cq(|φ〉AB) is a concave function of ρA.
Finally, Cq(|φ〉AB) is invariant under local unitary transfor-
mations from the invariance of Trρq. Then, the convex-roof
extension of the q-concurrence Cq(ρ) for mixed states is a
proper entanglement monotone [55]. �

Note that, for a given bipartite entanglement |ψ〉, the
entanglement monotone Cq(|ψ〉) in Eq. (2) is invariant un-
der the local unitary operations. From the Cayley-Hamilton
Theorem, the reduced density matrix ρA of rank d satisfies
a characteristic equation as

∑d
j=0 a jρ

j
A = 0. From the spec-

tra decomposition of ρA = ∑d
i=1 λi|φi〉〈φi|, the q-concurrence

in Eq. (6) satisfies a linear equation as
∑d

q=0 aqCq(|ψ〉) −∑
i aiC0(|ψ〉) = 0. Hence all the q-concurrences with q � d

will be evaluated for any d-dimensional pure states. However,
for a mixed state ρAB the q-concurrences Cq(ρAB) in Eq. (7) do
not satisfy the characteristic equation of the density matrix ρA

or ρAB. This implies that each q-concurrence of Cq(ρAB) may
provide different meanings for featuring the entanglement.

The proposed q-concurrence is equivalent to the previ-
ous Tsallis-q [20] for specific q. However, they are different
for large enough q. In fact, it is easy to show that the
q-concurrence can be used to detect the bipartite entangle-
ment, while the Tsallis-q entanglement cannot when q → ∞,
namely, the Tsallis-q cannot be applied for large q. In fact, as a
parametrized generalization of the Boltzmann-Gibbs entropy,
the Tsallis entropy is specially interesting in long-range sys-
tems such as the motion of cold atoms in dissipative optical
lattices [56,57], spin glass relaxation [58], or trapped ion [59].
The present q-concurrences for large q may be applicable for
featuring these long-range entangled systems beyond the stan-
dard concurrence [13] and the Tsallis-q entanglement [20].

B. Lower bound on the q-concurrence

In contrast to the simple case of pure entangled states
in Eq. (2), the quantification of mixed states is still chal-
lenging due to the optimization procedures [10]. Fortunately,
we present an effective operational way to detect the q-
concurrence for any bipartite quantum state, which manifests
an essential quantitative relation among the q-concurrence,
PPT criterion, and realignment criterion. Before presenting
the lower bound, we recall two separability criteria.

PPT criterion [5,6]. Given a bipartite state ρAB =∑
i jkl ρi j,kl |i j〉〈kl|. If ρAB is separable, then the partial

transposition ρTA with respect to the subsystem A has the non-
negative spectrum, i.e., ρTA � 0. The partial transpose ρTA is
given by ρTA = [

∑
i jkl ρi j,kl |i j〉〈kl|]TA = ∑

i jkl ρi j,kl |k j〉〈il|,
where the subscripts i and k are the row and column indices for
the subsystem A, respectively, while j and l are such indices
for the subsystem B.

Realignment criterion [7–9]. Let R be the realignment
operation on the joint system ρAB = ∑

i jkl ρi j,kl |i j〉〈kl|. The
output is given by R(ρ) = ∑

i jkl ρi j,kl |ik〉〈 jl|. If ρAB is sepa-
rable, then ‖R(ρ)‖1 � 1, where ‖X‖1 denotes the trace norm
defined by ‖X‖1 = Tr

√
XX† [60].

According to these criteria, a given state ρ is entangled if
the trace norms ‖ρTA‖1 or ‖R(ρ)‖1 are strictly larger than 1.

For the pure state defined in Eq. (4), it is straightforward to
prove [29]

‖ρTA‖1 = ‖R(ρ)‖1 =
(

m∑
i=1

√
λi

)2

. (13)

Besides, we know that

(
m∑

i=1

√
λi

)2

� m
m∑

i=1

λi = m (14)

from the Cauchy-Schwarz inequality, where {λi} is a proba-
bility distribution.

Theorem 1. For any mixed entanglement state ρ on Hilbert
space HA ⊗ HB with the dimension of m and n (m � n),
respectively, the q-concurrence Cq(ρ) satisfies the following
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inequality:

Cq(ρ) �
[

max
{‖ρTA‖q−1

1 , ‖R(ρ)‖q−1
1

} − 1
]2

m2q−2 − mq−1
. (15)

Proof. Consider the optimal decomposition of ρ as ρ =∑
i piρi in order to achieve the infimum of Cq(ρ) in Eq. (7),

where ρi’s are pure states with ρi = |ψi〉〈ψi|. First, we will
prove that

Cq(ρi ) �
(∥∥ρ

TA
i

∥∥q−1

1 − 1
)2

m2q−2 − mq−1
, (16)

Cq(ρi ) �
[‖R(ρi )‖q−1

1 − 1
]2

m2q−2 − mq−1
. (17)

In fact, note that the function g(λ) = λq is convex for
q � 2 and λ ∈ (0, 1). This means that h(λ1, . . . , λm) =∑m

k=1 λ
q
k is Schur convex [52]. Since the uniform distribu-

tion of { 1
m , . . . , 1

m } is majorized by any other distribution
{λ1, . . . , λm}, i.e., { 1

m , . . . , 1
m } ≺ {λ1, . . . , λm}. For the Schur-

convex function h(λ1, . . . , λm) it follows that [52]

m∑
k=1

λ
q
k � 1

mq−1
. (18)

From Eq. (6), we have

Cq(ρi ) = 1 −
m∑

k=1

λ
q
ik

=
( ∑m

j=1

√
λi j

)2q−2 − ∑m
k=1 λ

q
ik

(∑m
j=1

√
λi j

)2q−2

(∑m
j=1

√
λi j

)2q−2

�
( ∑m

k=1

√
λik

)2q−2 − 1(∑m
k=1

√
λik

)2q−2 (19)

=
[( ∑m

j=1

√
λi j

)2q−2 − 1
]2

( ∑m
k=1

√
λik

)2q−2[( ∑m
k=1

√
λik

)2q−2 − 1
]

�
(∥∥ρ

TA
i

∥∥q−1

1 − 1
)2

m2q−2 − mq−1
, (20)

where the inequality (19) is due to the inequality
−∑m

k=1 λ
q
ik (

∑m
j=1

√
λi j )2q−2 � −1, which can be proved by

using the inequalities (14) and (18). Moreover, for a pure
state ρi = |ψi〉〈ψi|, we have ‖ρTA

i ‖1 = (
∑m

k=1

√
λik )2 � m as

shown in Eq. (13). This implies the inequality (20).
From Eq. (20), we have

∑
i

piC(ρi ) �
∑

i pi
(∥∥ρ

TA
i

∥∥q−1

1 − 1
)2

m2q−2 − mq−1
. (21)

In what follows, we prove that

(‖ρTA‖q−1
1 − 1

)2 �
∑

i

pi
(∥∥ρ

TA
i

∥∥q−1

1 − 1
)2

. (22)

In fact, for ρTA = ∑
i piρ

TA
i , we obtain

(∥∥ρTA
∥∥q−1

1 − 1
)2 =

(∥∥∥∥∥
∑

i

piρ
TA
i

∥∥∥∥∥
q−1

1

− 1

)2

�
(∑

i

pi

∥∥ρ
TA
i

∥∥q−1

1 − 1

)2

(23)

�
∑

i

pi

∥∥ρ
TA
i

∥∥2q−2

1

−2
∑

i

pi

∥∥ρ
TA
i

∥∥q−1

1 + 1 (24)

=
∑

i

pi
(∥∥ρ

TA
i

∥∥q−1

1 − 1
)2

. (25)

Note that we have ‖∑
i piρ

TA
i ‖q−1

1 � ∑
i pi‖ρTA

i ‖q−1
1 from

the convexity of function f (x) = ‖x‖q−1
1 with q � 2.

Moreover, ‖∑
i piρ

TA
i ‖q−1

1 � 1 and
∑

i pi‖ρTA
i ‖q−1

1 � 1 from
‖ρTA

i ‖q−1
1 � 1 for any density matrix ρi and q � 2. This fol-

lows the inequality (23). The inequality (24) is obtained from
the convexity of the function f (x) = x2, i.e.,(∑

i

pi

∥∥ρ
TA
i

∥∥q−1

1

)2

�
∑

i

pi

∥∥ρ
TA
i

∥∥2q−2

1 . (26)

Thereby, by substituting Eq. (25) into Eq. (21) we obtain

Cq(ρ) �
(‖ρTA‖q−1

1 − 1
)2

m2q−2 − mq−1
. (27)

From Eq. (13), similar to Eq. (20), we can prove that

Cq(ρ) �
[‖R(ρ)‖q−1

1 − 1
]2

m2q−2 − mq−1
. (28)

Combining (27) and (28), we get that

Cq(ρ) � max

{(‖ρTA‖q−1
1 − 1

)2

m2q−2 − mq−1
,

[‖R(ρ)‖q−1
1 − 1

]2

m2q−2 − mq−1

}
. (29)

Note that ‖ρTA‖q−1
1 � 1 and ‖R(ρ)‖q−1

1 � 1 for any density
matrix ρ and q � 2. The inequality (15) follows from the
inequality (29). This completes the proof. �

For q = 2, the inequality (15) in Theorem 1 is re-
duced to C2(ρ) � [max {‖ρTA ‖1,‖R(ρ)‖1}−1]2

m(m−1) , i.e.,
√

2C2(ρ) �√
2

m(m−1) max {‖ρTA‖1, ‖R(ρ)‖1} − 1, which is just the result

(6) in Ref. [29]. The interesting feature is that the lower bound
in the right side of (15) depends on the entropy parameter
related to the detailed states. This allows us to choose proper
q depending on m and n such that Cq(ρ) � 0 for experimental
entanglement detection of specific state ρ.

Example 1. Consider a 5-qubit Heisenberg model with a
random magnetic field in the z direction. Its Hamiltonian is
given by

H5 = 5
σ1 · 
σ5 + 2
σ1 · 
σ3 + 4
σ2 · 
σ4

+6
σ3 · 
σ5 +
5∑

i=1

h jσ
z
j , (30)
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FIG. 1. Schematic six-body system with long-range correlations.
The dotted line denotes a long-range correlation between two par-
ticles. Two gray regions represent a bipartite cut of {1, 2, 3} and
{4, 5, 6}.

where we suppose that the pairs of (1, 5), (1, 3), (2, 4), (3, 5)
are correlated with each other; herein, 
σ j = (σ x

j , σ
y
j , σ

z
j ) rep-

resents a vector of Pauli matrices on qubit j and h j ∈
[−10, 10] denotes the strength of the disorder. For a 6-qubit
system, the Hamiltonian is given by

H6 = 5
σ1 · 
σ5 + 2
σ1 · 
σ3 + 4
σ2 · 
σ4

+
σ4 · 
σ6 + 6
σ2 · 
σ6 +
6∑

i=1

h jσ
z
j , (31)

where the pairs of (1,5),(1,3),(2,4),(2,6),(4,6) have correlation
with each other (as shown in Fig. 1). Moreover, the Hamilto-
nian for a 7-qubit system is given by

H7 = 5
σ1 · 
σ5 + 2
σ1 · 
σ3 + 4
σ2 · 
σ4

+
σ4 · 
σ6 + 6
σ2 · 
σ6 + 3
σ5 · 
σ7 +
7∑

i=1

h jσ
z
j , (32)

where the pairs of (1,5),(1,3),(2,4),(2,6),(4,6),(5,7) are
correlated with each other. Consider the initial state
|+〉⊗5, |+〉⊗6, |+〉⊗7, respectively, and the evolution time 500,
where |+〉 = 1√

2
(|0〉 + |1〉). We can obtain the q-concurrence

defined in Eq. (2) and Tsallis-q entanglement as shown in
Fig. 2. From Fig. 2, the Tsallis entanglement decreases in
terms of entropy parameter q. This implies that the Tsallis en-
tanglement may be unapplicable for large q because it cannot
be distinguished from separable states when the experimental
noise is involved. However, the present q-concurrence tends
to 1 for large q. This is greatly different from separable states.
This implies that the q-concurrence can be applied in this case.
This holds for any bipartite entangled pure states. Another
example is for characterizing the entangled ground state of
many-body systems.

Example 2. Isotropic states are a class of mixed states on
Cd ⊗ Cd which are invariant under the operation U ⊗ U ∗
with any unitary transformation U . Such mixed states are
generally expressed as [7]

ρF = 1 − F

d2 − 1
(1 − |�+〉〈�+|) + F |�+〉〈�+|, (33)

where 1 denotes the identity operator, |�+〉 = 1√
d

∑d
i=1 |ii〉,

and F is the fidelity of ρF with respect to ρ� = |�+〉〈�+|,
i.e., F = f�+ (ρF ) = 〈�+|ρF |�+〉, which satisfies 0 � F �
1.

For isotropic states ρF , there are lots of analytic results in
the entanglement of formation [26], the tangle and concur-
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FIG. 2. Comparison of the q-concurrence and Tsallis-q entangle-
ment in terms of q. Here, we consider three evolution systems with
5, 6, and 7 qubits.

rence [24], and Rényi α-entropy entanglement [61]. Inspired
by the techniques [24,26,61], the q-concurrence Cq(ρF ) for
these states will be derived by an extremization as follows.

Lemma 2. The q-concurrence for isotropic states ρF on
Hilbert space Cd ⊗ Cd (d � 2) is given by

Cq(ρF ) = co(ξ (F, q, d )), (34)

where F ∈ (1/d, 1] and co( ) denotes the largest convex func-
tion that is upper bounded by a given function ξ (F, q, d )
defined as

ξ (F, q, d ) = 1 − γ 2q − (d − 1)δ2q, (35)

with γ = √
F/

√
d + √

(d − 1)(1 − F )/
√

d and δ =√
F/

√
d − √

1 − F/
√

d (d − 1).
The evaluation is essentially algebraic and quite tedious,

as shown in Appendix B. For convenience, we take q = 2 as
an example. The 2-concurrence of an two-qubit isotropic state
ρF is given by [24]

C2(ρF ) =
{

0, 0 � F � 1
2 ,

(1−2F )2

2 , 1
2 � F � 1.

(36)

Moreover, from Theorem 1, it implies C2(ρF ) � (1 −
2F )2/2 = C2(ρF ). This implies that the upper bound gives the
exact value of the 2-concurrence for this qubit system. For
arbitrary d � 3, the 2-concurrence C2(ρF ) is given by

C2(ρF ) =

⎧⎪⎨
⎪⎩

0, F � 1
d ,

ξ (F, 2, d ), 1
d � F � 4(d−1)

d2 ,

dF−d
d−1 + d−1

d , 4(d−1)
d2 � F � 1.

(37)

Moreover, it is shown that ‖ρTA
F ‖1 = ‖R(ρF )‖1 = dF for F >

1/d [8,19]. From Theorem 1 we get that

C2(ρF ) � (dF − 1)2

d2 − d
. (38)
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FIG. 3. 2-concurrence (green) of isotropic states ρF and lower
bounds (blue) in Example 1. (a) 3 � d � 10 and 1/d � F � 4(d −
1)/d2. (b) 3 � d � 10 and 4(d − 1)/d2 � F � 1.

For simplicity, C2(ρF ) in Eq. (37) and its lower bounds in
Eq. (38) are shown in Fig. 3 with 3 � d � 10. Especially, it
illustrates that the present lower bound is very close to the
exact value of the 2-concurrence, which shows the tightness
of our bounds.

The lower bound in Theorem 1 can be used to detect the
q-concurrence for all the entangled states of the two-qubit
or qubit-qutrit system because the PPT criterion is necessary
and sufficient for the separability in both cases [5,6]. Unfor-
tunately, it cannot detect all the other entangled states due to
the limitation of the PPT criterion [5,6] and the realignment
criterion [7,8]. Thus it is intriguing to explore other bounds
for the q-concurrence of general mixed states.

III. q-CONCURRENCE OF SUPERPOSITION STATES

Assume that a state |�〉 is generated by superposing two
pure states |
〉 and |�〉, i.e., |�〉 = α|
〉 + β|�〉. Our goal
in this section is to explore the q-concurrence for these
superposition states. We discuss how the entanglement of
superpositions of some given pure states is related to the

entanglement contained in input states. In detail, we consider
four cases: two component states in the superposition are
biorthogonal states, one-sided orthogonal states, orthogonal
states, and arbitrary states.

A. Biorthogonal states

Definition 2. Two bipartite states |
〉AB and |�〉AB on
Hilbert space HA ⊗ HB are biorthogonal if they satisfy

TrB[TrA(|
〉〈
|)TrA(|�〉〈�|)] = 0, (39)

TrA[TrB(|
〉〈
|)TrB(|�〉〈�|)] = 0. (40)

For two biorthogonal states |
〉 and |�〉 we get up to local
unitary transformations [33] that

|
〉 =
d1∑

i=1

ai|i〉A|i〉B,

|�〉 =
d∑

i=1

bi|i + d1〉A|i + d1〉B, (41)

where ai, bi are positive constants. In this case, the q-
concurrence of the superposition state |�〉 will be evaluated
as follows.

Theorem 2. Given two biorthogonal states |
〉 and |�〉,
then the q-concurrence of the superposition |�〉 = α|
〉 +
β|�〉 satisfies

Cq(|�〉) = |α|2qCq(|
〉) + |β|2qCq(|�〉) + hq(|α|2), (42)

where hq(t ) = 1 − t q − (1 − t )q and α, β ∈ C with |α|2 +
|β|2 = 1.

Proof. From Eq. (41) the reduced states of the system
A for |
〉 and |�〉 are diagonal in the same basis. More
specifically, from Eq. (2), we have Cq(|�〉) = Fq(ρA) with
ρA = TrB(|�〉〈�|). It follows that the first d1 eigenvalues of
ρA are given by {|α|2a2

i , i = 1, 2, . . . , d1}, and all the remain-
ing eigenvalues are given by {|β|2b2

j, j = 1, 2, . . . , d}. Thus,
from Definition 1, we get

Cq(|�〉) = 1 −
∑

i

(|α|2a2
i

)q −
∑

j

(|β|2b2
j

)q

= |α|2q

(
1 −

∑
i

a2q
i

)
+ |β|2q

(
1 −

∑
j

b2q
i

)

+1 − |α|2q − |β|2q

= |α|2qCq(|
〉) + |β|2qCq(|�〉) + hq(|α|2). (43)

From Lemma 1 for any density matrices ρ and σ we get
the following inequalities:

Fq(|α|2ρ + |β|2σ ) � |α|2Fq(ρ) + |β|2Fq(σ ), (44)

Fq(|α|2ρ + |β|2σ ) � |α|2qFq(ρ) + |β|2qFq(σ ) + hq(|α|2).

(45)

Moreover, from Lemma 1, Eq. (45) holds iff ρ and σ are
orthogonal. Since |
〉 and |�〉 are biorthogonal, their re-
duced density matrices ρA and σA are orthogonal. Thus, from
Eq. (45), we get Eq. (42). �
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Note that the entanglement of the superposition is re-
lated to the average of the entanglement of two states being
superposed. For convenience, we define the increase of q-
concurrence entanglement for the superposition state |�〉 =
α|
〉 + β|�〉 as follows:

�Cq(|�〉) = Cq(|�〉) − [|α|2Cq(|
〉) + |β|2Cq(|�〉)]. (46)

For the biorthogonal states |
〉 and |�〉, we obtain the follow-
ing Corollary 1.

Corollary 1. Given two biorthogonal states |
〉 and |�〉,
the increase of the q-concurrence of the superposition state
|�〉 is upper bounded by one ebit, i.e., �Cq(|�〉) � 1.

Proof. From Theorem 2, we obtain

Cq(|�〉) − [|α|2qCq(|
〉) + |β|2qCq(|�〉)] = hq(|α|2). (47)

Moreover, since |α|, |β| � 1, it is obvious that

�Cq(|�〉) = Cq(|�〉) − [|α|2Cq(|
〉) + |β|2Cq(|�〉)]

� Cq(|�〉) − [|α|2qCq(|
〉) + |β|2qCq(|�〉)].
(48)

Thereby, combining Eqs. (47) and (48), we get

�Cq(|�〉) � hq(|α|2) � 1, (49)

which implies that the increase of the q-concurrence for the
superposition state |�〉 cannot be greater than one ebit. �

Example 3. Consider the superposition state

|�〉 = α|
〉 + β|�〉, (50)

with α, β ∈ C and |α|2 + |β|2 = 1, where |
〉 = cos θ |00〉 +
sin θ |11〉 and |�〉 = cos φ|22〉 + sin φ|33〉 are generalized bi-
partite entangled states for θ, φ ∈ (0, π/2). Note that |
〉
and |�〉 are biorthogonal states. From Eq. (2) it is easy to
check that Cq(|
〉) = 1 − cos2q θ − sin2q θ , Cq(|�〉) = 1 −
cos2q φ − sin2q φ, and

Cq(|�〉) = 1 − |α|2q(cos2q θ + sin2q θ )

−|β|2q(cos2q φ + sin2q φ). (51)

Moreover, we have hq(|α|2) = 1 − |α|2q − |β|2q. Thus
Eq. (42) holds for the superposition state |�〉 in Eq. (50),
which is consistent with Theorem 2. From Eq. (46) we have

�Cq(|�〉) = Cq(|�〉) − [|α|2Cq(|
〉) + |β|2Cq(|�〉)]

= (|α|2 − |α|2q)(cos2q θ + sin2q θ )

+(|β|2 − |β|2q)(cos2q φ + sin2q φ). (52)

To show the result in Corollary 1, we take the special
case of α = β = 1/

√
2 and q = 4. As shown in Fig. 4, it

is apparent that the function �Cq(|�〉) of θ and φ satisfies
�Cq(|�〉) � 1.

B. One-sided orthogonal states

Definition 3. Two bipartite states |
〉AB and |�〉AB on
Hilbert space HA ⊗ HB are one-sided orthogonal if they sat-
isfy only one of Eqs. (39) and (40).

Without loss of generality, we assume that two one-sided
orthogonal states satisfy Eq. (39). Up to local unitary transfor-

FIG. 4. Increase �Cq(|�〉) of the q-concurrence for the superpo-
sition state |�〉 in Example 2. Here, α = β = 1/

√
2 and q = 4.

mations [33], we have

|
〉 =
d1∑

i=1

ai|i〉A|i〉B,

|�〉 =
d∑

i=1

bi|i〉A|i + d1〉B, (53)

where ai and bi are positive constants.
Now, consider the case of |
〉 and |�〉 being one-sided

orthogonal but not necessarily biorthogonal, i.e., they satisfy
Eq. (53).

Theorem 3. Given two one-sided orthogonal states |
〉
and |�〉, the q-concurrence of the superposition state |�〉 =
α|
〉 + β|�〉 is given by

Cq(|�〉) = |α|2qCq(|
〉) + |β|2qCq(|�〉)

+ hq(|α|2) − |Fq(ρA) − Fq(ρB)|, (54)

where ρA and ρB are reduced density matrices of ρAB, ρAB :=
|α|2|
〉〈
| + |β|2|�〉〈�|, with |α|2 + |β|2 = 1, and hq is de-
fined in Theorem 2.

Proof. Note that ‖|�〉‖ = √〈�|�〉 =
√

|α|2 + |β|2 = 1. It
means that |�〉 is normalized. From Eq. (53) we know that

TrB(|�〉〈�|) = |α|2TrB(|
〉〈
|) + |β|2TrB(|�〉〈�|), (55)

which is also defined as the reduced density matrix ρA

by tracing ρAB over the subsystem B. Hence we get that
TrB(|�〉〈�|) = ρA. From Eq. (2) it follows that

Cq(|�〉) = Fq(ρA). (56)

Note that TrA(|�〉〈�|) �= ρB because ρB is defined as the re-
duced density matrix by tracing ρAB over the subsystem A,
i.e.,

ρB = |α|2TrA(|
〉〈
|) + |β|2TrA(|�〉〈�|), (57)

while

TrA(|�〉〈�|) = |α|2TrA(|
〉〈
|) + αβ∗TrA(|
〉〈�|)
+α∗β TrA(|�〉〈
|) + |β|2TrA(|�〉〈�|).

(58)
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From Eqs. (53) and (57) the first d1 eigenvalues of ρB are
given by {|α|2a2

i |i = 1, 2, . . . , d1}, and all the rest are shown
as {|β|2b2

j | j = 1, 2, . . . , d}. Thus, according to the definition
of Fq(ρ) in Eq. (9), we get

Fq(ρB) = 1 −
∑

i

(|α|2a2
i

)q −
∑

j

(|β|2b2
j

)q

= |α|2q

(
1 −

∑
i

a2q
i

)
+ |β|2q

(
1 −

∑
j

b2q
i

)

+1 − |α|2q − |β|2q

= |α|2qCq(|
〉) + |β|2qCq(|�〉) + hq(|α|2). (59)

By utilizing Eqs. (45) and (55) we have

Fq(ρA) � |α|2qFq[TrB(|
〉〈
|)]
+|β|2qFq[TrB(|�〉〈�|)] + hq(|α|2)

= |α|2qCq(|
〉) + |β|2qCq(|�〉) + hq(|α|2). (60)

From Eqs. (59) and (60) Fq(ρB) � Fq(ρA) for the one-sided
orthogonal states defined in Eq. (39). Due to Eqs. (56) and
(59) we obtain

Cq(|�〉) = |α|2qCq(|
〉) + |β|2qCq(|�〉)

+hq(|α|2) − [Fq(ρB) − Fq(ρA)]. (61)

In a similar manner, for one-sided orthogonal states in
Eq. (40) we get that

Cq(|�〉) = |α|2qCq(|
〉) + |β|2qCq(|�〉)

+hq(|α|2) − [Fq(ρA) − Fq(ρB)]. (62)

Combining Eqs. (61) and (62), we have completed the
proof. �

Note that Fq(ρA) = Fq(ρB) holds for biorthogonal states
|
〉 and |�〉. Thus we can obtain Eq. (42) for Theorem 2.
Moreover, since |
〉 and |�〉 are orthogonal pure states, we
have Fq(ρAB) = hq(|α|2). This implies hq(|α|2) � |Fq(ρA) −
Fq(ρB)| from the triangle inequality of Fq(ρAB) in Lemma 1.

Similar to Corollary 1, we get the following result for one-
sided orthogonal states.

Corollary 2. Given two one-sided orthogonal states |
〉 and
|�〉, the increase of the q-concurrence for the superposition
state |�〉 is no more than one ebit, i.e., �Cq(|�〉) � 1.

Proof. From Theorem 3 we have

Cq(|�〉) − [|α|2qCq(|
〉) + |β|2qCq(|�〉)]

= hq(|α|2) − |Fq(ρA) − Fq(ρB)|. (63)

Note that

hq(|α|2) − |Fq(ρA) − Fq(ρB)| � hq(|α|2), (64)

where the equality holds for the biorthogonal states |
〉 and
|�〉.

Clearly, Eq. (48) holds for one-sided orthogonal states |
〉
and |�〉. Thus, combining Eqs. (63), (64), and (48), we obtain
�Cq(|�〉) � hq(|α|2) � 1. This completes the proof. �

Example 4. Consider the superposition state

|�〉 = α|
〉 + β|�〉 (65)

FIG. 5. Increase of the q-concurrence �Cq(|�〉) for the superpo-
sition state |�〉 in Example 3. Here, α = β = 1/

√
2 and q = 6.

with |α|2 + |β|2 = 1, where |
〉 = cos θ |00〉 + sin θ |11〉 and
|�〉 = cos φ|02〉 + sin φ|13〉 are one-sided orthogonal entan-
gled states for θ, φ ∈ (0, π/2). From Eq. (2), it is easy
to calculate that Cq(|
〉) = 1 − cos2q θ − sin2q θ, Cq(|�〉) =
1 − cos2q φ − sin2q φ, and

Cq(|�〉) = 1 − (|α|2 cos2 θ + |β|2 cos2 φ)q

− (|α|2 sin2 θ + |β|2 sin2 φ)q. (66)

According to Eq. (9), one can check that

Fq(ρA) = 1 − (|α|2 cos2 θ + |β|2 cos2 φ)q

− (|α|2 sin2 θ + |β|2 sin2 φ)q (67)

and

Fq(ρB) = 1 − |α|2q cos2q θ − |α|2q sin2q θ

− |β|2q cos2q φ − |β|2q sin2q φ. (68)

Moreover, note that hq(|α|2) = 1 − |α|2q − |β|2q. It is easy
to verify Eq. (54) for the superposition state |�〉 defined in
Eq. (65). This is consistent with Theorem 3.

Similar to Eq. (52), we can calculate �Cq(|�〉) of the
superposition state |�〉 defined in Eq. (65). For convenience,
we take α = β = 1/

√
2 and q = 6 for numerical evaluations.

From Fig. 5, it indicates that �Cq(|�〉) � 1, which is consis-
tent with Corollary 2.

C. Arbitrary states

For general cases, two pure states that are superposed are
not orthogonal. This means that the superposition state is
not normalized, if we define |�′〉 = 1

c+
|�〉 with |�〉 = α|
〉 +

β|�〉 as the normalized state of |�〉, where c+ is the normal-
ization constant. By using Theorem 1, we prove the following
inequality for its q-concurrence.

Theorem 4. Given any two different states |
〉
and |�〉, then the q-concurrence of the superposition
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|�〉 = α|
〉 + β|�〉 satisfies

Cq(|�′〉) � 2

c2+
[|α|2qCq(|
〉) + |β|2qCq(|�〉)

+ hq(|α|2) − |Fq(ρA) − Fq(ρB)|] (69)

or

Cq(|�′〉) � 2

c2+
[|α|2qCq(|
〉) + |β|2qCq(|�〉)

+ hq(|α|2) − |Fq(ρA) − Fq(ρB)|]

− c2
−

c2+

(‖σ TA‖q−1
1 − 1

)2

m2q−2 − mq−1
, (70)

where |α|2 + |β|2 = 1 and σ is the density operator of |�′
−〉,

i.e., σ = |�′
−〉〈�′

−|. σ TA stands for a partial transpose with
respect to the subsystem A. ‖X‖1 denotes the trace norm.

Proof. Consider that Alice, in addition to Hilbert space HA,
introduces an auxiliary state |0〉a and |1〉a on Hilbert space Ha.
And consider the state

|�〉 = α|
〉|0〉a + β|�〉|1〉a. (71)

Bob’s reduced state of |�〉 is given by

ρB = |α|2TrA(|
〉〈
|) + |β|2TrA(|�〉〈�|). (72)

According to Eq. (45), we get

Fq(ρB) � |α|2qCq(|
〉) + |β|2qCq(|�〉) + hq(|α|2). (73)

Since Bob can repeat the same operations by introducing an
auxiliary state, in this case, for the reduced density matrix ρA,
we have

Fq(ρA) � |α|2qCq(|
〉) + |β|2qCq(|�〉) + hq(|α|2). (74)

Thus, from Eqs. (73) and (74), we have

max{Fq(ρA), Fq(ρB)} � |α|2qCq(|
〉) + |β|2qCq(|�〉)

+ hq(|α|2). (75)

Additionally, ρB may be written into

ρB = c2
+
2

TrA

[(
α|
〉 + β|�〉

c+

)(
α∗〈
| + β∗〈�|

c+

)]

+ c2
−
2

TrA

[(
α|
〉 − β|�〉

c−

)(
α∗〈
| − β∗〈�|

c−

)]
,

(76)

where |�±〉 = α|
〉 ± β|�〉, |�′
±〉 = 1

c±
|�±〉 is the normal-

ized state of |�±〉, and c± are the normalization constants of
|�±〉.

Now, using Eqs. (44) and (76), we get the following in-
equalities:

Fq(ρB) � c2
+
2

Cq(|�′
+〉) + c2

−
2

Cq(|�′
−〉). (77)

In similar way, we obtain

Fq(ρA) � c2
+
2

Cq(|�′
+〉) + c2

−
2

Cq(|�′
−〉). (78)

Similar to Eq. (75), Eqs. (77) and (78) can be written into

min{Fq(ρA), Fq(ρB)} � c2
+
2

Cq(|�′
+〉) + c2

−
2

Cq(|�′
−〉). (79)

If max{Fq(ρA), Fq(ρB)} = Fq(ρA), according to Eq. (75) we
get

Fq(ρB) + Fq(ρA)

� |α|2qCq(|
〉) + |β|2qCq(|�〉) + hq(|α|2) + Fq(ρB). (80)

It means that

min{Fq(ρA), Fq(ρB)} = Fq(ρB)

� |α|2qCq(|
〉) + |β|2qCq(|�〉)

+ hq(|α|2) − Fq(ρA) + Fq(ρB).

(81)

If max{Fq(ρA), Fq(ρB)} = Fq(ρB), we can also get

min{Fq(ρA), Fq(ρB)} � |α|2qCq(|
〉) + |β|2qCq(|�〉)

+ hq(|α|2) − Fq(ρB) + Fq(ρA).

(82)

Thus, combining Eqs. (81) and (82), we obtain

min{Fq(ρA), Fq(ρB)} � |α|2qCq(|
〉) + |β|2qCq(|�〉)

+ hq(|α|2) − |Fq(ρA) − Fq(ρB)|.
(83)

Moreover, from Eqs. (79) and (83), we have

c2
+
2

Cq(|�′
+〉) + c2

−
2

Cq(|�′
−〉)

� |α|2qCq(|
〉) + |β|2qCq(|�〉) + hq(|α|2)

− |Fq(ρA) − Fq(ρB)|. (84)

If Cq(|�′
−〉) = 0, i.e., the superposition state |�′

−〉 is sepa-
rable, from Eq. (84) it is obvious that

Cq(|�′
+〉) � 2

c2+
[|α|2qCq(|
〉) + |β|2qCq(|�〉)

+ hq(|α|2) − |Fq(ρA) − Fq(ρB)|]. (85)

If Cq(|�′
−〉) > 0, i.e., a superposition state |�′

−〉 defined on
m ⊗ n(m � n) systems is entangled, from Eq. (16) we get

Cq(|�′
+〉) � 2

c2+
[|α|2qCq(|
〉) + |β|2qCq(|�〉) + hq(|α|2)

− |Fq(ρA) − Fq(ρB)|] − c2
−

c2+

(‖σ TA‖q−1
1 − 1

)2

m2q−2 − mq−1
,

(86)

where σ is the density operator of |�′
−〉, i.e., σ = |�′

−〉〈�′
−|.

This completes the proof. �
Corollaries 1 and 2 feature the maximal changes of the

entanglement by the superposing two special states. For more
general states, we get the following result.

Corollary 3. Given two arbitrary states |
〉 and |�〉, the
increase of the q-concurrence for the superposition state |�〉
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satisfies

Cq(|�′〉) − a[|α|2Cq(|
〉) + |β|2Cq(|�〉)]

� a[hq(|α|2) − |Fq(ρA) − Fq(ρB)|] (87)

or

Cq(|�′〉) − a[|α|2Cq(|
〉) + |β|2Cq(|�〉)]

� a[hq(|α|2) − |Fq(ρA) − Fq(ρB)|]

−ac2
−
(‖σ TA‖q−1

1 − 1
)2

2m2q−2 − 2mq−1
, (88)

where a = 2
c2+

, and ‖σ TA‖1 is defined in Theorem 4.
Proof. Since |α|, |β| � 1, we get that

|α|2qCq(|
〉) + |β|2qCq(|�〉)

� |α|2Cq(|
〉) + |β|2Cq(|�〉). (89)

From Eqs. (69) and (70), Corollary 3 is obtained by a straight-
forward evaluation. �

Example 5. Consider the superposition state

|�〉 = α|
〉 + β|�〉, (90)

with α, β ∈ C and |α|2 + |β|2 = 1, where

|
〉 = cos θ |00〉 + 1√
2

sin θ |11〉 + 1√
2

sin θ |22〉,

|�〉 = cos φ|03〉 + 1√
2

sin φ|11〉 + 1√
2

sin φ|22〉, (91)

which are entangled for θ, φ ∈ (0, π/2). From Eq. (2), we
obtain

Cq(|
〉) = 1 − cos2q θ − 21−q sin2q θ, (92)

Cq(|�〉) = 1 − cos2q φ − 21−q sin2q φ. (93)

Here, we consider α = β = 1/
√

2 for the superposition state
|�〉 in Eq. (90). It should be clear that

Cq(|�′
+〉) = 1 − 2q(cos2 θ + cos2 φ)q + 2(sin θ + sin φ)2q

4qc2q
+

,

(94)

Cq(|�′
−〉) = 1 − 2q(cos2 θ + cos2 φ)q + 2(sin θ − sin φ)2q

4qc2q
−

,

(95)

where |�′
±〉 is the normalized state of |�±〉 and c± =√

1 ± sin θ sin φ is the normalization constant. According to
Eq. (9), it is easy to check that

Fq(ρA) = 1 − (cos2 θ + cos2 φ)q

2q
− (sin2 θ + sin2 φ)q

22q−1

(96)

and

Fq(ρB) = 1 − cos2q θ + cos2q φ

2q
− (sin2 θ + sin2 φ)q

22q−1
.

(97)

Moreover, hq(|α|2) = 1 − 21−q. Note that Cq(|�′
−〉) = 0 iff

θ = φ. We present the upper bound in Eq. (69) from Theorem

FIG. 6. q-concurrence (blue) and upper bounds (green) of the
superposition state |�〉 in Example 4. Here, 2 � q � 4 and θ ∈
(0, π/2). The upper bound of the q-concurrence is restricted to be
no larger than 1.

4 and the entanglement of superposition state |�〉 in Eq. (90)
in Fig. 6. It indicates that the present bound is close to the
exact value of the entanglement for superposition state |�〉.
Howbeit, there may be some entanglement values of super-
position states that cannot be effectively evaluated, i.e., the
present bound is larger than 1. Thus the present bound in
Eq. (69) may be further improved.

When Cq(|�′
−〉) > 0, i.e., θ �= φ, for convenience, we

take θ = π/3, φ = π/6, and q = 2 as an example. We get
‖σ TA‖1 = 2.2571, since the superposition state is a 3 ⊗ 4
system, which implies that m = 3 in the right side of the
inequality (70). From Eqs. (92)–(97), a straightforward cal-
culation shows the upper bound in the inequality (70) being
0.8335, while Cq(|�′

+〉) = 0.6663 according to Eq. (70) in
Theorem 4. This indicates that the upper bound in Eq. (70)
may be further improved. In a similar manner, it is easy to
verify the validity of Corollary 3.

In Theorem 4, if two states |
〉 and |�〉 are orthogonal,
i.e., 〈
|�〉 = 0, we have c± = 1. We can obtain the following
Corollary from Theorem 4.

Corollary 4. Given two orthogonal states |
〉 and |�〉 (not
necessarily biorthogonal), the q-concurrence of the superpo-
sition state |�〉 = α|
〉 + β|�〉 satisfies

Cq(|�′〉) � 2[|α|2qCq(|
〉) + |β|2qCq(|�〉)

+ hq(|α|2) − |Fq(ρA) − Fq(ρB)|] (98)

or

Cq(|�′
+〉) �2[|α|2qCq(|
〉) + |β|2qCq(|�〉) + hq(|α|2)

− |Fq(ρA) − Fq(ρB)|] −
(‖σ TA‖q−1

1 − 1
)2

m2q−2 − mq−1
.

(99)

In fact, the entanglement of the quantum channel can be
reckoned as the communication capacity of this quantum
channel. As an application, our method in Sec. III can provide
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FIG. 7. Schematic three types of channels. (a) Quantum channels
ε1 and ε2. (b) The classical mixing channel ε3. (c) Quantum super-
position channel ε4. Here, the input ai is sent through the channel εi

corresponding to the output bi.

a powerful tool for investigating the quantum superposition
channels of quantum communication.

Example 6. Consider three types of channels. The first one
is from two entangled channels associated with ε1 = |φ1〉〈φ1|
and ε2 = |φ2〉〈φ2|. The second one is a classically mixing
channel of ε1 and ε2 with the probability distribution {pi},
i.e., ε3 = ∑2

i=1 piεi. The third one is a quantum superposition
channel defined by ε4 = |�〉〈�| with |�〉 = ∑2

i=1 pi|φi〉, as
shown in Fig. 7. Note that Cq(|φi〉) provides a quantum com-
munication capacity associated with the channel εi. Hence it
is reasonable to regard p1Cq(|φ1〉) + p2Cq(|φ2〉) as the com-
munication capacity of a classically mixing channel of ε3

as shown in Fig. 7(b). On the other hand, Cq(|�〉) may be
considered as the communication capacity of the quantum
superposition channel of ε4 as shown in Fig. 7(c). From
Corollaries 1 and 2, it follows that the quantum superposition
channel of ε4 can provide at most one qubit capacity larger
than the classically mixing channel ε3. This implies a quantita-
tive relationship between two different channels independent
of entropy parameter q. Thus the present method here should
be self-interesting in quantum communication and quantum
information processing.

IV. CONCLUSION

Given an entanglement, how much is it entangled? The
entanglement monotone has been introduced to solve this
problem by quantifying the degree of entanglement. In this
paper, inspired by the general Tsallis entropy, we define a
parametrized entanglement monotone as q-concurrence for
any q � 2. We prove a lower bound of the q-concurrence
for general states. The present bound is exact for two-qubit
isotropic states. In addition, the parametrized entanglement
monotone is finally applied for characterizing the superposi-
tion state in terms of two states being superposed, especially
for biorthogonal and one-sided orthogonal states. It shows that
the increase of the q-concurrence for the superposition state
is upper bounded by one ebit in both cases. These results
are interesting in the entanglement theory, quantum infor-
mation processing, quantum communication, and quantum
many-body theory.
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APPENDIX A: PROOF OF THE LEMMA 1

(I) Since the discrete spectra of ρi of ρ are in [0,1], we
conclude the operator inequality ρq � ρ, where the equality
holds iff ρ is pure state. It follows that Trρq � 1, where the
equality holds iff ρ is a pure state. This implies Fq(ρ) � 0,
where the equality holds iff ρ is a pure state.

(II) From the Schmidt decomposition in Eq. (4), we know
that the reduced density matrices ρA and ρB have the same
spectra. From Eq. (9), it is easy to show that Fq(ρA) = Fq(ρB).

(III) For Fq(ρAB) � Fq(ρA) + Fq(ρB), the key is an inequal-
ity (see Theorem 2 in Ref. [62]) with the Schatten q-norm as

1 + ‖ρAB‖q
q � ‖ρA‖q

q + ‖ρB‖q
q. (A1)

This can be rewritten into

Trρq
A + Trρq

B � 1 + Trρq
AB, (A2)

which is equivalent to the inequality:

1 − Trρq
AB � 1 − Trρq

A + 1 − Trρq
B. (A3)

It means that

Fq(ρAB) � Fq(ρA) + Fq(ρB), (A4)

which completes the proof.
Similar to the von Neumann entropy, the subadditivity

inequality leads to the triangle (or “Araki-Lieb”) inequality
[63]. For |Fq(ρA) − Fq(ρB)| � Fq(ρAB), the proof is inspired
by Ref. [64]. Given a bipartite pure state |ψ〉ABC , from the
Schmidt decomposition of |ψ〉ABC , the density matrices ρAB

and ρC have the same nonzero eigenvalues. Hence Fq(ρAB) =
Fq(ρC ). Similarly, we have Fq(ρA) = Fq(ρBC ). Combining
these with the inequality (A4), we get

Fq(ρA) − Fq(ρB) � Fq(ρAB). (A5)

By symmetry, we also have

Fq(ρB) − Fq(ρA) � Fq(ρAB). (A6)

Combining Eqs. (A5) and (A6), we have the claim that

|Fq(ρA) − Fq(ρB)| � Fq(ρAB). (A7)

(IV) For
∑

i piFq(ρi ) � Fq(
∑

i piρi ), we first prove
λFq(ρ) + μFq(σ ) � Fq(λρ + μσ ) with λ,μ � 0 and λ +
μ = 1. Here, from Minkowski’s inequality [65] with positive
semidefinite matrices ρ and σ , we get

[Tr(ρ + σ )r]1/r � (Trρr )1/r + (Trσ r )1/r (A8)
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for r � 2. From Eq. (A8), we have

[Tr(λρ + μσ )r]1/r � λ(Trρr )1/r + μ(Trσ r )1/r, (A9)

where λ,μ � 0 and λ + μ = 1. Due to r � 2, from Eq. (A9),
we get

Tr(λρ + μσ )r � [λ(Trρr )1/r + μ(Trσ r )1/r]r

� λ Trρr + μ Trσ r, (A10)

where the inequality (A10) is obtained from the convexity of
the function y = xr for r � 2. The inequality (A10) implies
that

λ(1 − Trρr ) + μ(1 − Trσ r ) � 1 − Tr(λρ + μσ )r . (A11)

By induction on i, we obtain the following inequality:

∑
i

piFq(ρi ) � Fq

(∑
i

piρi

)
, (A12)

where {pi} is the probability distribution corresponding to
density operators ρi of ρ. The equality holds iff all the states
ρi are identical.

For Fq(
∑

i piρi ) � ∑
i pq

i Fq(ρi ) + (1 − ∑
i pq

i ), similar
with Lemma 1 in Ref. [66]. Suppose a joint state ρ = ∑

i piρi;
we get

Fq

(∑
i

piρi

)
= 1 − Tr

(∑
i

piρi

)q

� 1 −
∑

i

pq
i Tr

(
ρ

q
i

)
=

∑
i

pq
i

[
1 − Tr

(
ρ

q
i

)] + 1 −
∑

i

pq
i

=
∑

i

pq
i Fq

(
ρ

q
i

) + 1 −
∑

i

pq
i . (A13)

The equality holds iff the states ρi have support on orthogonal
subspaces. The proof is as follows: let λi j and ei j be the
eigenvalues and corresponding eigenvectors of ρi. Note that
piλi j and ei j are the eigenvalues and eigenvectors of

∑
i piρi.

Thereby, we have

Fq

(∑
i

piρi

)
= 1 −

∑
i

(piλi j )
q

=
∑

i

pq
i

(
1 − λ

q
i j

) + 1 −
∑

i

pq
i

=
∑

i

pq
i Fq(ρi ) + 1 −

∑
i

pq
i , (A14)

which completes the proof.

APPENDIX B: PROOF OF THE LEMMA 2

The proof is inspired by recent techniques [25,61,67] with
local symmetry. The q-concurrence under the symmetry state
ρF is given by

Cq(ρF ) = co(ξ (F, q, d )), (B1)

where the function ξ (F, q, d ) is defined as

ξ (F, q, d ) = inf{Cq(|ψ〉)| f�+ (|ψ〉) = F, rank(ρψ ) � d},
(B2)

where rank(ρψ ) denotes the rank of the density operator ρψ =
|ψ〉〈ψ |.

The q-concurrence of the pure state |ψ〉 = ∑d
i=1

√
λi|aibi〉

is given in terms of the Schmidt coefficients by

Cq(|ψ〉) = 1 − Tr
(
ρ

q
A

) = 1 −
d∑

i=1

λ
q
i . (B3)

In order to evaluate f�+ (|ψ〉), we decompose |ψ〉 into its
Schmidt decomposition as |ψ〉 = ∑d

i=1

√
λi|aibi〉 = (UA ⊗

UB)
∑d

i=1

√
λi|ii〉. From a straightforward calculation, we

get f�+ (|ψ〉) = 1
d | ∑d

i=1

√
λivii|2 [26], where V = U T

A UB and
vi j = 〈i|V | j〉.

Obviously, the value of ξ (F, q, d ) for F ∈ (0, 1
d ] is

easily obtained by setting λ1 = 1, v11 = √
F , which yields

ξ (F, q, d ) = 0. For F ∈ ( 1
d , 1], by using the Lagrange

multipliers [24], one can minimize Eq. (B3) subject to the
constraints ∑

i

λi = 1, (B4)

∑
i

√
λi =

√
Fd, (B5)

with Fd � 1. And then, the condition for an extremum is
given by

(
√

λi )
2q−1 + μ1

√
λi + μ2 = 0, (B6)

where μ1 and μ2 denote the Lagrange multipliers. It is
evident that f (

√
λi ) = (

√
λi )2q−1 is a convex function

of
√

λi for q � 2. Since a convex and a linear function
cross each other in at most two points, this equation has
maximally two possible nonzero solutions for

√
λi. Let γ and

δ denote these two positive solutions. The Schmidt vectors

λ = {λ1, λ2, . . . , λd} have coefficients

λ j =
⎧⎨
⎩

γ 2, j = 1, . . . , n,

δ2, j = n + 1, . . . , n + m,

0, j = n + m + 1, . . . , d,

(B7)

where n + m � d and n � 1. The minimization problem has
been reduced into the following problem:

Given integers n, m, n + m � d,

min Cq(|ψ〉) (B8)

such that nγ 2 + mδ2 = 1,

nγ + mδ =
√

Fd, (B9)

where Cq(|ψ〉) = 1 − nγ 2q − mδ2q.
By solving Eq. (B9), we obtain

γ ±
nm(F ) = n

√
Fd ± √

nm(n + m − Fd )

n(n + m)
(B10)

and

δ±
nm(F ) =

√
Fd − nγ ±

nm

m

= m
√

Fd ∓ √
nm(n + m − Fd )

m(n + m)
. (B11)
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Since γ −
mn = δ+

nm, the function in Eq. (B8) has the same value
for γ +

nm and γ −
mn. Therefore, we only need to consider the

solutions of γnm := γ +
nm. Since γnm is a proper solution of

Eq. (B10), the quantity inside the square root has to be
non-negative, which implies that Fd � n + m. On the other
hand, δnm should be non-negative in Eq. (B11), which implies
that Fd � n. In this regime, one can verify that δnm(F ) �√

Fd/(n + m) � γnm(F ). Note that n = 0 is not defined.
Hence we have n � 1.

To find the minimum of Cq(|ψ〉) over all choices of n and
m, we can perform the minimization explicitly by regarding
n and m as continuous variables. It is completed by mini-
mizing Cq(|ψ〉) over the parallelogram defined by 1 � n �
Fd and Fd � n + m � d . Note that the parallelogram col-
lapses to a line when Fd = 1, i.e., the separability boundary.
Within the parallelogram, we have γnm � δnm � 0. γnm = δnm

iff n + m = Fd , while δnm = 0 iff n = Fd . We first calculate
the derivatives of γnm and δnm with respect to n and m by
differentiating the constraints (B9) as

∂γ

∂n
= 1

2n

2γ δ − γ 2

γ − δ
,

∂δ

∂n
= − 1

2m

γ 2

γ − δ
,

∂δ

∂m
= − 1

2m

2γ δ − γ 2

γ − δ
,

∂γ

∂m
= 1

2n

δ2

γ − δ
. (B12)

These can be used in Eq. (B8) to calculate the partial deriva-
tives of Cq(|ψ〉) with respect to n and m as

∂Cq

∂n
= (q − 1)γ 2q − qγ 2δ(γ 2q−2 − δ2q−2)

γ − δ
(B13)

and

∂Cq

∂m
= (q − 1)δ2q − qδ2γ (γ 2q−2 − δ2q−2)

γ − δ

� (q − 1)δ2q − qδ2γ (γ + δ) (B14)

� (q − 1)δ2q − 2qδ4 (B15)

� (q − 1 − 2q)δ4 (B16)

� 0, (B17)

where the inequality (B14) is confirmed because f (q) =
(γ 2q−2 − δ2q−2)/(γ − δ) is an increasing function of q, i.e.,

∂ f

∂q
= (2q − 2)(γ 2q−3 − δ2q−3)

γ − δ
� 0 (B18)

for q � 2 and γ � δ. The inequality (B15) holds for γ � δ.
The inequality (B16) is from ν(δ) = δ2q being a decreasing
function of q � 2. The inequality (B17) is obtained for 2q �
q − 1 with q � 2.

Now we introduce two parameters u = m − n and v =
m + n, which correspond to motions parallel and perpendic-
ular to the m + n = c (c is a constant) boundaries of the
parallelogram. The derivative of Cq(|ψ〉) with respect to u is

given by

∂Cq

∂u
= ∂Cq

∂n

∂n

∂u
+ ∂Cq

∂m

∂m

∂u

= 1

2
(q − 1)(δ2q − γ 2q)

−q(γ 2q−2 − δ2q−2)(δ2γ − γ 2δ)

2(γ − δ)

� 1

2
(q − 1)(δ2q − γ 2q) − q

2
(γ + δ)γ δ(δ − γ )

(B19)

� 1

2
(q − 1)(δ4 − γ 4) + q

2
(γ 2 − δ2)γ δ (B20)

� 1

2
[(δ4 − γ 4) + (γ 2 − δ2)γ δ] (B21)

� −1

2
[(γ 2 − δ2)(γ 2 + δ2 − 2γ δ)] (B22)

= −1

2
(γ + δ)(γ − δ)3 � 0, (B23)

where the inequality (B19) holds for Eq. (B18). The inequality
(B20) is from g = (δ2q − γ 2q) being a decreasing function of
q � 2, i.e.,

∂g

∂q
= 2q(δ2q−1 − γ 2q−1) � 0. (B24)

Let h = 1
2 (q − 1)(δ4 − γ 4) + 1

2 q(γ 2 − δ2)γ δ. We get

∂h

∂q
= −(γ 2 − δ2)(γ 2 + δ2 − γ δ)

2
� 0. (B25)

Thus h is a decreasing function of q � 2. The inequality (B21)
is achieved. The inequality (B22) holds for γ δ � 2γ δ.

From Eqs. (B17) and (B23), it is obvious that ∂Cq

∂m � 0

within the parallelogram and ∂Cq

∂u � 0 except on the bound-
ary m + n = Fd , where it is zero. These results imply that
the minimum of Cq(|ψ〉) occurs at the vertex of n = 1 and
m = d − 1. Thus we get the minimum of Cq(|ψ〉) as

Cq(|ψ〉) = 1 − γ
2q
1,d−1 − (d − 1)δ2q

1,d−1. (B26)

In this way, we derive an analytical expression of the function
ξ (F, q, d ) as

ξ (F, q, d ) = 1 − γ 2q − (d − 1)δ2q, (B27)

where γ and δ are defined as

γ = 1√
d

[
√

F +
√

(d − 1)(1 − F )],

δ = 1√
d

(√
F −

√
1 − F√
d − 1

)
. (B28)

Thus the q-concurrence for isotropic states Cq(ρF ) =
co(ξ (F, q, d )), and ξ (F, q, d ) has the form in Eq. (B27). This
completes the proof of Lemma 2.

052423-13



YANG, LUO, YANG, AND FEI PHYSICAL REVIEW A 103, 052423 (2021)

[1] C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa, A. Peres,
and W. K. Wootters, Teleporting an Unknown Quantum State
via Dual Classical and Einstein-Podolsky-Rosen Channels,
Phys. Rev. Lett. 70, 1895 (1993).

[2] C. H. Bennett and S. J. Wiesner, Communication Via One-
and Two-Particle Operators on Einstein-Podolsky-Rosen States,
Phys. Rev. Lett. 69, 2881 (1992).

[3] M. Hillery, V. Bužek, and A. Berthiaume, Quantum secret shar-
ing, Phys. Rev. A 59, 1829 (1999).

[4] N. Gisin, G. Ribordy, W. Tittel, and H. Zbinden, Quantum
cryptography, Rev. Mod. Phys. 74, 145 (2002).

[5] A. Peres, Separability Criterion for Density Matrices, Phys.
Rev. Lett. 77, 1413 (1996).

[6] M. Horodecki, P. Horodecki, and R. Horodecki, Separability of
mixed states: necessary and sufficient conditions, Phys. Lett. A
223, 1 (1996).

[7] M. Horodecki and P. Horodecki, Reduction criterion of separa-
bility and limits for a class of distillation protocols, Phys. Rev.
A 59, 4206 (1999).

[8] O. Rudolph, Further results on the cross norm criterion for
separability, Quantum Inf. Process. 4, 219 (2005).

[9] K. Chen and L. A. Wu, A matrix realignment method for rec-
ognizing entanglement, Quantum Info. Comput. 3, 193 (2003).

[10] R. Horodecki, P. Horodecki, M. Horodecki, and K. Horodecki,
Quantum entanglement, Rev. Mod. Phys. 81, 865 (2009).

[11] V. Vedral and M. B. Plenio, Entanglement measures and purifi-
cation procedures, Phys. Rev. A 57, 1619 (1998).

[12] V. Vedral, M. B. Plenio, M. A. Rippin, and P. L. Knight, Quan-
tifying Entanglement, Phys. Rev. Lett. 78, 2275 (1997).

[13] S. Hill and W. K. Wootters, Entanglement of a Pair of Quantum
Bits, Phys. Rev. Lett. 78, 5022 (1997).

[14] P. Rungta, V. Buzek, C. M. Caves, M. Hillery, and G. J. Milburn,
Universal state inversion and concurrence in arbitrary dimen-
sions, Phys. Rev. A 64, 042315 (2001).

[15] W. K. Wootters, Entanglement of Formation of an Arbitrary
State of Two Qubits, Phys. Rev. Lett. 80, 2245 (1998).

[16] C. H. Bennett, D. P. DiVincenzo, J. A. Smolin, and W. K.
Wootters, Mixed-state entanglement and quantum error correc-
tion, Phys. Rev. A 54, 3824 (1996).

[17] M. Horodecki, Entanglement measures, Quantum Info.
Comput. 1, 3 (2001).

[18] K. Zyczkowski, P. Horodecki, A. Sanpera, and M. Lewenstein,
Volume of the set of separable states, Phys. Rev. A 58, 883
(1998).

[19] G. Vidal and R. F. Werner, Computable measure of entangle-
ment, Phys. Rev. A 65, 032314 (2002).

[20] J. S. Kim, Tsallis entropy and entanglement constraints in mul-
tiqubit systems, Phys. Rev. A 81, 062328 (2010).

[21] G. Gour, S. Bandyopadhyay, and B. C. Sanders, Dual
monogamy inequality for entanglement, J. Math. Phys. 48,
012108 (2007).

[22] J. S. Kim and B. C. Sanders, Monogamy of multi-qubit entan-
glement using Rényi entropy, J. Phys. A 43, 445305 (2010).

[23] S. Lee, D. P. Chi, S. D. Oh, and J. Kim, Convex-roof extended
negativity as an entanglement measure for bipartite quantum
systems, Phys. Rev. A 68, 062304 (2003).

[24] P. Rungta and C. M. Caves, Concurrence-based entangle-
ment measures for isotropic states, Phys. Rev. A 67, 012307
(2003).

[25] K. G. H. Vollbrecht and R. F. Werner, Entanglement measures
under symmetry, Phys. Rev. A 64, 062307 (2001).

[26] B. M. Terhal and K. G. H. Vollbrecht, Entanglement of Forma-
tion for Isotropic States, Phys. Rev. Lett. 85, 2625 (2000).

[27] L. E. Buchholz, T. Moroder, and O. Gühne, Evaluating the
geometric measure of multiparticle entanglement, Ann. Phys.
(NY) 528, 278 (2016).

[28] K. Chen, S. Albeverio, and S. M. Fei, Entanglement of Forma-
tion of Bipartite Quantum States, Phys. Rev. Lett. 95, 210501
(2005).

[29] K. Chen, A. Sergio, and S. M. Fei, Concurrence of Arbitrary
Dimensional Bipartite Quantum States, Phys. Rev. Lett. 95,
040504 (2005).

[30] L. G. Liu, C. L. Tian, P. X. Chen, and N. C. Yuan, A lower
bound on concurrence, Chin. Phys. Lett. 26, 060306 (2009).

[31] M. Li, J. Wang, S. Q. Shen, Z. H. Chen, and S. M. Fei, Detection
and measure of genuine tripartite entanglement with partial
transposition and realignment of density matrices, Sci. Rep. 7,
17274 (2018).

[32] N. Linden, S. Popescu, and J. A. Smolin, Entanglement of
Superpositions, Phys. Rev. Lett. 97, 100502 (2006).

[33] G. Gour, Reexamination of entanglement of superpositions,
Phys. Rev. A 76, 052320 (2007).

[34] K. H. Ma, C. S. Yua, and H. S. Song, A tight bound on negativity
of superpositions, Eur. Phys. J. D 59, 317 (2010).

[35] S. J. Akhtarshenas, Concurrence of superpositions of many
states, Phys. Rev. A 83, 042306 (2011).

[36] C. S. Yu, X. X. Yi, and H. S. Song, Concurrence of superposi-
tions, Phys. Rev. A 75, 022332 (2007).

[37] W. Song, N. L. Liu, and Z. B. Chen, Bounds on the multipar-
tite entanglement of superpositions, Phys. Rev. A 76, 054303
(2007).

[38] Y. Xiang, S. J. Xiong, and F. Y. Hong, The bound of entan-
glement of superpositions with more than two components,
Eur. Phys. J. D 47, 257 (2008).

[39] Y. C. Ou and H. Fan, Bounds on negativity of superpositions,
Phys. Rev. A 76, 022320 (2007).

[40] Z. H. Ma, Z. H. Chen, and S. M. Fei, Genuine multipartite en-
tanglement of superpositions, Phys. Rev. A 90, 032307 (2014).

[41] R. Lohmayer, A. Osterloh, J. Siewert, and A. Uhlmann,
Entangled Three-Qubit States without Concurrence and Three-
Tangle, Phys. Rev. Lett. 97, 260502 (2006).

[42] A. Osterloh, J. Siewert, and A. Uhlmann, Tangles of superposi-
tions and the convex-roof extension, Phys. Rev. A 77, 032310
(2008).

[43] C. Eltschka, A. Osterloh, J. Siewert, and A. Uhlmann, Three-
tangle for mixtures of generalized GHZ and generalized W
states, New J. Phys. 10, 043014 (2007).

[44] G. Gour and B. C. Sanders, Remote Preparation and Distribu-
tion of Bipartite Entangled States, Phys. Rev. Lett. 93, 260501
(2004).

[45] C. Tsallis, Possible generalization of Boltzmann-Gibbs statis-
tics, J. Stat. Phys. 52, 479 (1988).

[46] P. T. Landsberg and V. Vedral, Distributions and channel capac-
ities in generalized statistical mechanics, Phys. Lett. A 247, 211
(1998).

[47] S. Abe and Y. Okamoto, Nonextensive Statistical Mechanics and
Its Applications, Lecture Notes in Physics Vol. 560 (Springer,
New York, 2001).

052423-14

https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1103/PhysRevLett.69.2881
https://doi.org/10.1103/PhysRevA.59.1829
https://doi.org/10.1103/RevModPhys.74.145
https://doi.org/10.1103/PhysRevLett.77.1413
https://doi.org/10.1016/S0375-9601(96)00706-2
https://doi.org/10.1103/PhysRevA.59.4206
https://doi.org/10.1007/s11128-005-5664-1
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/PhysRevA.57.1619
https://doi.org/10.1103/PhysRevLett.78.2275
https://doi.org/10.1103/PhysRevLett.78.5022
https://doi.org/10.1103/PhysRevA.64.042315
https://doi.org/10.1103/PhysRevLett.80.2245
https://doi.org/10.1103/PhysRevA.54.3824
https://doi.org/10.1103/PhysRevA.58.883
https://doi.org/10.1103/PhysRevA.65.032314
https://doi.org/10.1103/PhysRevA.81.062328
https://doi.org/10.1063/1.2435088
https://doi.org/10.1088/1751-8113/43/44/445305
https://doi.org/10.1103/PhysRevA.68.062304
https://doi.org/10.1103/PhysRevA.67.012307
https://doi.org/10.1103/PhysRevA.64.062307
https://doi.org/10.1103/PhysRevLett.85.2625
https://doi.org/10.1002/andp.201500293
https://doi.org/10.1103/PhysRevLett.95.210501
https://doi.org/10.1103/PhysRevLett.95.040504
https://doi.org/10.1088/0256-307X/26/6/060306
https://doi.org/10.1038/s41598-017-17585-7
https://doi.org/10.1103/PhysRevLett.97.100502
https://doi.org/10.1103/PhysRevA.76.052320
https://doi.org/10.1140/epjd/e2010-00150-4
https://doi.org/10.1103/PhysRevA.83.042306
https://doi.org/10.1103/PhysRevA.75.022332
https://doi.org/10.1103/PhysRevA.76.054303
https://doi.org/10.1140/epjd/e2008-00022-6
https://doi.org/10.1103/PhysRevA.76.022320
https://doi.org/10.1103/PhysRevA.90.032307
https://doi.org/10.1103/PhysRevLett.97.260502
https://doi.org/10.1103/PhysRevA.77.032310
https://doi.org/10.1088/1367-2630/10/4/043014
https://doi.org/10.1103/PhysRevLett.93.260501
https://doi.org/10.1007/BF01016429
https://doi.org/10.1016/S0375-9601(98)00500-3


PARAMETRIZED ENTANGLEMENT MONOTONE PHYSICAL REVIEW A 103, 052423 (2021)

[48] S. Abe and A. K. Rajagopal, Nonadditive conditional entropy
and its significance for local realism, Physica A 289, 157
(2001).

[49] C. Tsallis, S. Lloyd, and M. Baranger, Peres criterion for sepa-
rability through nonextensive entropy, Phys. Rev. A 63, 042104
(2001).

[50] R. Rossignoli and N. Canosa, Generalized entropic criterion for
separability, Phys. Rev. A 66, 042306 (2002).

[51] A. K. Rajagopal and R. W. Rendell, Classical statistics inher-
ent in a quantum density matrix, Phys. Rev. A 72, 022322
(2005).

[52] R. Bhatia, Matrix Analysis (Springer-Verlag, New York,
1997).

[53] S. Popescu and D. Rohrlich, Thermodynamics and the measure
of entanglement, Phys. Rev. A 56, R3319(R) (1997).

[54] G. Vidal and R. Tarrach, Robustness of entanglement, Phys.
Rev. A 59, 141 (1999).

[55] G. Vidal, Entanglement monotones, J. Mod. Opt. 47, 355
(2000).

[56] E. Lutz, Anomalous diffusion and Tsallis statistics in an optical
lattice, Phys. Rev. A 67, 051402(R) (2003).

[57] P. Douglas, S. Bergamini, and F. Renzoni, Tunable Tsallis Dis-
tributions in Dissipative Optical Lattices, Phys. Rev. Lett. 96,
110601 (2006).

[58] R. M. Pickup, R. Cywinski, C. Pappas, B. Farago, and P.
Fouquet, Generalized Spin-Glass Relaxation, Phys. Rev. Lett.
102, 097202 (2009).

[59] R. Devoe, Power-Law Distributions for a Trapped Ion Interact-
ing with a Classical Buffer Gas, Phys. Rev. Lett. 102, 063001
(2009).

[60] O. Rudolph, Computable cross-norm criterion for separability,
Lett. Math. Phys. 70, 57 (2004).

[61] Y. X. Wang, L. Z. Mu, V. Vedral, and H. Fan, Entanglement
Rényi α entropy, Phys. Rev. A 93, 022324 (2016).

[62] K. Audenaert, Subadditivity of q-entropies for q > 1, J. Math.
Phys. 48, 083507 (2007).

[63] H. Araki and E. H. Lieb, Entropy inequalities, Commun. Math.
Phys. 18, 160 (1970).

[64] A. E. Rastegin, Some general properties of unified entropies, J.
Stat. Phys. 143, 1120 (2011).

[65] P. Lancaster and M. Tismenetsky, The Theory of Matrices (Aca-
demic, Orlando, FL, 1985).

[66] S. J. Kim, Tsallis entropy and general polygamy of multiparty
quantum entanglement in arbitrary dimensions, Phys. Rev. A
94, 062338 (2016).

[67] K. K. Manne and C. M. Caves, Entanglement of formation of
rotationally symmetric states, Quantum Info. Comput. 8, 295
(2008).

052423-15

https://doi.org/10.1016/S0378-4371(00)00476-3
https://doi.org/10.1103/PhysRevA.63.042104
https://doi.org/10.1103/PhysRevA.66.042306
https://doi.org/10.1103/PhysRevA.72.022322
https://doi.org/10.1103/PhysRevA.56.R3319
https://doi.org/10.1103/PhysRevA.59.141
https://doi.org/10.1080/09500340008244048
https://doi.org/10.1103/PhysRevA.67.051402
https://doi.org/10.1103/PhysRevLett.96.110601
https://doi.org/10.1103/PhysRevLett.102.097202
https://doi.org/10.1103/PhysRevLett.102.063001
https://doi.org/10.1007/s11005-004-0767-7
https://doi.org/10.1103/PhysRevA.93.022324
https://doi.org/10.1063/1.2771542
https://doi.org/10.1007/BF01646092
https://doi.org/10.1007/s10955-011-0231-x
https://doi.org/10.1103/PhysRevA.94.062338

