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Abstract: The monogamy property of entanglement is an intriguing feature of multipartite quantum
entanglement. Most entanglement measures satisfying the monogamy inequality have turned out to
be convex. Whether nonconvex entanglement measures obey the monogamy inequalities remains
less known at present. As a well-known measure of entanglement, the logarithmic negativity is
not convex. We elucidate the constraints of multi-qubit entanglement based on the logarithmic
convex-roof extended negativity (LCREN) and the logarithmic convex-roof extended negativity of
assistance (LCRENo0A). Using the Hamming weight derived from the binary vector associated with
the distribution of subsystems, we establish monogamy inequalities for multi-qubit entanglement in
terms of the ath-power (¢ > 4In2) of LCREN, and polygamy inequalities utilizing the ath-power
(0 < &« < 2) of LCRENOA. We demonstrate that these inequalities give rise to tighter constraints than
the existing ones. Furthermore, our monogamy inequalities are shown to remain valid for the high-
dimensional states that violate the CKW monogamy inequality. Detailed examples are presented to
illustrate the effectiveness of our results in characterizing the multipartite entanglement distributions.

Keywords: monogamy; polygamy; LCREN; LCRENoA

1. Introduction

Quantum entanglement is vital in quantum mechanics, offering profound insights
into the essence of quantum correlations and serving pivotal functions in quantum infor-
mation processing. As the key resource in quantum tasks, quantum entanglement has been
used in many quantum communication protocols such as superdense coding [1], quantum
cryptography [2], quantum teleportation [3] and remote-state preparation [4]. One remark-
able feature of quantum entanglement, setting it apart from classical correlations, is its
inherent limitation in being shared among multipartite quantum systems, referred to as the
monogamy of entanglement (MoE) [5,6]. MoE’s restrictions on the information accessible
to potential eavesdroppers regarding secret key extraction play a pivotal role in the security
of many information-theoretic protocols such as quantum key distribution [7-9]. MoE has
been widely used in many areas of physics such as condensed-matter physics [10] and even
black-hole physics [11]. MoE may also help to investigate the efficiency of entanglement
used in quantum cryptography and in characterizations of the entanglement distributions.

Coffman, Kundu and Wootters (CKW) firstly characterized the monogamy of entan-
glement for three-qubit states p opc,

T(PA\BC) > T(PA\B) + T(PA\C>/ 1)

where pap = trc(papc) and pac = trg(papc) are the reduced density matrices by tracing
over the subsystem C and B, respectively, with trp (trc) denoting the partial trace with
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respect to the subsystem B (C). T(p Al BC) is the tangle of p4pc between subsystems A
and BC, and T(pA|B) (t (pA‘C)) is the tangle between A and B (A and C) [12]. The CKW
inequality illustrates the incompatibility of the two-qubit entanglement between T (p Al B)

and T (p A|C> . Thus, the sum of the entanglement of the two-qubit systems cannot surpass

the collective entanglement between A and BC. The CKW inequality was expanded to
encompass different measures of bipartite entanglement, enabling its extension to multi-
qubit systems [13] and higher-dimensional quantum systems [14-17].

The entanglement of assistance, as a complementary quantity to bipartite entangle-
ment, holds immense significance too. It notably displays a dualistic monogamous nature
within multi-qubit quantum systems and gives rise to polygamous relationships. Whereas
MOoE inequalities provide upper bounds on the shareability of entanglement among quan-
tum subsystems, the authors in Ref. [18] prove that this bound also acts as a lower bound
(conjectured in Ref. [19]) for the distribution of entanglement, the entanglement of assis-
tance, to a target pair of A and B [20-22]. This distribution of entanglement is established
by performing collective operations on the rest of the subsystems so as to maximize the
shared entanglement between A and B. The duality of entanglement shareability versus
entanglement of assistance is evident in that the upper bound for the former is the lower
bound for the latter. For a three-qubit state p 4pc, the polygamy inequality is defined by

T (pA|BC) <t (PA|B) +1° (PA\C)/

where ¥ (p Al BC) is the tangle of assistance [18,19]. The polygamy inequality was extended

to encompass multi-qubit systems and certain classes of higher-dimensional quantum
systems by using diverse entropic entanglement measures [16,23-26].

Lately, there have been noteworthy discussions on monogamy and polygamy inequal-
ities based on the ath-power of entanglement measures [27-29]. In Ref. [30], Kim derived
strict monogamy inequalities by using the Hamming weight. This approach effectively
captures the entangled nature of quantum states and offers a novel study of monogamy.
Subsequently, comprehensive sets of inequalities associated with the Hamming weight of
entanglement measures have been introduced [31,32].

It is generally acknowledged that monogamy inequalities are consistently fulfilled
by entanglement measures exhibiting convexity. The question of whether a nonconvex
measure of entanglement abides by the monogamy inequality remains less known presently.
The nonconvex nature of the logarithmic negativity is surprising, as it is generally con-
sidered that convexity describes the local physical process of losing information [33,34].
However, it should be noted that the convexity is primarily a mathematical requirement for
entanglement monotones and does not necessarily describe a physical process that involves
the loss of information about a quantum system [34]. Indeed, it is the combination of concav-
ity and the monotonicity of the logarithm that allows for the proof of the nonincreasing of
the logarithmic negativity under positive partial transpose (PPT)-preserving operations [34].
In addition, the logarithmic negativity, which possesses an operational interpretation, is an
entanglement monotone under both general local operations and classical communication
(LOCC) [35]. The measure is the upper bound on distillable entanglement [34,35] and is
related to the entanglement cost under PPT-preserving operations [35]. Therefore, comple-
mentary to those of the convex measures of entanglement, the monogamy of logarithmic
negativity is a key issue in the theory of quantum entanglement.

In this paper, we offer a more detailed characterization of multi-qubit entanglement by
using these nonconvex entanglement measures. Our research reveals that the monogamy
and polygamy inequalities we present are upheld in a tighter way compared to those
elucidated in Ref. [36]. Additionally, the newly proposed monogamy inequalities are
shown to be more effective in addressing counterexamples raised by the CKW monogamy
inequality in higher-dimensional systems.
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2. Preliminaries

Let us first review the conceptions of LCREN and LCRENOA, as well as the monogamy
and polygamy inequalities associated with them in multi-qubit systems. For a quantum
state p4p on Hilbert space H 4 ® Hp, the negativity N (p4p) is defined as [33,34,37]

N(pap) = lokslh — 1,

where pﬁ% denotes the partial transpose of p 4p with respect to the subsystem A, and the

trace norm || X||; of any X is defined by || X||; = trv/XX*. The logarithmic negativity is
defined as [33,34],

Ex(pap) = log, oyl = logy [N (pap) + 1.

This measure serves as an entanglement monotone under both general local operation and
classical communication (LOCC), as well as positive partial transpose (PPT)-preserving
operations. It is also additive in nature but lacks convexity [34].

The convex-roof extended negativity (CREN) of a bipartite state p op is defined by [38],

Npag) = min Y pN (o) ap),
{Pelor)as} %

and the CREN of assistance (CRENoA) is defined by [14],

Na(pag) = max Y pN(|gx)ap),
{rrlor)aB}

where the minimum and maximum are taken over all possible pure-state decompositions of
A8 = Yk Prl@k) ap{@k| with py > 0, and ¥ py = 1. By definition, both CREN and CRENoA
k

of a pure state are equal to the negativity.
For any bipartite state p 45, the LCREN is defined by

Ex(pap) = logy [N (pap) +1]. )

LCREN is a bona fide measure of entanglement. It exhibits both a nonincrease under
LOCC and an average nonincrease under LOCC, which can be attributed to CREN’s entan-
glement monotonicity, logarithmic monotonicity and logarithm concavity. Nonetheless,
similar to the logarithmic negativity, LCREN lacks convexity.

For any (N + 1)-qubit state p4p,...5,_,, @ monogamy inequality has been presented in
Ref. [36] fora > 4In2,

N-1
ESr(0aiBy-By 1) = Z(;) Ef-(paB,)s (©)
1=
where Ez(p4|B,...By_,) is the LCREN of pp,...5y—1 With respect to the bipartition A and
By---Bn-1, and Ej(pap) is the LCREN of the reduced density matrix pap;,
i=0---,N—-1
Similar to LCREN, the LCRENDOA is defined by

Ex (pa) = 10g,[Na(pap) + 1]. @)

For 0 < o <2, we obtain the polygamy inequality [36],

E”"NH(PA\BOWBN . 2 E% PA|B 5)
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where E7 (04|p,--y_,) is the LCRENOA of p4p,...5y—1 with respect to the bipartition A
and By - - - Bn_1, and Eﬁa (p Al p;) is the LCRENOA of the reduced density matrices p4p,,
i=0--,N—-1

The tighter monogamy relations give rise to a more refined characterization of the
entanglement distributions among the quantum systems, and significant applications such
as in the security of quantum cryptographic protocols based on entanglement by limiting
eavesdropper correlations with the honest parties. Therefore, new tighter monogamy
relations of entanglement provide better understanding and applications of quantum entan-
glement. In the forthcoming sections, we present improvements to the above inequalities,
achieving significantly tighter constraints on multi-qubit entanglement distribution under
specific conditions.

3. Tighter Monogamy Inequalities of Multi-Qubit LCREN

We first present a series of notations and definitions to assist in understanding the
subsequent discussion. For any nonnegative integer j with binary expansion j = Zf\i 61 ji2',
where log, j < Nand j; € {0,1} fori =0,---,N — 1, one defines a unique binary vector

— =
associated with j, j = (jo, j1, -+ ,jN—1)- The Hamming weight wH< j ) of the binary

vector 7) is defined as the number of 1s in its coordinates [39]. Moreover, the Hamming
weight wy (7)) is bounded above by log, j,
wn(7) <logyj < (6)
We also require the subsequent lemma, which can be easily verified.

Lemma 1. For 0 < x < 1 and nonnegative real number «, we have

(1+x)">1+ax" 7)
fora >1,and

(14+x)" <1+ax" (8)
foro<a <1

In the subsequent discussion, we present a new class of monogamy relations in terms
of the ath-power of LCREN by incorporating the concept of Hamming weight.

Theorem 1. For any (N + 1)-qubit state p s, . we have

BN-17

N >wH(7>

[Exr(0aiBopy..By )" > Y (m

[Exr(0a))" ©)
=0

whereax > 41n2, 7 = (Jo,- -+ , jN—1) is the vector from the binary representation of j, and wyy (7)

is the Hamming weight of ?

N-1
Proof. From inequality (3), one has E%HZ(PA\B@-»BN,J > ¥ Ej‘T}nz(pABi). Thus, it is
i=0
sufficient to show that
N-1 iz N-1 ;
Ivé wn ()
L[(;) E%nZ(pij)] > ];) (m) [Exr(0ais)]"- (10)
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We can assume, without loss of generality, that the qubit subsystems By, ..., By_1 are
appropriately labeled such that

E%HZ(PAmj) 2 Ei“}nz(PmB,»H) >0 (11)

forj=0,1,...,N—2.
Initially, we demonstrate the validity of inequality (10) for the case of N = 2". For
n = 1, we obtain

. EX2(0a18,)\ 55
B oaim) + ER > oam)1 75 = [Expoan)I*(1+ ghia, 5) ™ (1)
]\7 A‘BO
Combining (7) and (11), we have
E%HZ(PA\BJ Tin2 « ([ Ex(pas,) ’
(1+ Zm——) " 21 s | 2 . (13)
EXM2(04]5,) n (PalB,)

From (12) and (13), we obtain

n n I ® “ N
(X" (0arm) + B (o )17 2 (Ex(paing)I* + g5 Ex (a1

Therefore, inequality (10) holds for n = 1.

Assuming the validity of inequality (10) for N = 2"~! (where n > 2), we now proceed
to prove its applicability to the case of N = 2". For an (N + 1)-qubit state p 4,3, with
its two-qubit reduced density matrices p4p, with j =0,---, N —1, we have

N-1 41?12 on—1_1q 41';2 22” nl ) EQDZ(()IMB) ﬁ
( Z N ( A‘B]) ];O N ( A‘B]) Z211 1_1 E4lnz(pA‘B]_)

j=0

"BN,1

Inequality (11) implies that

)

<.

<

o< Z]g i Eﬁnz(PA\B-

n—1_
ZZ 1E4ln2(PA|Bj

Thus, Equation (14) and inequality (7) lead to

N—1 il Tinz 211 41 iz N 21 s Tinz
n n n
L (eam) | 2 (D TEean) |+ g | Dia EY N ean) |
According to the induction hypothesis, we obtain

211 141n2 i 11/ a \@n() .
Yo ENReam) | =X (5m)  Exleam)l®

By relabeling the subsystems, the induction hypothesis leads to

2"—1  4In2 e 21 a \wn(D-1 «
Y B oas) | 2 (i) [Exloas))

Therefore, we have

o

4In2 -
2"—1 ~41n?2 2" —1 ® wp () "
(2, o EL <pAB].>> > () Exleap)I
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Considering the existence of a positive integer N satisfying the condition 0 < N <
2". Let us now contemplate a pure state consisting of (2" + 1) qubits, I’ AByBy..Byn_, =
PAByB;..By_1 @ UBy..By_,; the state can be precisely expressed as the tensor product of
PABB;...By_, @0d OBy By. ,..By ,, Where o g, . B, , represents an arbitrary (2" — N)-
qubit state. We have

41n2 « w1/ a \wu()
[EX (T a|ByBy...By )] T2 2 ijo (4ln2> [Exr(Tajp,)l*

where T’ AlB; denotes the two-qubit reduced density matrix derived from I'spg,.. By ,/
j=0,1,...,2" — 1. Therefore,

& &

(B (0 A5y .y )] =[BT Aoy . ,)] 72

n— wp (f) .

?:01 (411);12) [Ex(Tajs,)]

- wi(j) .
=205 (qma) [Exleais))®

where T A|ByB,.. denotes the state under bipartition ABy...By_1 and By ...Byi_q,

.an,l

Eﬁ<rA|BoB1“'an71) = Ex (pA\BoBl“'BN—l)’ Ex (FA\B]') =0forj =N, --,2" -1, and
FA‘B], = 0B, foreachj =0, ---,N — 1, which completes the proof. [

-
Remark 1. Since (41 5)HT) > 1 for any « > 41n2, for any (N + 1)-qubit state p Ap,p,..By_;,
we can express it using the following relation,

N-1 o “-’H(D
[Ex7(0a|ByBy...By )" = ijo (m) [Exr(oas)]* = 2 EN pas)]"
Therefore, our inequality (9) in Theorem 1 is always tighter than the inequality (3) in Ref. [36].

Example 1. In the generalized Schmidt decomposition, the three-qubit state |p) apc can be ex-
pressed as [38,40],

|p) aBc = A0|000) + A1€?[100) + A5|101) 4 A3|110) + A4111), (15)

4 —
where \; > 0,i=0,1,--- ,4,and ¥, A> = 1. One obtains N(oape) = 2A0y/ A3 + A5+ A3,
i=0

N(pf”B) = 2ApAp and N(pA\C) = 2MApA3. Setting Ag = A3 = Ay = 1/+/5, Ay = V/2/5
and Ay = 0, we have N(PA|BC) = 4/5, N(pAu;) = 2v/2/5 and /V(pA|C) = 2/5. Using
relation (2) we have Ex(pajpc) = log, %, Es(oajp) = log,(2v/2/5 + 1) and Exs(oaic) =
log, £. Thus, [Exr(pajpc)]* = (log,(2v2/5 + 1)) + 45 (log, L)% from our result (9),

and [Exz(pajpc)]® = (log,(2v2/5 4 1))* + (log, )® from the result (3) given in Ref. [36].
One can see our inequality (9) is tighter than the result (3) in Ref. [36] for « > 41n 2, see Figure 1.

Inequality (9) can be further enhanced under specific circumstances, resulting in a
significantly tightened form.

Theorem 2. For & > 4In2, any (N + 1)-qubit state p s, . B,, , satisfies

Exr0aon. o) = L' (g ) Ex (o)) (16)

1 N—
E%HZ(PA\B) > Z] i E41n2(PA\Bj)
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fori=0,1,...,N—2.

07

7""""""""""""""""Ll
3.0 3.5 4.0 4.5 5.0 55 6.0

Figure 1. The red line is the exact values of Egz(p 4|pc)- The green and blue lines represent the lower
bounds from our result (9) and the result (3) in [36], respectively.

Proof. From inequality (3), we only need to prove
N-1 Tz N-1 .
4In2 o N/
[E) &4 “””1 > ¥ (sig) Ewloan)I" a7)

Here, we employ mathematical induction on N. It becomes evident that inequality (17)
is valid for N = 2, as derived from (9), assuming its validity for all positive integers smaller

L B eas)
than N. Since ——;5——L < 1, we have
ES (0B,

_ & N— 1 41n2 Tn
[NilEﬁ“z(pAw )] - E'i‘v(PAB)<1+Z iy (pA|Bf)>4 i
fr ! N Eﬂnz(PAwo)

N— 1 41n2 Tinz
« (Lt B (oas)
> B (o) |1+ ( :
N A\PA[By 41n?2 Ejivlnz(p 5)
N-1 iz
In
= ES(oap,) + in 2(2 EY Z(PAB]-)>
N-1
>

« ad & j—1lra
Y eam) + iz & g Exlean)

= T () B )

where the first inequality stems from Lemma 1, and the subsequent inequality relies on the
induction hypothesis. [

Remark 2. According to (6), for any « > 41In2 one has

[Exr(PA|By...Bx 1) Z (41n2) ( N(pA\Bj>)a

> % ()" Etonn)I"

-
L oo

Z
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Hence, within specific conditions, the inequality (16) derived from Theorem 2 exhibits as being
tighter compared to the inequality (9) established in Theorem 1.

Example 2. Let us consider the four-qubit entangled decoherence-free state [41], |®) = a|¥) +
b|¥1), where [¥;) are logic basis states given by

1
|Yo)aBcD = E(\01> —[10)) ap(|01) — [10))cp,
1
b4 = 211100) 4+ 2|0011) — |1010) — |1001
|'¥1) ABCD 2\@“ ) +2[0011) — [1010) — [1001)
—|0101) — [0110)) apcp- (18)

When a = b = =, we have N (@) apcp) = L N(pajp) = 0.9107, N (p4c) = 0.3333

and N(pA“j) = 0.244. Using relation (2), we have Exz(papcp) = 1, Exe(pajp) = 0.934101,
Exr(pajc) = 0415001 and Exp(pp) = 0.314986. Thus, [Ex(pascp)]® > (0.934101)% +
115 (0.415001) + (515 )2(0.314986) from inequality (16), and [Exr(pajpep)]” = (0.934101)% +
115 (0.415001)% + 15 (0.314986)" from inequality (9). One can see that inequality (16) is better
than inequality (9) for « > 41n2, see Figure 2.

09

0.8+

3.0 3.5 4.0 4.5 5.0 55 6.0

a

Figure 2. The red thin and green dotted lines depict the lower bounds from Equations (16) and (9),
respectively.

We can also use the different examples to show that inequality (16) is better than
inequality (9) for & > 4In2.

Example 3. Let us consider the 4-qubit generalized W-class state,

[W)acp = A1]1000) + A,|0100)
+ A3]0010) + A4]0001), (19)

where Y_; A2 = 1. We have N(pA‘B) = 2\ A, ﬁ(p/ﬂc) = 2\ A3 and ﬁ(pA‘D) = 20 Ay4.
Taking Ay = 3, Ay = 72, A3 = % and Ay = %, we obtain ﬁ(pA‘B) = %, ﬁ(pfnc) =3
and N(pA‘D) = 3. Using relation (2), we have Exr(pap) = 1.043, Exr(pa)c) = 0.459 and
Exr(paip) = 0459. Thus, [Exp(pajpcp)]® > (1.043) + 715 (0.459)% + (1f5)2(0.459) from
inequality (16), and [Exz(0ajpcp)]”* = (1.043)% + 4715 (0.459)" + z755 (0.459)% from inequal-
ity (9). One can see that inequality (16) is better than inequality (9) for « > 41n2, see Figure 3.
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136
1.35}

134}

1.33F

132}

L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 a
3.0 3.5 4.0 4.5 5.0 5.5 6.0

Figure 3. The red and green lines depict the lower bounds from Equations (16) and (9), respectively.

The conditions (17) are not universally fulfilled; we derive the subsequent monogamy
inequality under alternate circumstances.

Theorem 3. For & > 4In2, any (N + 1)-qubit state p s, . p,, , satisfies

¢ ) N-2
Exr(pas,. by )" > ];)<4f‘nz>fwﬁ<p”j>1“+<41‘;‘12>f+2j_;+1[%<p“j>1“
+(515)" g Pam I 0)

on the condition that E%“z(pA‘Bi) > E;‘A\}nz(pA|BM,,,BN71)fori =0,1,---,tand Ej‘T}nz(pMBj) <
E%“z(pA‘BMH_BNil)forj =t+1,--- , N-2,0<t<N-3N>3

Proof. From Theorem 1 for the case N = 2, we have

Ex(oapy.my ) > [Exloam))* + gug Exeam, )"
t .
> Jguf‘ﬂy Exr(pas)* + (gr5)  Eg (P aip .5y, e3)

Since E%fh‘z(pA‘B]_) < E%nz(PA\B]-HmBN,l) forj=t+1,---,N —2, using Theorem 1
again, we have

[Exr(PaiB+1..8y )" 2 JW[Eﬁ(pA‘BM)]“ + Ex(oapiz. )"
o N-2 . .
g 41nz<], L Exleas) ) + Exloas, )N @2)

Combining (21) and (22), we obtain inequality (20). [
Remark 3. From Theorem 3, szi/an(pMBi) > E%HZ(PA\BIIH‘-BN,J](OT allj=0,1,--- ,N =2,
one has

[Exr(0a|BoB;..By )" = 2]‘11;)1 (ﬁ)j[E/v(PmBj)]“-
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4. Tighter Polygamy Inequalities of Multi-Qubit LCRENoA
Here, we present refined polygamy inequalities by utilizing the ath-power of LCRENoA.

Theorem 4. For any (N + 1)-qubit state p s, p,,_,, we have
N-1 ;
ay @ ()
[Ex, (0apop iy < X (5) [Ex (oas)]", (23)
j=0
where 0 < a < 2, 7 = (jo,- -+ ,jN—1) is the vector from the binary representation of j,
and wy <7>> is the Hamming weight of j .
N-1
Proof. From inequality (5), one has E (p AlBo-By 1) < Ei7 (pas;)- Thus, it is suffi-
i=0 a
cient to show that
2 N-1 ;
a\wn ()
[Z E%. - (a8, ] <) (5) [Exz, (0418,)1"- (24)
j=0

Assuming no loss of generality, we label the qubit subsystems By, . .., By_1 in a manner
that preserves their intended order such that

5/2\7” (0ajp;) = E?vﬂ (0ajp;,,) 20 (25)
forj=0,1,...,N—-2.
Firstly, we demonstrate the validity of inequality (24) for the case of N = 2". Forn = 1,

we obtain

(PA|31)

E2.
(% (oaimy) + Ex (0aip)1? = [Exg (parm))* (1 22 o) (26)

Combining (8) and (25), we have
E2 (pajB,)\ § Ex ’
(1+ é\/a By )2 Sl+5 /\/R(PA|B1) . 27
Eﬁa (PA\BO) 2 E/T/ﬂ (PA|BO)
From (26) and (27), we obtain

[E% (pA|BO) +E% (PA\Bl)]% < [Exr (pap,)]* + g[Eﬁa (Pas,)]"

Therefore, inequality (24) holds for n = 1.

Taking into consideration that inequality (24) has already been established for the case
where N = 21 with n > 2, we now proceed to demonstrate its validity for the case of
N = 2" and we have

LA C ! : Zz w1 PAlB; :
(ZE (PAB>> - < ];J Ei”@(PA&')) (1+Zzn21 1p2 <(p::>)) - (29)

Because of the ordering of subsystems, inequality (25) implies




Entropy 2024, 26, 127 11 of 16

Thus, Equation (28) and inequality (8) lead to

N-1 7 % %
2 2n-1-1 o 4 2"-1 o
<]'Z(;) Em (PABJ) < (Zj_o Em (PABj)> + 2 <Zj_2nl Em (pA|Bj)> .

By the induction hypothesis, we obtain

&

n-1_ : n—1_ w ()
<Z]2‘_0 1Ei~/ﬂ(pAIB;)> 52?:0 1(%) ][EM(PAmj)]“-

Through the process of reassigning labels to the subsystems, the induction hypothesis
offers the following outcome,

3 :
21 g e\ wn(H-1
(ijnl E2, (pA|Bj>> <Y (5) [Exz, (papp,)]"

Thus, we have

5 :
M1 o on_1 s\ wn()
(Zj_o Em(PAIB;)> <Y (5) [Exz, (0418,)1"
Now, consider a (2" + 1)-qubit state T AByBy. By, = PAByBy..By 1 © UBy..Byn ;-
We have

2 a o1 oo\ wn(j)
[E/\N[a (T AByBy..By ]2 < ijo (E)

. «
[Exr, (Tap)]"
Therefore,

[EJZ\A/; (Pa|ByBy..By 1)]? :[5/2\7& (T AByBy...Byn )]

211 (zx)wH@ By (T )"

= Lj=0 \2
N-1 fa\wH() M
=Y (5) 7 [Eg oa))

where Eg; (FA\BOBl-uan,l) =Ey (PA|BOBl...BN,1), Ey (FA\B]-) =0forj=N,---,2" -1,
and FA|B], = PalB; foreachj=0,--:,N — 1, which completes the proof. [

-

Remark 4. Since (£)“n(1) <1 forany 0 < a <2, for any (N + 1)-qubit state p ap,p, .5y _,,
we have the following relation

wn(j) N—1

) —o [Ex7 (PA\Bj)}a‘

[Ex, (armos.sx ) < X (5) Ex (o)) <

Therefore, our inequality (23) in Theorem 4 is always tighter than inequality (5) in Ref. [36].

Example 4. Let us consider the 3-qubit generalized W state,
=
V3

We have /,\V/u(pA‘BC) =2v2/3, /f\vfa(pA‘B) =2/3and /,\V/'a(pA‘C) = 2/3. Using relation (4)
we have Ex; (0apc) = 108,(2v2/3 +1), Ez (pajp) = log, 3 and Exz (0aic) = log, 3-
Thus, [Em (pajpe)l® < (log, %)"‘ + 5 (log, %)”‘ from our result (23), and []5/7”7 (Pajpc)l® <
(log,(log, 3)* + (log, 3)* from the result (5) given in Ref. [36]. One can see that our result (23)
is better than the result (5) in Ref. [36] for 0 < a < 2, see Figure 4.

W) apc = (]100) 4 |010) + |001)).
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Figure 4. The red line is the exact value of E5; (p4pc)- The green line represents the upper bound
from our result (23). The blue line represents the upper bound from the result (5) in [36].

Just as the transition from inequality (9) to inequality (16), we can likewise enhance
the polygamy inequality in Theorem 4. The proof is similar to Theorem 2.

Theorem 5. For 0 < & < 2, any (N + 1)-qubit state p sp,..p,, , satisfies

[Exz, (04]BoBy...By )" < 2;151 (%)][E/T/a (0ai8,)1, (29)

if
N-1
E.%\\//’a (pA‘BZ) Z Z]:lJrl E%\V/a (pA‘B])
fori=0,1,...,N—2.

Remark 5. In fact, according to relation (6), for any 0 < o < 2, one has

N-1

Exeam. s < 2 (5) (i (o))
L
< () ey o

Therefore, inequality (29) in Theorem 6 is tighter than inequality (23) of Theorem 5 under
certain conditions.

Example 5. Let us consider the 4-qubit generalized W-class state again in Example 3. We have
Nﬂ(pA|B) = 2)\1)\2, Na(PA|C) = 2/\1/\3 and Na(pA\D) = 2}\1)\4. Taking )\1 = %, /\2 =
4, A3 = pand Ay = §, we obtain Na(oap) = 3?;*6/ Nalpac) = § and Na(pap) =
3. Using relation (4), we have Eﬁﬂ(pAlB) = 1.043, E/\N&,(PAIC) = 0.459 and Ej; (pap) =
0.459. Thus, [Exz (pajpcep)]® < (1.043)" + 5(0.459)" + (4)%(0.459)" from inequality (29),
and [Em (Pajep))® < (1.043)% + 5(0.459)" + 5(0.459)* from inequality (23). One can see that
inequality (29) is better than inequality (23) for 0 < a < 2, see Figure 5.
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Figure 5. The red and green lines depict the lower bounds from Equations (29) and (23), respectively.

By modifying the conditions stated in Theorem 5, we are able to present more compre-
hensive results.

Theorem 6. For 0 < & < 2, any (N + 1)-qubit state p ap,..p,_, satisfies
t oc X fin N-2
[Exz, (PA|By...By 1) Z E Ey PA\B N+ (E) * ‘;rl[ENH(PAw]—)]a
j=0 j=
+(§)t+1[EA~/ﬂ (PaBy_ 1%

on the condition that E2. (PA|B) > 2/\7 (PA|B 1By ) fori=10,1,-- tand E2. (PA\B ) <
E'/vﬂ(pA|Bj+l“'BN—1)for]_t+1 JN—-20<t<N-3NZ2=3

Remark 6. From Theorem 6, sz (pA|B = Ejzv (PA|B.y--By ) forallj =0,1,--- ,N -2,
we have

B (s 1 < Tt (5 g (oarm))*

5. Conclusions and Discussions

Monogamy and polygamy relations exemplify the fundamental properties displayed
in multi-qubit entanglement, exhibiting the intricate nature of quantum entanglement.
We elucidated the manifestations of multi-qubit monogamy and polygamy constraints by
utilizing the nonconvex entanglement measures LCREN and LCRENoA. We integrated the
Hamming weight and the LCREN (LCRENOoA) for the first time, and presented new classes
of monogamy and polygamy relations. We also demonstrated that these new inequalities
impose finer constraints than the previous ones. Our approaches may be used in future
studies aimed at comprehending the entanglement distribution in multi-qubit systems.

We focused on multi-qubit systems. It is noteworthy that our tight monogamy inequal-
ity (9) remains applicable not only to such systems but also to certain higher-dimensional
quantum systems for which the CKW monogamy inequality (1) is violated. First, let us
recall the definition of tangle. The tangle of a bipartite pure state |¢) op is defined as
T([) ) = 2(1 — trp%), where pa = trp|¢) ap (9| [12]. The tangle of a bipartite mixed
state p 4p is defined by [12]

2
T(pa|B) = [{mﬁpr; Yo i/ (g A|B)] ,
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where the minimization is taken over all possible pure-state decompositions of p4p =
Yk Prltr) ap ($x| with pr > 0, and ) px = 1. For multi-qubit states, the tangle satisfies the
k

following monogamy inequality,

N-1

j=0

Nevertheless, the monogamy inequality (30) based on the tangle does not generally
hold for systems with higher dimensions [14,42,43]. Specifically, one can readily confirm
that the following 3 ® 3 ® 3 three-qutrit state violates the inequality (30),

1
) ajpc %(|012> — |021) + |120) — |102) + |201) — |210)). (31)
In addition, the following 3 ® 2 ® 2 state also violates the inequality (30),
1
¥)apc = %(\/E|010> +V/2[101) + [200) + [211)). (32)

Concerning our LCREN-based monogamy inequality (9) for the quantum state (31),
we have N([¥) apc) = 2 and N(pap) = N(pac) = 1. Using relation (2), we have
Ex7([¥) apc) = logy 3 and Exz(pap) = Ej(pajc) = 1. Thus, we have

o ®
EL(I%) apc) = (logy 3)" > 1+ im0 EX(0app) + mEaﬁ(PA\C)

for @ > 4In2. Namely, our monogamy inequality (9) still holds for state (31), see Figure 6.

3.0 3.5 4.0 4.5 5.0

a

Figure 6. The red line is the exact value of E+(|'¥) 4/pc). The green line represents the lower bound
from our results (9).

Likewise, considering the quantum state (32), we have N'(|'¥) Algc) = 2and N(p AlB) =
ﬁ(pfuc) = ¥ Using relation (2), we have Eg#(|Y)4pc) = log,3 and Er(pap) =
Esr(paic) = log2(¥ +1). Thus, we have

14 (14 a 2\/5 14 (13 o 14
EX(I¥) ajpc) = (logy 3%) = (1+ ;7 =) (logy (3= +1))" = Exs(papp) + 75 Efr(Pajc)

for &« > 4In2. In other words, The LCREN-based monogamy inequality (9) remains
applicable to high-dimensional states that violate the CKW monogamy inequality (1).
Our discoveries may shed light on further investigations on entanglement distribution in
high-dimensional systems.
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