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Abstract

Coffman, Kundu and Wootters presented the 3-tangle of three qubits in [Phys. Rev. A 61, 052306
(2000)]. Wong and Christensen extended the 3-tangle to even number of qubits, known as n-tangle
[Phys. Rev. A 63, 044301 (2001)]. In this paper, we propose a generalization of the 3-tangle to any odd
n-qubit pure states and call it the n-tangle of odd n qubits. We show that the n-tangle of odd n qubits
is invariant under permutations of the qubits, and is an entanglement monotone. The n-tangle of odd n
qubits can be considered as a natural entanglement measure of any odd n-qubit pure states.

Keywords: 3-tangle, n-tangle of odd n qubits, concurrence, residual entanglement

PACS numbers: 03.67.Mn, 03.65.Ud

1 Introduction

Quantum entanglement is a key quantum mechanical resource in quantum computation and information,
such as quantum cryptography, quantum dense coding and quantum teleportation [I]. Entanglement
measure, which characterizes the degree of entanglement contained in a quantum state, has been a
subject under intensive research.

The entanglement of bipartite systems is well understood. The concurrence [2] is a good entanglement
measure for two-qubit states and is an entanglement monotone, i.e., it is non-increasing under local
quantum operations and classical communication (LOCC). Generalizations of the concurrence to higher
dimensions can be found, for example, in [3| [4]. The residual entanglement, or the 3-tangle has been
constructed in terms of the concurrences as a widely accepted entanglement measure to quantify the
entanglement in three-qubit pure states [5]. The 3-tangle is permutationally invariant, is an entanglement
monotone, and is a SLOCC (stochastic local operations and classical communication) polynomial of
degree 4. Furthermore, the 3-tangle is bounded between 0 and 1, and it assumes value 1 for the GHZ
state and vanishes for the W state [5l [6]. Several other measures have been constructed specifically for
the entanglement of the three-qubit pure states [7], [8, [9]. The partial tangle, reported in [7], represents
the residual two-qubit entanglement of a three-qubit pure state and reduces to the two-qubit concurrence
for the W state. The o-measure [§] and 7-tangle [9] have been introduced as entanglement monotones for
genuine three-qubit entanglement. Whereas the 3-tangle vanishes for the W state, both o-measure and 7-
tangle take non-zero values for the W state as well as the GHZ state. Many other entanglement measures
for quantifying the entanglement of multipartite pure states have been proposed [10] 1T} 12} [13] 14] (see
also the review [I] and references therein). Hyperdeterminant, as a generalization of the concurrence and
the 3-tangle, has been shown to be an entanglement monotone and describes the genuine multipartite
entanglement [I0]. The n-tangle is a straightforward extension of 3-tangle to even number of qubits [I1].
As has been previously noted, the n-tangle is the square of generalization of the concurrence, is invariant
under permutations, and is an entanglement monotone. Like the 3-tangle, the n-tangle is equal to 1 for
the GHZ state and vanishes for the W state [II]. However the n-tangle is not residual entanglement for
four or more qubits [I5]. It has been found that the 4-tangle for four-qubit states can be interpreted
as a type of residual entanglement similar to the interpretation of 3-tangle for three-qubit states as
the residual tangle [16]. An alternative 4-tangle has recently been obtained by using negativity fonts
and the 4-tangle is a genuine entanglement measure of four-qubit pure states [12]. In [13], the residual
entanglement of odd n qubits has been proposed as an entanglement measure for odd n-qubit pure states
and shown to be an entanglement monotone [I4]. The odd n-tangle (although called odd n-tangle, it
is not defined in the same way as has been done for the n-tangle by directly extending the definition
of 3-tangle to even n qubits) has been defined by taking the average of the residual entanglement with
respect to qubit 4, which is obtained from the residual entanglement of odd n qubits under transposition

IThe paper was supported by NSFC (Grant No. 10875061) and Tsinghua National Laboratory for Information Science and
Technology.
2email address:dli@math.tsinghua.edu.cn


http://arxiv.org/abs/0912.0812v3

on qubits 1 and ¢ [14]. It has been shown that the odd n-tangle is permutationally invariant, S L-invariant
and LU-invariant, and is an entanglement monotone [I4].

In this paper, we give an alternative formulation of the 3-tangle. We extend the formulation in a
straightforward way to any odd m-qubit pure states and define the n-tangle with respect to qubit 7. By
taking the average of the n-tangle with respect to qubit i, we define the n-tangle of odd n qubits, which
is invariant under permutations of the qubits. The extended formulation is then reduced by using simple
mathematics. It turns out that the n-tangle with respect to qubit ¢ and the n-tangle of odd n qubits
are equal to the residual entanglement with respect to qubit 7 and the odd n-tangle respectively, and
consequently the former inherit the properties of the latter, like the monotonicity, invariance under SL
and LU operations as well as the property of satisfying SLOCC equation. Moreover, the n-tangle with
respect to qubit ¢ is a SLOCC polynomial of degree 4. Like the 3-tangle, the n-tangle of odd n qubits
takes value 1 for the GHZ state and vanishes for the W state. Finally we extend the n-tangle of odd
n qubits to mixed states via the convex roof construction. This work will extend our understanding of
multipartite entanglement.

The rest of the paper is organized as follows. In Section 2 we briefly review the definitions and the
formulations of the concurrence, the 3-tangle and the n-tangle. We then give an alternative formulation
of the 3-tangle and extend it to odd n qubits. We also introduce the definitions of the n-tangle with
respect to qubit ¢ and the n-tangle of odd n qubits. In Section 3, we study the n-tangle with respect to
qubit ¢ and the n-tangle of odd n qubits in more detail and we discuss their properties. Finally, we draw
our conclusion in Section 4.

2 The n-tangle of odd n qubits

2.1 Preliminaries

The concurrence for two-qubit pure states is defined as C(¥) = [(1|9)[?* [2], where |¢) denotes the
resulting state after applying the operator oy, ® o, to the complex conjugate of |¢) [2], i.e. |17)> =
oy @ oy|Yp*). Here the asterisk indicates complex conjugatation in the standard basis. For three-qubit
pure states, the 3-tangle Tapc (or T123) can be calculated by means of concurrences and is given by
TABC = CZ(BC) — C’iB - C’ic 5], where Cap and Cac are the concurrences of the corresponding
two-qubit subsytems p 45 and p 4o, respectively, and C’i(BC) =4detpy. Here pyp, pac and p, are the
reduced density matrices. Let [¢)) = S°7_ as|i), where >.._ |a;| = 1. An expression of the 3-tangle in
terms of the coefficients for the state [¢) is given by [5]

T123 = 4|d1 — 2d2 + 4d3|, (2.1)
where

2 2 2 2 2 2 2 2
dl = apary =+ a10Gg + Qao05 + a3y, (22)
d2 = aoarasas + aoarazas + aoaraias + asasa2as + asasaiae + a2asa1as,

ds = apagasas + araiazas.

A more standard form of the 3-tangle is given as follows [5]:

T123 = 2’2 :aala203a515253aW1W2W3a515253 X €a1 By €anBa€y61€v282€a3v3€B303 ) (2.5)

where the sum is over all the indices, aq, 8, 7v,;, and §; € {0,1}, €0 = €11 = 0, and €91 = —€10 = 1. The
above formulation of the 3-tangle is invariant under permutations of the qubits.

Let |1) be any state of n qubits and [¢) = Zial a;i|i), where Zial |a;| = 1. The n-tangle is defined
for the state |¢) as follows [11]:

T12...m = 2‘ E Ooq ooy QB B, Qryp ooy B8 -6y
X €ayBr€anBy " €an_1B, 16710167282 " €y, _18n_1€an7, €B,0n | (2‘6)

for all even n and n = 3. However the above formula is not invariant under permutations of qubits for
odd n > 3, and therefore, the n-tangle remains undefined for odd n > 3 [11].



2.2 Alternative formulation of the 3-tangle
Here we let

(1)

Tigz = 2‘ ) " Gayazas @8, B850y 7215 0616255 X € By Cars By Evp55 ErabsCaryy €811 | (2.7)
2 =2 a a a a X € € €y, 51 Eysd5€ € (2.8)
123 = aragagz @By BoB3U0v1v2v306168263 a1BqCazfzty1616v383Caay2€B262 s :
3 =2 a a a a X € € €y, 51 €Eyqda€ € (2.9)
123 — ajogaz@ByByBazlyvay3W616263 1B CazBy€v101€y262Ca3v3€B8303 |- .

Inspection of Eqgs. (Z8) and (29]) reveals that 7123 = r% Indeed, a direct calculation gives T§12)3 =

7522)3 = 7532)3 Now, let us look at the formulas from a different perspective. We note that 7';2)3 can

be obtained from 7'512)3 by taking the transposition (1,2) on qubits 1 and 2. Analogously, 7'532)3 can be

obtained from 7'1123 by taking the transposition (1,3) on qubits 1 and 3. It turns out that we can also

obtain 7';12)3 = 522)3 = 7'123 by using the fact that the 3-tangle 7123 is invariant under permutations of the

three qubits [5]. We may thus rewrite the 3-tangle as follows:

2 3
T12s = (Tipy + Tios + Tiny)/3. (2.10)

2.3 The n-tangle with respect to qubit  and the n-tangle of odd n
qubits

We extend Egs. (Z71)-(29) to any odd n qubits. Let
(i) _ (1)
Tiom = 2|Wi3 s (2.11)
Wl(;)n = Za’al"'anaﬁl"'ﬁna'Yl""Yna‘Sl""Sn X €a;v, €8,6;
X €a1By " €aj_1B;_1€ip1Bi11 " €anBy
X €y16y " €y 18i1€vi418i41 " " Evpdns (212)

i)

where the sum is over all the indices and i =1, - - -, n. One can verify that 7'12 with n > 5 is invariant

under any permutation of all but qubit i. So, we call 7'12 ., the n-tangle with respect to qubit i. One
can show that T( ) , turns into T&?n under the transposition (1,7) on qubits 1 and i, = 2,3,--- ,n.
In analogy to Eq. [210), we define the n-tangle of odd n qubits as follows:

n

1 i
Tiz.n =~ S (2.13)

i=1

It is not hard to see that 7i2..., is invariant under all the permutations of the qubits, and the values of
ng) . and T12..., are bounded between 0 and 1. Note also that when n = 3, 7'52) ., and T12..., become
T123.

2.4 Reduction of the formulation
We observe that it takes 3 - 2 multiplications to compute 73 by Eqs. @II) and @IZ). Next we
reduce the formulation of 75 . From Eq. (ZIZ), we have
1
W1(2-)--n = Zaal...anagl...5nawl...«,na51...5n X €ayv,€8,61
X €asfBy " €an B, €va8a " €y, dp - (214)

After some calculations, we obtain (we refer the reader to Appendix A for details)

W) =2(PQ ~T%, (2.15)

5., =4|T° = PQ|, (2.16)



where

on—1_1
T = (_1)N(i)aia2n7i717 (2.17)
i=0
2n—2_1
P=2 Y (-1)"Dagiagn-1_4_, (2.18)
i=0
221
Q =2 (—1)N(i)a2n71+2ia2n,2i,1. (2.19)
i=0

Here N (1) is the number of 1s in the n-bit binary representation ln—1...l1lo of I. We further note that it
takes (2" + 3) multiplications to compute 7\ using Eqs. (ZI6)-(ZI7). A plain calculation yields that
7512)” = 1 for the n-qubit state GH Z and 7'512),_% = 0 for the n-qubit state W.

3 The n-tangle of odd n qubits is an entanglement mono-
tone

Let |[¢') be also any state of n qubits and |[¢p') = Zigl b;|i), where Zial |b:]> = 1. Two states |¢)
and |¢") are SLOCC entanglement equivalent if and only if there exist invertible local operators a, 3, - - -
such that [6]

W) =a@B&--|¥). (3.1)
N————

The residual entanglement of odd n qubits for the state |¢) is defined as follows [13]:

() = 4|(Z(a,n))* — 4Z"(a,n — 1)L} 5n-1(a,n — 1), (3.2)
where (see [13] [14])
— 2"*371 .
Z(a,n) = (_1)N(z) [(‘121'@(2"71)721' - a2i+1a(2"—2)*2i)
i=0
- (a(2"*172)72ia(2n*1+1)+2i - a(2n71,1),2ia2n71+2i)}7 (3:3)
and (see [13] [14])
2717371 .
I"(a,n —1) = (—1)N(l) (a2ia(2"*171)72i - 02i+1a(2n*172)72i)7 (3.4)
i=0
an—3_1 .
IiQn—l (a, n — 1) = (—1)N(l) (a2n71+2ia(277471)72i — (1271—1+1+2ia(2n,2),2i). (35)
i=0

It has been also proven that if states |¢0) and |¢) are SLOCC equivalent, then the following SLOCC

equation holds [13]:
2

7(¢) = (1) |det(a) det(8) det() -

n

(3.6)

_ We now argue that 7'512)_,% = 7(¢). This can be seen as follows. A simple calculation shows that

Z(a,n) =T (see (i) in Appendix A). Inspection of Egs. (ZI8) and (A2) (the reduced form of Eq. ([34])
reveals that Z*(a,n — 1) = P/2. Furthermore, inspection of Eqs. (ZI9) and (A24)) (the reduced form of
Eq. (B3)) reveals that Z7,, 1(a,n — 1) = Q/2. Substituting these results into Eq. (3.2)) yields

() = 4|T* - PQ). (3.7)

Therefore,
T =), (3.8)



Next we recall that the residual entanglement with respect to qubit i is defined as (see [14]) 7V (¢),
which is obtained from 7(1)) under the transposition (1,7) on qubits 1 and 7. The odd n-tangle is defined
by taking the average of the residual entanglement with respect to qubit ¢ [14]:

RW) = 2370 ). (39)

Note that R(v) is considered as an entanglement measure for odd n qubits [14].
It follows immediately from Eq. ([B.8]) and the definitions of Tglz)n and 7Y (¢)) that

T;Q---n = T(l) (77/1)7 i= 17 27 N (310)
Further, Eq. (Z13), together with Eqs. (.9) and BI0)), yields
T12..n = R(3). (3.11)

A direct consequence of Egs. ([3I0) and (3I1)) is that the n-tangle with respect to qubit ¢ and the
n-tangle of odd n qubits inherit the properties of the residual entanglement with respect to qubit i and
the odd n-tangle. We highlight that the n-tangle with respect to qubit ¢ and the n-tangle of odd n qubits
are SL-invariant and LU-invariant, and are entanglement monotones (see [14] for details).

Clearly, both T&?n and T12..n satisfy Eq. (B6). The n-tangle with respect to qubit 4 is called
a SLOCC polynomial of degree 4 of odd n qubits. It should be noted that there are no polynomial
invariants of degree 2 for odd n qubits [I8]. In view of the SLOCC equation ([B.4)), it is easy to see that
if one of rﬁQ_,_n(w’) (resp. T12...n(%")) and ngz)n(z/)) (resp. T12...n(%))) vanishes while the other does not,
then |¢) and |¢) belong to different SLOCC classes. This reveals that the n-tangle with respect to qubit
1 and the n-tangle of odd n qubits can be used for SLOCC classification.

We exemplify the results for the GHZ state and the W state. In our previous work [I9] it has been
shown that 7(GHZ) = 1 and 7(W) = 0 for any n-qubit GHZ and W states. The above analysis directly
gives rise to the conclusion that the n-tangle of odd n qubits 712..., is equal to 1 for the GHZ state and
0 for the W state.

Finally, we extend the n-tangle of odd n qubits to mixed states via the convex roof construction (see,
e.g., the review [I]):

Ti2..n(p) = mianiﬁg...n(wiL (3.12)

where p; > 0 and ), p; = 1, and the minimum is taken over all possible decompositions of p into pure

states, i.e. p = ZZ Pil) (Y4l

4 Conclusion

In summary, we have proposed the n-tangle of odd n qubits, which is a generalization of the standard
form of the 3-tangle to any odd n-qubit pure states. We have argued that the n-tangle of odd n qubits
is invariant under permutations of the qubits, is an entanglement monotone. The n-tangle of odd n
qubits takes value 1 for the GHZ state and vanishes for the W state. The n-tangle of odd n qubits is
considered as a natural entanglement measure of any odd n-qubit pure states. Finally, we have extended
the n-tangle of odd n qubits to mixed states via the convex roof construction. Our results will provide
more insight into the nature of multipartite entanglement.

As is well known, two SLOCC inequivalent classes of three-qubit pure states, namely the GHZ class
and the W class, can be distinguished via the 3-tangle [6 [I7]. Polynomial invariants of degree 2 have
been recently exploited for SLOCC classification of four-qubit pure states [20] 21] and of the symmetric
Dicke states with [ excitations of n qubits [I9]. More recently, four polynomial invariants of degree on/?
of any even n qubits have been presented and several different genuine entangled states inequivalent to
the GHZ, the W, or the symmetric Dicke states with [ excitations under SLOCC have been obtained by
using the polynomials [22]. Further attempts have been made to build connections between polynomial
(algebraic) invariants and SLOCC classification [23][24]. We expect the n-tangle of odd n qubits proposed
in this paper can be used for SLOCC classification of any odd n qubits.



Appendix A

We first give proofs of Eqgs. (215)-(2I6).

Let @; be the complement of o;. That is, @ = 0 when a; = 1. Otherwise, a; = 1. In view of that
€00 = €11 = 0 and €01 = —€10 = 1, to compute Wl(zl)n in Eq. (ZI4), we only need to consider 3, = &,
0; =7;,8=2,---,n,v, = a1, and §;1 = ;. Thus, Eq. [2I4]) becomes

1 _ _ _
W12---n - aa1a2"‘anaﬁlaQ"'anaal'72‘“’7naﬁl’TQ---'_yn X Cagag ”'Eanane’72’72 "'E'Yn'T/nEalaleﬁlﬁl' (Al)

We distinguish two cases.
Case 1. B = au.
In this case, €a,a,€g,3, = 1. Thus, from Eq. (AT, we have

G5 A
Wisln = Qajag-om Qo ag - anAa1v5:7, Qa1 7o 7, X €agdn " €anan€ya¥s """ €v,7, - (A2)
Letting

P = E A0y A0Ag---ay X €agan " " €Capan s (A3)

Qg
Q = E Alog-apAlag---an X €Cagas " " €Canpans (A4)

Qg

yields
(1 _

Wiyl ., =2PQ. (A5)

Case 2. B, = au.
In this case, €a,a,€5,3, = —1. Thus, from Eq. (A1), we have

W1(21)n =— Z oy g vcip Qg G- -tm Oy g vy oy Fo- T X €andn ** * €andn EvaTa " Evnin - (A6)
Let
T = ZGOaz---analaz---an X €andn " Comdn (AT)
S = Za1a2...anaoa2...an X €agdn *** €andip - (A8)
From that €01 = —€10 =1, €a,a;, = —€a;q,, and therefore
S = Z A0Gg--Gin Mlag-am X €agan " " €anay = 1- (A9)
Hence
wi . =—2r? (A10)
Eq. (AI0), together with Eq. (A3), yields
Wi ., =2(PQ—T?). (A11)
Inserting Eq. (AII) into Eq. (ZII) leads to
iy, = 4T% = PQ|. (A12)

Next, let a2 - - - a, be the binary representation of i. Noting that (—l)N(i) = €asan ' €andan, WE May

rewrite T as
2n—1_1

T = Z (—1)N(i)aia2717i71. (A13)

i=0
(i). Proof of T = Z(a,n)



Expanding Eq. (A7), we obtain
T = Z A0as--ay_1001ag-a, 11 X €agag """ €ay_1ay,_1
- Z A0ag-ay_1101ag--a,_10 X €agag """ €ay_1&,_1
= Za00a3---an,10a11a3---an,11 X €azaz """ €ap_18n_1
- Z A0lasz---a,_10010a3--a,_11 X €agaz """ €ap_1an_1
- Z A00as3--a, _11011az--a, 10 X €agaz """ €ap_1an_1

+ E A0lag--a,_11010as--a,_10 X €agaz """ €ap_1a,_1

— T(a,n), (A14)
where the third equality follows by letting as - - - @n—1 be the binary number of ¢ and noting that (—I)N(i) =
(_1)N(a3---an,1) = €azaz " €y, 1an_1-

(i1). Reduction of P
Expanding Eq. (A3)), we obtain

P= E A0ag--y_1000a5--ay_11 X €agag """ €ap_1an_1
- § A0ay--ap 110083 @y _10 X €agay """ €ap_18y_1

=2 E A0ag---yy_1000ag--a,_11 X €agag """ €ay &y, 1

271727

1
=2 Z (D" Pagiagn-1_y_1, (A15)
=0

where the second equality follows from

E A0ag- -0y 11008y -8y 10 X €agdy """ €ay_18p_1

= - Zaoa2...an710a0a2...an711 X €qgag " €ay_qap_1 (A16)
= — Z A0ag---ay 1000ag &y 11 X €agag """ €ap_1an_1 (A17)
and the third equality follows by letting aa - - - @n—1 be the binary number of ¢ and noting that (—1)N(i) =
€Cagag """ Cap_1ap_1-
(iii). Reduction of @
Eq. (A4) gives, by analogy with Eq. (A15),
Q = Zala?"'anfloa’laZ”'an—ll X €agag " €ap_18n_1
- Za1a2"'an711a1a2“'6‘n—10 X €agag """ €ap_18n_1
=2 Z Alag--ay_1001ag--ap_11 X €agay """ €ap_18n_1
2717271 )
=2 Z (=) ay-1 pia9m—2i1. (A18)
=0
(iv). Reduction of Z*(a,n — 1)
By Eq. ([34), we have
2n—3_1 _ on—3_1 _
T (a,n—1) = (D)"Y agiapn-1_1y 2 — > (DY Pasiy1aon-1_9) o (A19)
i=0 i=0
Let k=2""2 —1—4. Then N(k)+ N(i) = n — 2, and hence (—1)V® = —(=1)"® and
2n—3_1 _ 2n—2_1
S (D) Wag1apn-1 0y == Y. (=) Paskapn-1 gy o (A20)
=0 k=2n—3



This leads to

2n 21
T (a,n—1) = ()N agiagn-1_1)_a: (A21)
i=0
(v). Reduction of Z7 ,,, 1 (a,n — 1)
By Eq. 3), we have
ogn—3_1 . an—3_1 )
Iizn—l(a,n - 1) = Z (—1)N(l)a2n71+2ia(2n,1),21- — Z (—1)N(l)a2n—1+1+2ia(2n,2),2i. (A22)
i=0 i=0
Letting k = 2"~ 2 — 1 — ¢, we have
on—=3_1 on—2_1q
N(i N(k
Z (—1) (Z)a2n71+1+2ia(2n,2),2i = — Z (—1) ( )a2n71+2ka(2n,1),2k. (A23)
=0 k=2n—3
This leads to
2n—2_1 _
Iign—l (07 n — 1) = (—1)N(Z)a2n—1+2ia(2n,1),21'. (A24)
i=0
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