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Abstract: We study entanglement properties of generic three-qubit pure states. First, we obtain the
distributions of both the coefficients and the only phase in the five-term decomposition of Acin et al.
for an ensemble of random pure states generated by the Haar measure on U(8). Furthermore,
we analyze the probability distributions of two sets of polynomial invariants. One of these sets allows
us to classify three-qubit pure states into four classes. Entanglement in each class is characterized
using the minimal Rényi-Ingarden-Urbanik entropy. Besides, the fidelity of a three-qubit random state
with the closest state in each entanglement class is investigated. We also present a characterization
of these classes in terms of the corresponding entanglement polytope. The entanglement classes
related to stochastic local operations and classical communication (SLOCC) are analyzed as well from
this geometric perspective. The numerical findings suggest some conjectures relating some of those
invariants with entanglement properties to be ground in future analytical work.

Keywords: quantum entanglement; three-qubit random states; entanglement classes; entanglement
polytope; anisotropic invariants

1. Introduction

Entanglement is possibly the most interesting and complex issue in Quantum Mechanics. Due to
this phenomenon it is not possible to describe properties of individual subsystems, even though the
entire system is known to be in a concrete pure quantum state. Quantification of entanglement is
still a challenge for any quantum system consisting of more than two parts [1,2]. The difficulty of the
problem grows quickly with the growing number of subsystems and it becomes intractable in the
asymptotic limit [3]. Several measures of quantum entanglement were proposed [4], but even in the
case of pure states of a multipartite quantum system, it is not possible to identify the single state which
can be called the most entangled, as the degree of entanglement depends on the measure used [5].

On the other hand, entanglement in bipartite systems is already well understood. In the case
of pure states, a key tool in describing entanglement properties is the Schmidt decomposition as
any entanglement measure is a function of the Schmidt coefficients [2]. Dealing with three-party
pure states, the problem becomes more intricate as the corresponding state is represented by a tensor
rather than a matrix, so one cannot rely on the Schmidt decomposition related to the singular value
decomposition of a matrix. Nevertheless, several decompositions for three-qubit states have been
studied in literature [6-8]. More recently, a canonical form for symmetric three-qubit states has been
proposed, showing that in this case the number of entanglement parameters can be reduced from five
to three [9].

Early studies on correlation in composite quantum systems revealed that for three or more parties
there exist quantum states with different forms of entanglement [8], as the states from one entanglement
class cannot be converted by local operations to any states of the other class. As the number of parties
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increases, the number of entanglement classes grows quickly [10]. Since local operations cannot
generate entanglement, one usually assumes that a faithful measure of quantum entanglement should
be invariant under local unitary operations and should not grow under arbitrary local operations.

For a given class of operations there exist invariants which are constant along every orbit of
equivalent states [11,12]. A full set of invariants determines a given orbit of locally equivalent states.
However, such sets of invariants are established only for systems consisting of few parties of a small
dimension including the simplest multipartite case of three-qubit systems [13-15].

An interesting question arises: To what extent single-particle properties can provide information
about the global entanglement [16]? The issue is related to the so-called quantum marginal problem:
Given a set of reduced density matrices one asks whether they might appear as partial trace of a
given state of a composed system [17]. Necessary conditions for such a “compatibility problem”
were provided in [18] for the two-qubit system and then developed by Klyachko [19] for the general
case. These conditions can be expressed as a set of linear inequalities concerning the eigenvalues of
the density matrix corresponding to the entire system and eigenvalues of the reduced matrices.
Interestingly, for multipartite systems the compatibility problem is related to the entanglement
characterization [20]. For instance, eigenvalues of three one-qubit reduced matrices of any three-qubit
pure state belong to the entanglement polytope and some of its parts correspond to certain classes of
quantum entanglement [21].

Not knowing a particular quantum state corresponding to a physical system it is interesting
to ask, what are properties of a typical state? More formally, one defines an ensemble of pure
quantum states induced by the unitary invariant Fubini-Study measure [2] and computes mean
values of various quantities averaging over the unitary group with respect to the Haar measure.
Such random quantum states are physically interesting as they arise during time-evolution of quantum
systems corresponding to classically chaotic systems [22,23] and are relevant for problems of quantum
information processing [24,25].

Research on non-local properties of generic multipartite states has been intensive in recent
years. This includes entanglement in two qudit systems [26-28], pairwise entanglement in
multi-qubit systems [29-31], entropic relations and entanglement [32], correlations and fidelities
in qutrits system [33], a characterization of entanglement through negativities and tangles in
several qubits systems and its relation to the emergence of the bulk geometry [34]. More recently,
genuine entanglement for typical states for a system composed out of three subsystems with d levels
each was studied with help of the geometric measure of entanglement [35], while for generic four-qubit
Alsina analyzed the distribution of the hyperdeterminant [36].

The aim of this work is to extend the analysis of entanglement properties of generic states of
three-qubit systems. We focus our attention on the five-term decomposition of an arbitrary pure
state [15] as it allows one to construct a set of polynomial invariants and to identify the classes of
entanglement. We generated an ensemble of pure quantum states induced by the Haar measure on
the unitary group U(8) corresponding to the system composed of three qubits and investigated the
distribution of various entanglement measures and local invariants.

The paper is organized as follows. In Section 2 we review the five-term decomposition of a
three-qubit stateand study statistical properties of the coefficients in such a representation of a generic
state. In Section 3, we investigate properties of the three qubits invariants, I and J [15] as well as two
newly discovered anisotropic invariants [37]. We obtain their probability distributions, either exact or
approximate, and compare them with accurate numerical approximations. The fourth section presents
an analysis for the entanglement classes defined in terms of the latter invariants. As a comparative
element, we use the Rényi and the minimal Rényi-Ingarden-Urbanik (RIU) entropies [35] to analyze
possible meanings for such classes. Another measure, the maximum overlap with respect to a selected
entanglement class, allows us to identify for an arbitrary three-qubit state the closest state in each
class resembling it. In Section 5 we discuss a characterization of quantum entanglement through the
corresponding entanglement polytope and we show how entanglement classes can be distinguished
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from a geometrical viewpoint. The last section presents concluding remarks, a list of open questions
with suggestions concerning the future work.

2. The Canonical Five-Term Decomposition

A three-qubit state in the Hilbert space H®3 involves eight terms, thus, it can be written as
e e o
lp) = t9%|ijk), Y tij = 1, t7"eC, 1)

where we have used the repeated scripts notation. It is known [15] that through local unitaries,
the number of terms in |¢) can be reduced from eight to five. First, we define the two square matrices
To and T; whose entries are given by (T;) k= tik with i, j,k = 0,1. Alocal unitary transformation
U ® 17 ® 13 acting on the first qubit produces

Ty = ugoTo + unTi, T; = —tp1To + T Th. )

The matrix U is taken such that det(T}) = 0. On the other hand, the transformation 1, @ V@ W
changes the matrices T; according to VT;W. We choose V and W so that T can be diagonalized via the
singular value decomposition (SVD). Explicitly, at the end of this procedure we arrive at

Ag O A A
T — 0 T — ~1 ~2 )
( 0 0 ) ! ( A3 Ay ®)

In addition, the phase of the coefficients 712,7\3 and 7\4 can be absorbed into 7»1 to yield
the decomposition

) = Ag|000) + A1e™?[100) + A2|101) + A3]110) 4 A4111), (4)

where A;,¢ € R. Besides Y. A? = 1. According to [15], the only phase ¢ should be restricted to
0 < ¢ < 7 to assure the uniqueness of the decomposition.

Distribution of the Coefficients

We take an ensemble of 10° random states in H®? distributed according to the unitary invariant
measure on the group U(8) and then first reduce them into the five-term representation (4), then we
track each coefficient Ay to compute numerically its probability distributions as well as the distribution
of the phase ¢. The result is shown in Figure 1 depicting the value of each component A versus
their relative normalized density on #®3. Note that the state (1) depends on 14 real parameters,
say p = (p1,- -, p1a) where each p,, is the real or imaginary part of ¢;. The unitary invariance implies
that after the action of the transformation U ® V ® W on the state |¢) the distribution of the coefficients
A;’s and the phase ¢ fulfils P(p) = ] x P(A), where A = (Ag, A1, A2, A3, Ay, ¢) and ] is the Jacobian of
the transformation. The evaluation of this 14 x 14 determinant becomes cumbersome and one has
to rely on numerical methods to compute the marginal distributions P(Ax) of the coefficients of the
state (4) as well as the phase ¢. The data presented in Figure 1b suggest that the phase ¢ is distributed
uniformly on the entire range, P(¢) = 1/ for ¢ € [0, 7t]. As the beta distribution has been used to
model the behavior of random variables limited to finite length intervals in several contexts [24,35,38],
we propose the following distribution P;();) = c A%(1 — A;)?, to fit the distributions of the coefficients
Aj. The numerical fits are depicted as solid lines in Figure 1la and the values of the best fitting
parameters are reported in Table 1. Results presented suggest that the coefficients A1, A, and A3 are
distributed according to the same probability distribution. Hence, we conjecture that out of the six
real parameters in Equation (4), only four are required to characterize entanglement in three-qubit
random states, say {Ag, A1, A4, ¢ }. Interestingly, the coefficients Ay and A4 are related with the invariant
J4 connected with the three-qubit genuine entanglement (for the definition see subsequent section).
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As generic three-qubit states are typically strongly entangled [35], this analysis illustrates how each
coefficient A; of a given state is linked with the degree of its entanglement. Note particularly how low
values of A1, A» and A3 are more representative for entangled states in contrast to A4, the distribution
of which appears to be balanced. Furthermore, the higher values of the coefficient A correspond to the
states with larger entanglement. This is particularly interesting as in the decomposition of Carteret et al.
this coefficient yields the maximum overlap with the closest separable state [7].

Pu) Pig)
u:ZE_ 0 g } I | ] I |
I g [, g ||+ %30
2.0t @@ f@@ A i~ = o Az 0.25
1.5 ff v |8 YV olloa 0.20
v 0.15
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05 1.0 15 2.0 25 3.0
(b)

Figure 1. Probability distribution of the Acin parameters in the state (4): (a) the coefficients Ay, k =

0,1,...,4 and (b) the phase ¢ for a set of 106 three-qubit random states on HS@S. Solid lines represent the

best numerical fit in all the cases, the parameters of which are listed in Table 1.

Table 1. Best numerical fit parameters of the distributions P;(A;) = c Af(1 — At fori=0,1,2,3,4.

i a b c

0 3.74 6.05 1856.85
1 6776 425 1.52
2 6840 4.27 1.53

3 6675 4.24 1.52
4 79516 4.37 3.96

3. Three-Qubits Polynomial Invariants

Local unitary (LU) transformations performed on individual subsystems define orbits of locally
equivalent multipartite states. Local invariants can be understood as coordinates in the space of orbits
of locally equivalent states. Any complete set of local invariants allows one to distinguish between
different orbits of locally equivalent states and thus to describe the degree of quantum entanglement [7].
For pure states of a three-qubit system, the space of orbits has six dimensions and it is possible to find
six algebraically independent invariants [39].

In this section we will analyze the distributions P(I}) and P(J) on H®3 for the corresponding
three-qubit invariants (under local operations) I [13] and Ji [40], with k = 1, ..., 5. These polynomial
invariants set representative classes on H®® and cannot be directly used as the measures of
genuine entanglement.

Distribution of the Invariants

We first consider the set of five invariants used in [40]

I =tr(pg), ls=tr(pd),
Is = |Hdet(T)|?

L= tr(pi)r

1 (5)
I{" = tr[(pa ® pB)oAaBl,



50f19

Entropy 2018, 20, 745

where p; stands for the reduced density matrix of the i-th system, p;; is the reduced density matrix
when the partial trace respect the system k is performed while i, j, k is a permutation of A, B, C. The last
invariant is related to the hyperdeterminant Hdet of the tensor coefficients T = (/) representing

the state (1).

The invariants are labeled according to the notation used by Sudbery [13]. Note that the squared
norm of the state (1) is in itself a polynomial invariant usually denoted as I;. In Figure 2a—c we show the
probability distribution of the above set of invariants over an ensemble of 10° random states. Moreover,
as for k = 2,3,4 the quantity I is related with the linear entropy, Sy = 1 — I, the corresponding
distributions show that the entanglement of each qubit with the other two is the same no matter which
partial trace is performed. On the other hand, the invariants I; in terms of the coefficients t/* are

written as [13]:

P(k) P(k)
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Figure 2. (a—c) Probability distribution for the polynomial invariants I;,i = 1,...,5 for a set of 10°
three-qubit random states. Solid line in panel (a) stands for the distribution (9), while in panels (b,c)

the best numerical distributions are depicted by green curves. In panel (d) a dispersion plot comparing
I1, I and I5 is shown. In addition, each dot has been colored as function of its S; Rényi entropy [41]

calculated after the five terms reduction.
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where the convention of summation over repeated indexes is used and €y  stands for the Levi-Civita
tensor of order two. Since the coefficients can be regarded as a column of a random unitary
matrix, we can compute the average value of each invariant by evaluating integrals of polynomial
functions over the unitary group with respect to unique normalized Haar measure. Using symbolic
integration [42] we obtain (I;) = 2/3 for k = 2,3,4. This result is consistent with the mean purity
of a single qubit traced out from a 2 x 4 system reported in [43]. Moreover, (IZ') = 7/15 and
(1) = 133/572. In order to compute the mean value of I, we use the second moment of the
three-tangle T reported in [35] with the fact T = 16l to get (Is) = 1/110. On the other hand,
to compute the distributions of the invariants P(Iy) for k = 2, 3,4, we first note that the joint density
of eigenvalues ¢ and ¢, of a single qubit traced out of a system of a three-qubit system is given in
Equation (6) of [43] with N = 2 and K = 4. This reads

P(9,02) =2108(1 — 81 — 0) (8 — 2)>0303 @)

where J stands for the Dirac delta. As each I is nothing other than the purity of a single qubit reduced
density matrix, we can compute the probability distribution by performing the following integral

1 1
P(I) = 210/ / 0,40, P (81, 8,)8 (L — 62 — 02), ®)
0 0
this yields
P(Iy) = %(1 —1)22L-1)Y?, 1/2<, <1, k=234 9)

This probability distribution is depicted in Figure 2. In addition, we approximate the distribution
P(1') by the following beta distribution

F'(a+b+2)

"y " " b
PPS(IS ) - 3a+b+14a+1r(a+1)r<b+1) (1 - 15 )11(415 - 1) ’ (10)

requiring the first two moments of this distribution coincide with the exact two moments of P(I")
reported above. We found a = 21,989/5691 and b = 5554/5691. On the other hand, the distribution of
the square of the three tangle was approximated in [35] by a Beta distribution. Thus, making a variable
change in this result we may approximate P(Ig) by

2
Vs

As the distributions of the invariants I, Is and I are the same, we only need three invariants to
characterize the entanglement in the set of three-qubit random states, say (I, I’, Is). In Figure 2d we

Pr,(Is) = ——Beta(31/17,62/17,4\/Is), 0< Iy <1/16. (11)

show a dispersion plot whose three axes correspond to such invariants and their colors correspond
to their S; Rényi entropy calculated after of the five terms reduction [35] (which will be properly
presented in the next section) in agreement with the side color scale.

We also consider the set of invariants proposed by Acin et al. [15]. These invariants allow to
identify different entanglement classes (which will be discussed in the next section) and can be written
in terms of the six parameters of the five-term decomposition as

J1 = [MAge® — MaA3%, o = wopa,  J3 = Hoka,

(12)
Jo = popa,  J5 = po(J1 + paps — Hipa),

where j; = A2. For this analysis, the same set of 10° random states was considered but they are now
used to obtain the corresponding values of them through their expressions in terms of the five-term
coefficients [15]. All these invariants can be calculated departing from the set of A;. The outcomes are
shown in the Figures 2 and 3 in their respective ranges. Note in the Figure 3a—c how for J;, J> and J3
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the distribution is biased on low values of these invariants, denoting a possible relation with higher
entanglement. For the quantity J4, related to the hyperdeterminant, the distribution peaks around of
%, denoting that separability as well as genuine entanglement are absent in the most of states in 3.
A similar feature is observed for [5 but varying sharply for negative and positive values. On the other
hand, the invariants J;’s can be expressed in terms of the quantities I;’s [15]

1
h=70+h-L-L-2Vk), h=;0-L+h-1-2/k),

1
h=70-h-L+L-2Vk), Ji=\1

1
J5 = 1(3*3127313714%»41572 16)-

I

Such expressions are useful to compute some averages. For instance, as (y/I5) = (7)/4 it is
immediate to compute (J;) = 1/12. From the above definitions we can calculate directly (J;) = 1/24,
fork =1,2,3and (J5) = 1/120. We approximate the probability distributions P(Ji) with k = 1,2,3 by
a distribution P, (Jx) ~ J#(1 — 4])?, where the parameters in this case are determined numerically to
yield the best fit. In addition, making use of the approximation (11) for the distribution of the invariant
Is. One can obtain the following approximation for the distribution of the variable J4

Pra(Js) = 4Beta(31/17,62/17;4],), 0< ], <1/4 (13)

On the other hand, as the distributions for [;, J, and J; are uniform among them, we may
characterize the entanglement using only the invariants [, /4 and 5. In Figure 3d we depict a scatter
plot using these invariants as coordinates, similarly as in Figure 2d for I;.

Another interesting invariant is the one obtained by Kempe [44]

Is = 3tr(pa @ pp)pas — tpl — trpp = H1IEERRRENT, L F g B, (14)
which distinguishes locally indistinguishable states. In terms of the Acin parameters, it reads

Is = 1-3A]—3A5+3A%+3A%+3A3A3 + 60373 (15)
+ (2 (3-613) =3(13-1) (23 +203-1))
+6M1AaAs (A2 + A3+ A3 +A3) Azcosp+ (3—63) AL,

Note that the form (14) of the Kempe Invariant Is is manifestly permutation symmetric.
Although this quantity cannot be considered as a legitimate measure of entanglement, Osterloh has
pointed out [45] that different values of I5 allow to distinguish between different local orbits of three
qubit pure states. Integrating Equation (14) using symbolic integration on the Haar measure, we found
that (Is) = 2/5 and (I2) = 499/2860. In Figure 4a, we show the probability distribution of the
invariant I5, which can be approximated by the distribution

Pr. () = 9T (a + b +2)
s 20t H T (o + DI (b + 1)

(1-x)"(9x —2)b, 2/9<x<1 (16)

where a = 90/23 and b = 283/621 are settled by the condition that the first two moments of Pp15 (Is)
correspond with the first two moments of P(I5) provided above. We remark that sextic invariant I£”
can be written in terms of the Kempe invariant and the quadratic and quartic invariants [13].
Recently, an alternative set of invariants characterizing a three-qubit pure state |i) was proposed
by Cheng and Hall [37]. To define them, consider a two-qubit reduced density matrix o =
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Tem | Wiim) ($rim| where indices k, I, m denote three subsystems A,B,C and m # k,I. Any such a
matrix of order four can be written in its Bloch representation,

1 3

Kkl k I =k 1 k =] k1 _k 1

0 =4<1 1 +K-0*®1 +1°®L-¢ +'21Ti,j0-i®0'j> (17)
1,j=

where ¢* = ((7{‘, £ (Téf), while K and L denote the Bloch vectors for parts k and [ respectively. Entries of
the correlation matrices of the reduced states read Tﬂn = (cf®dl) = Tr(ck ® ol,p*), while the
superscripts denote two out of three subsystems A, B, C as required to determine a two-qubit partial

-[.
trace. Let s;.‘l denote the eigenvalues of the symmetric matrix S = T (Tkl) and the average value

read, s{‘slo = (s’{l + skl + slgl) /3. The invariants are constructed in terms of the pairwise anisotropic
strengths 55;“3, (SS?C and Jsfc with j = 1,2, 3 which read (Ss;‘l = s}d — sk withk,I = A, B,C. It was

iso’
shown [37] that the pairwise anisotropic strengths fulfil the relations
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Figure 3. (a—c) Probability distribution for the polynomial invariants J;,i = 1,...,5 for a set of 10°
three-qubit random states. In all graphics the numerical best fit distribution is depicted as the green
line. In Figure (d) we show a dispersion plot comparing [, /4 and J5. In addition, each dot has been
colored as a function of its S; Rényi entropy [41] calculated after the five term reduction in agreement
with the side color scale.

. 5cAB _ 5 AC _ 5 BC P
(551 = 5s]- = §sj = 5sj , =123 (18)
and they are also invariant under local transformations as well as any permutation of the parties.
Hence, the anisotropic strength and the anisotropic volume can be defined as
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Sani = 2_(051)°, Vani = H5Si- (19)
]

1

Note that for a given three-qubit pure state |¢p) the above invariants can be related with parameters
entering the five-term form (4) —see Supplementary Material in [37].

In Figure 4b-d we show the probability distributions of the pairwise anisotropic strengths as well
as the probability distribution of the invariants s,n; and Vi for an ensemble of 10° three-qubit random
states. We approximate numerically the distribution of the quantities Jsq, dsp and s,pn; by respective
beta distributions:

Pr(6s1) = c1(ay — 0s1)P1(8s1 — ap)P2,  Pp(8sy) = ca(as — 8s)P3(ay + dsp)Ps,
(20)

PF(Sani) =3 (ﬂ5 - Sani)ﬁssaﬁﬁi’

while the positive part of the distribution of V can be approximated by an exponential distribution,
Pr(Vani) = cqe”Vani, (21)

The fitting parameters read ¢; = (472.7,1299,135.6,54.9) for i = 1,...,4; aj =
(0.66,0.01,0.11,0.33,0.72) for j = 1,...,5; B; = (2.5,2.04,1.88,1.92,2.26,1.63) fori = 1,...,6 and
b = 61.6. Interestingly, the distribution of the negative quantity Js3 displays a singular peak, while
the distribution of V,pu; attains its maximum at anisotropic volume close to zero and exhibits an
exponential decay.

P(ds ;)
P(k) 4
10
\"-.J O(_ pav
b _./'-\7‘\\ o 051
[ ¥ 8 85
A/ + 852
B ‘.’ (9] 0 - N
[ VG}} o lo & O 853
i % Oyt
\ O #o -
11' Yo m*_@‘ (SN S Caaiiasts
L
Yy {5{\_-’-.; . O++ % +_% ﬁddu a _‘L—L‘_l
B L i P k ‘é‘ et = a5
0.4 0.6 0.8 1.0 -0.2 0.2 0.4 0.6
(a) (b)
P(Sani) P(Vani)
2.5 e 25
+{:'Fr +++4 hats
2.0 s e
. oy Y
" N 56
1.5 oy
ul Y .
1.0 _ +++ 30
0.5/ fe
J+ +++ 10
bt E- i e Vani
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01 02 03 04 05 06 0.7 S

(© (d)

Figure 4. Probability distribution of: (a) the Kempe invariant I5 (the green line stands for the probability
distribution (16)). (b) The pairwise anisotropic strengths ds; with j = 1,2, 3. (c) The invariant s,p; and
(d) The invariant V,;. Solid lines in all cases correspond to the best numerical fit.

4. Three-Qubits Entanglement Classes

A state classification has been presented in [15] based on the minimal number of product states
in (4). Acin et al. reported some entanglement classes which are presented in Table 2. The conditions
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for such class states are expressed in terms of the invariants Jy. Thus, in this section we consider
the invariant classes introduced there, departing from the coefficients of the five-term representation
in H*3. These classes barely describe some families around some characteristic states in this space.
The first aim is to analyze how those classes represent the entanglement of each state included there,
mainly based on the entanglement distribution knowledge on H®3 [35]. Note that in some classes
the direct imposition of the conditions on the invariants leaves some product states that differ from
those reported by Acin, that is to say, to obtain such product states an additional LU transformation is
required. Such cases are remarked with x in Table 2.

Table 2. Acin entanglement classes introduced in [15]. Besides A; = (Ju+ J5)2 —4(Ji + Ja) (Ja + Ja) (5 + Ja)-
Basis elements marked with x are not directly obtained, instead they have additional relabellings.
Besides, the fourth column shows the identification of each class with subsets of the entanglement
polytope. The point G stands for (1/2,1/2,1/2). Details are presented in Section 5.

Class Conditions States Entanglement Polytope
1 Ji=0 |000) point O = (0,0,0)
2a All J; = 0 apart from J; |000), |011)* lines OA, OB and OC
2b All J; = 0 apart from 4 |000), |111) line OG
3a il + 1z + I2J3 = ]000),|101), |110) NyOAB, A OAC, ANyOBC, Ay ABC
V23 =]5/2,]s=0
3b Ji=h=J5=0 |000), |110), |111) ANy ABG, Ay ACG, ANyBCG
4a Ja=0,V1]2J3 =]5/2 |000), |100),]101), |110) A3OABC
4b =J5=0 |000), |100), |110), |111)
),1101),[110)

4c Jis+ 12+ s+ J2J3
Viihk]s=]5/2
4d Ap=0,v/Ti]2J5 = |J5]/2 |000), [010), |100), [111)*

1000),101),[110), [111)

4.1. The Minimal Decomposition Entropy

We characterize the entanglement degree of the classes in Table 2 using the minimal
Rényi-Ingarden-Urbanik (RIU) entropy, also known as minimal decomposition entropy [35]. For the
state (1) this is defined as

S (9) == minSy [p(Uioc|$))], (22)

loc

where p(-) stands for the probability vector related to the state (1) and the minimum is taken on all local
transformations Uj,. = Uy ® Uz ® Usz. Note that S, is the g-order Rényi entropy [41]. Depending on
the parameter g the quantity (22) provides information about the state [35]. Thus, for

e g = 0: The decomposition entropy is related to the tensor rank of the state |¢). As a direct
consequence of the decomposition (4) we have SSU () < 5.

e g = 1: The minimal decomposition entropy SXV(|y)) determines the minimal information gained
by the environment after performing a projective von-Neumann measurement of the pure state
|¢) (] in an arbitrary product basis [46].

e g — oo: Insuch a limiting case, the minimal RIU entropy is associated with the maximal overlap
with the closest separable state Amax = max | (1| xsep) |>. Indeed, it can be shown that SRV (|y)) =
—log Amax. See [35] for details.

A direct computation shows that for a state in class 1, the minimal RIU entropy vanishes regardless
of the value of the parameter 4. The corresponding calculation for the other entanglement classes is
presented below.
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4.1.1. Classes 2

A direct calculation shows that the decomposition of states in class 2b is optimal. That is to say,
if the state is given by
|@op) = cosa|000) +sina|111), 0<a < 7/2, (23)

the minimal decomposition entropy reads

2

SR (¢y) = — cos? & In(cos? &) — sin? & In(sin® ). (24)

Our numeric calculations indicate that for the class 2a, the Acin decomposition is optimal as well.
The states with the largest minimal decomposition entropy in each class are

1 1 1 1
92") = %|000> + EIUUI P ) = ﬁll()o) + ﬁllllh (25)

note the reported basis for class 2b in Table 2 is different due to additional changes commonly reported

in the literature. A simple calculation shows the LU equivalence of the two local basis. Note that the

state | D) is bi-separable and it attains the same minimal decomposition entropy as the GHZ state.

4.1.2. Classes 3

Any state belonging to class 3a can be parametrized as
|@3a) = sin 6y sin6,]/000) + sin 6 cos 62/101) + cos 61]110), 0 < 61,6, < 71/2 (26)
note such state is LU-equivalent to the symmetric state
|¢3a) = sin 6y sin 6,]100) + sin 61 cos 6,|001) + cos 61]010), (27)

hence, the minimal RIU entropy can be computed using the method described in [35] for symmetric
states. In particular, if cos ) =1/ V3 and sin 6, = 1/+/2 we obtain the well-known W-state for which
SMU (W) = In3, which is the largest value of SXU for this class.

On the other hand, a state in class 3b can be written as

|@3p) = sin 6 sin 6,|000) + sin 6 cos 62[110) + cos 01|111), 0 < 6,6, < 71/2. (28)

No state in class 3b has greater SXIU than the W-state. For a general state in these classes, the minimal
decomposition entropy as a function of parameters 6; and 6, is depicted in Figure 5. Note that regions of
maximal S}V entropy are around the values 6;, 6, for the maximal entropy for such states.

[NIEY

-4
2

7
e
62
A

a3
~

>

(@) (b)

Figure 5. (a) The minimal decomposition entropy level curves as function of the parameters 6; and 6,
for a state in class 3a; (b) Same as (a) for a state in class 3b.
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4.1.3. Classes 4

A general state in each one of the classes 4 can be written as

| P4a) B1]000) + €' B2]100) + B3|101) + B4|110) (29)
los) = B1]000) + €'?B2[100) + B3[110) + B4[111) (30)
|pac) = P1/000) + B2|101) + B3|110) + B4|111) (31)
|paa) = PB1/000) + B2|010) + B3]100) + B4[111) (32)

where 1 = sinf;sinf,sinbs, f; = sinf sinf, cos 3, B3 = sinb cosPy and B4 = cosby. As for
class 2b, the basis elements for class 4d reported in Table 2 are not those directly obtained from (4).
Class 4d corresponds to the real class (with all components real, thus ¢/? = 41) which allows for
the performance of an additional reduction to only four terms. As in the previous case, we get
the surfaces of minimal decomposition entropy in terms of parameters 6, 0, and 63 in the Figure 6.
Those figures exhibit for each class the behavior for the entropy. There, the frontiers of the regions
shown 61, 6,,03 = 0, t/2 correspond to separable states. In addition, our numerical calculations show
that the minimal decomposition entropy is independent of the phase ¢. We also numerically found
that the the largest SXIU(ylaX) = 1.213 is attained for a state in class 4a with 6; = 371/10, 6, = 471/15
and 03 = 237t/60. Note that this value is smaller than the one reported earlier [35] as the maximal for
a random state with five components.

12 1.2

1.0 1.0

0.8 0.8

0.6 0.6

0.4 0.4

0.2 0.2

0.0 0.0

Figure 6. Surfaces of equal entanglement for classes 4 measured with respect the minimal
decomposition entropy as function of the parameters 61, 6, and 65 defining each class. Different
panels correspond to a state in: (a) Class 4a; (b) Class 4b; (c) Class 4c; (d) Class 4d.
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4.2. The Maximum Overlap with an Entanglement Class

Given an ensemble of random states, a natural question arises: how many states of such ensemble
belong to a particular Acin entanglement class? To tackle this question, observe first that numeric
calculations imply (S8Y (1)) = log 5. Hence a generic three-qubit state has five non trivial components
in the decomposition (4). As each class has at most four components, we rather consider the
following quantity

Ai(p) = max {|{g|tjucal ) : |¢) € Class i}, (33)
s“local

where i = {1,2a,2b,3a,3b,4a,4b,4c,4d} and Uy, = U; ® Up ® Uz. Such quantity provides an
information, how much a given state |3) on H®3 differs from the closest state |¢) in the Acin
entanglement class 7 [15]. Note that the quantity A; can be interpreted as the maximal fidelity of
a given state |B) with respect to the closest state belonging to the class i. In particular, if i = 1 the
results are consistent with SRIY(B) (see [35]) as this yields the maximum overlap with the closest
separable state.

By taking a set of 10° random states in 7“3, we get their projection A; on each Acin class,
tracking their hyperdeterminant Hdet(|¢)), which is clearly invariant under local transformations.
Then we perform a numerical optimization on the three parameters depicting a local transformation
on each qubit (nine in total) together with the necessary coefficients depicting an arbitrary state in each
class [15]. Finally, we also track the hyperdeterminant of such a state, Hdet(|8) ). With this information,
we construct the corresponding distribution p(A;) of each projection i (33).

Numerical results are shown jointly in Figure 7. First, the line plot shows the value of p(A;)
on the left axis versus the value of projection A; on the horizontal axis. Superposed, a dispersion
plot of the entire set of states being analyzed is shown in color. Each dot represents a random
state located vertically on their projection value A; and horizontally in its hyperdeterminant value
Hdet(|B)), which remains invariant under the local optimization procedure. Additionally, each dot
is colored in agreement with the hyperdeterminant of the best class element |¢) obtained in the
optimization. Colors are assigned from red for separable states to green for maximal genuine
entanglement. This structure of the plot allows one to compare the closeness between |B) and |¢) in
terms of genuine entanglement. Note the graph corresponding to class 4d has been omitted because it
is equivalent to that of class 4c: All coefficients in the class are real, then by exchanging 0 and 1 in all
qubits and swapping the qubits 1 and 3 we get the same state with local operations. Thus, the maximal
overlap and the hyperdeterminant statistics do not change.

Note particularly how in the Figure 7a the closest class states have Hdet(|¢)) = 0 for some
random states which have Hdet(|B)) near from the highest value 1 maintaining a closer distance
Ay, = 1. The opposite phenomenon is also observed in Figure 7b,c,e,g where some class states with
Hdet(|¢)) ~ 1 (in green) are close to some random states with lower Hdet(|)) values. On the other
hand, in Reference [24] the distribution of the fidelity between two random states has been computed
analytically. However, in our case the problem becomes more complicated due to the optimization of
the fidelity over all local unitaries.



Entropy 2018, 20, 745 14 of 19

0.2;

0.2 0.2
0.20 020 0120
=015 =0.15] g
& - 0.15
S S g
3 |- 3 5
] 3 5 3 5 <
T o102 T 0102 T 010[<
0.05 0.05] 0.05
0.00
0.0 0.2 0.4 0.6 0'“80 0.2 04 0.6 0 8.0
Asa Agp
a) b)
0.25 02 0.2
0.20 0.20 0.20
=015 =015 =015
Q Q K
e = =
ko] 3 \ °
=] 3 < 3 =] 3
T 0101 T 0.10(< j \ T 010
0.05 0.05 0.05
0.00! 0.00 0.0
0.0 0.2 0.0 0.2 0.4 0.6 (i
Az
d) e) f)
025 0.2
0.20 0.20
2015 =015
S N S
= =
° . 15}
< 3 =} =
= 0102 T 0101<
0.05 / K 0.05
0.00 0.00
0.0 0.2 0.4 0.6 0.0
A2y
9) h)

Figure 7. Dispersion graphs showing Hdet(|8)) versus the maximum overlap A;, colored from red
(separable) to green (maximal genuine entanglement). Each panel correspond to one of the Acin classes
(see Table 2) as follows: (a) Class 4a; (b) Class 4b; (c) Class 4c; (d) Class 3a; (e) Class 3b; (f) Class 2a;
(g) Class 2b; (h) Class 1. Besides, probability distributions of the maximum overlap (33) are shown in
the inset of each plot (vertical scale on the left). We have taken an ensemble of 10° three-qubit random
states. Graphs of classes 4c and 4d are equivalent so this last was omitted (see details in the core text).

5. The Entanglement Polytope of Three Qubits

Let AN denote the smallest eigenvalue of the reduced density matrix of the subsystem of three
qubits, where k = A, B, C. The following set of compatibility conditions

/\rfrlu'n < /\réﬁn + Arginl /\rélin < Ar;‘lin + /\rcnin’ Aré\in < Ar};in + /\rélin. (34)

Form particular examples of polygon inequalities obtained by Higuchi et al. for systems of several
qubits [17]. The smaller eigenvalue of a one-qubit system is not larger then 1/2 so that 0 < A" < 1/2.
Inequalities (34) determine jointly a convex polytope in the three-space (A", AN AMIN) - ts five
vertices represent distinguished three-qubit states: Fully separable states are identified by the point



Entropy 2018, 20, 745 15 of 19

SEP = (0,0,0) whereas points A = (1/2,1/2,0), B = (1/2,0,1/2) and C = (0,1/2,1/2) stand for
bi-separable states. The GHZ-state is located at GHZ = (1/2,1/2,1/2). The convex hull of these
points is known as the Kirwan polytope [21,47,48]. In addition, the identification of a state belonging
to an entanglement classes reported in [20] is summarized in Table 2.

Consider now an ensemble of three-qubit random states. For such states, the probability
distribution of the minimal eigenvalue of a single-particle reduced density matrix fulfils P(Amin) =
P(AN) = P(ARn) = P(AM). Using the following relation between the two eigenvalues 9; and 8, of
a single qubit reduced density matrix

1
(% +87) — §|l91 — ],

N —

Amin = min(ﬁll 192) =

we can compute the probability distribution of the minimal eigenvalue Ay, as

1 1
P(Amin) = /0 /0 d01d0,P (91, 92)6 [ Amin — (81 + 02)/2 + [0 — 92| /2)], (35)

where P (87, ,) is the joint density (7) and ¢ stands for the Dirac delta function. Performing the
integral, we obtain

P()\min) = 420[/\min(2/\min - 1)(1 - )\min)]zr 0 < Amin < 1/2. (36)

This distribution is depicted in Figure 8. Besides, a direct calculation yields the average value
(Amin) = 29/128. In general, the k-the moment of A, reads

W6y _ 105 [T(k+3) T(k+4) T(k+5)
Pmin) = 26 |T(kv6)  T(k+7) " ar(k+8))°

min (37)

Note that a given pure state can be identified with a point in the entanglement polytope.
Its coordinates are ()tﬁﬁ“, )\g‘in, )\g‘in). This is shown in Figure 8b for an ensemble of 10° three-qubit
random states colored according to their joint probability distribution in the polytope. To compute
such probability distribution, the space containing the whole polytope [0, %] *3 was divided into 803
cubic cells. Then, we state the statistics of random states falling in each cell to get the probability
density of those states (by volume unity). Note that the closer the points are to the faces, the lower the
value of the distribution. In Figure 8c we depict a transverse cut by the plane containing the vertices
S, C and GHZ to depict the distribution of the inner points. This shows that random states are more
concentrated near the line joining the vertices SEP and GHZ, which corresponds to class 2a.

On the other hand, two quantum pure states attain the same amount of entanglement if they
belong to the same class, that is to say if there is a finite probability of success that they can be converted
into each other using stochastic local operations and classical communication, referred to as SLOCC
by its acronyms. For the case of three qubits, there exist two SLOCC classes of entanglement: the one
containing the GHZ state, which exhibits genuine entanglement and the W class [8].These classes can
be distinguished from the entanglement polytope. Numerical calculation shows that around 6% of
the states are placed in the upper polytope, so that they belong to the GHZ SLOCC class [21]. As the
invariant I discriminates between such classes in panel Figure 8d we show the ensemble of random
states colored with respect to this invariant. For states placed near the bi-separable faces I; goes to
zero, whereas the states landing in the GHZ simplex are characterized by a positive value of this
invariant. An equivalent approach can be done dealing with the maximum eigenvalues of the reduced
single qubit density matrices. For such a case, the joint probability distribution is known [49] and
hence the fraction of random states in the GHZ pyramid was computed in Reference [50] yielding
13/216 =~ 6.02% which is consistent with our numerical calculation.
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Figure 8. (a) Probability distribution of the minimal eigenvalue of a single qubit reduced system (36).
(b) An ensemble 10° of three-qubit random states depicted in the entanglement polytope. The color
scale stands for the joint probability distribution. (c) Detail of (b): A transversal section by the plane
which contains the points S, C and GHZ. (d) The ensemble of three qubit random states labeled by
colour settled according to the value of the invariant Is.

6. Conclusions and Future Work

We studied various quantities describing a three-qubit pure quantum state and analyzed their
probability distributions obtained for an ensemble of random pure states generated by the unitary
invariant Haar measure. In particular, we investigated the distribution of the six parameters
determining the five-terms decomposition (4) of a three-qubit state. The phase of the complex
coefficient occurs to be uniformly distributed. The distributions of the amplitudes Ay and A4 differ
from the distribution describing the remaining three coefficients. Interestingly, these two coefficients
can be related with the degree of entanglement as the invariant J; depends only on them. In addition,
we have also analyzed the probability distributions of two sets of polynomial invariants. The invariants
I1, I and I3 follow the same distribution. Thus, out of the five independent invariants, only three are
necessary to characterize entanglement in three-qubit states. This fact is consistent with the second
set of invariants reported by Acin et al. as the distributions of the invariants [;, J, and J3 do coincide.
For each invariant its mean value was computed using symbolic integration with respect to the
unitary invariant Haar measure. Moreover, we have also obtained the probability distribution of the
anisotropic strength s,,; and the anisotropic volume V,y; introduced recently in [37]. These invariants
are useful in the study of strong monogamy relations, geometric discord and fidelity of remote state
preparation and studies of violation of the Bell inequality. In this last context, one could ask for
the probability that one of the three pairs violates a Bell inequality. However, these results will be
reported elsewhere.
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On the other hand, the set of invariants {J;} allows us to identify certain entanglement
classes, whose entanglement was described through the minimal decomposition entropy. Moreover,
highly entangled states with respect to this measure were identified in each class. Our results imply
that the more terms in the decomposition (4) of a three-qubit state, the larger its degree of entanglement
measured by the minimal decomposition entropy.

The numerical outcomes provide us with several insights about possible meanings of the
entanglement invariants. First, there is an apparent underlying statistical equivalence between
coefficients A1, Ay and A3z (and their low values suggest a closer position of the states respecting
genuine entanglement states in terms of the RIU entropy statistics for the overall 3-qubits random
states). The same aspects seems true for I, I3, Iy and [j, J», J3 invariants. Together, larger values for Ay
and low values for I and J4 seem related with the presence of genuine entanglement (this affirmation
is based on the fact that larger values of RIU entropy are statistically more common for the overall
3-qubit random states).

Other outcomes relative to the type a in the Acin classes exhibit separable states. There,
the growing number of the class (1,2, ...,4) reflects the inclusion of most of the random states for
three qubits (see Figure 7a,d,f,h). In this sense, the use of RIU entropy as an exemplary measure of
quantum entanglement allows us to provide a classification of three qubit states and to describe their
hierarchy. The invariants with respect to local transformations are useful to identify certain types
of entangled structures in the entire system. As shown in Figure 7, the states displaying genuine
entanglement appear closer from other states in the classes with no genuine entanglement. Although
smooth measures of entanglement depend on the state in a continuous way, a small variation of a state
can lead to a considerable change of its entanglement. This feature was observed in larger systems [51].
In such a scenario, the current analysis in the quest of understanding the hierarchy of entanglement,
could set directions to transform states from maximally entangled into separable ones. By using
the SU(2) decomposition procedure, [52] has been clear about the existence of basic U(1) x SU(2)
operations among entangled pairs, showing how the entanglement phenomena can be generated in
a structured way form basic operations then transiting from separable to genuine entangled states.
This suggests that programmed local operations combined with entangling operations between two
previous entangled pairs can be realized in order to connect such state types. Thus, basic separable
states could be transformed into maximal entangled states as |GHZ) and |W) only with a series of
such operations. In a more ambitious task, those single types of operations could suggest they could
be responsible for the transit from certain classes to others among the hierarchies of entanglement.
In such a process, the track in the change of the invariants values could provide a strong road-map for
such transit.

Finally, we have analyzed the probability distribution of the maximal fidelity of a random state
with respect to the closest representative of each entanglement class. The highest maximal fidelity
is obtained for classes 4a—d listed in Table 2. This can be seen from the fact that the distributions
of five coefficients in the decomposition (4) are highly non-trivial, as these quantities carry some
information concerning the degree of entanglement. Our study comprises several ways to analyze
the entanglement in a three-qubit system showing the fact that entanglement can be characterized
from different approaches, each one providing different aspects of non-locality. Therefore, we hope the
results of this work will shed some light on the matter.

Author Contributions: M.E. and E.D. performed the numerical calculations. M.E. obtained the analytical results.
K.Z. proposed the main idea of Section 5. All authors contributed equally to write the paper.
Funding: This research received no external funding.

Acknowledgments: The support of Escuela de Ingenieria y Ciencias of Tecnolégico de Monterrey as well as

the support of CONACyT are gratefully acknowledged. K.Z. acknowledges support by Narodowe Centrum
Nauki under the grant number DEC-2015/18/A/ST2/00274. We are obliged to Michael J].W. Hall for drawing our
attention to the reference [37].

Conflicts of Interest: The authors declare no conflict of interest.



Entropy 2018, 20, 745 18 of 19

References

10.

11.
12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

Walter, M.; Gross, D.; Eisert, ]. Multi-partite entanglement. arXiv 2016, arXiv:1612.02437.

Bengtsson, I.; Zyczkowski, K. Geometry of Quantum States: An Introduction to Quantum Entanglement, 2nd ed.;
Cambridge University Press: Cambridge, UK, 2017.

Gurvits, L. Classical complexity and quantum entanglement. ]. Comput. Syst. Sci. 2004, 69, 448-484.
[CrossRef]

Horodecki, R.; Horodecki, P.; Horodecki, M.; Horodecki, K. Quantum entanglement. Rev. Mod. Phys. 2009,
81, 865-942. [CrossRef]

Enriquez, M.; Wintrowicz, I.; Zyczkowski, K. Maximally entangled multipartite states: A brief survey. J. Phys.
Conf. Ser. 2016, 698, 012003. [CrossRef]

Higuchi, A.; Sudbery, A. How entangled can two couples get? Phys. Lett. A 2000, 273, 213-217. [CrossRef]
Carteret, H.A.; Higuchi, A.; Sudbery, A. Multipartite generalisation of the Schmidt decomposition.
J. Math. Phys. 2000, 41, 7932. [CrossRef]

Diir, W.; Vidal, G.; Cirac, J.I. Three qubits can be entangled in two inequivalent ways. Phys. Rev. A 2000,
62,062314. [CrossRef]

Meill, A.; Meyer, D.A. Symmetric three-qubit-state invariants. Phys. Rev. A 2017, 96, 062310. [CrossRef]
Verstraete, F.; Dehaene, J.; De Moor, B.; Verschelde, H. Four qubits can be entangled in nine different ways.
Phys. Rev. A 2002, 65, 052112. [CrossRef]

Albeverio, S.; Fei, S. A note on invariants and entanglements. J. Opt. B 2011, 3, 223. [CrossRef]

Grassl, M.; Rotteler, M.; Beth, T. Computing local invariants of qubit systems. Phys. Rev. A 1998, 58, 1833.
[CrossRef]

Sudbery, A. On local invariants of pure three-qubit states. J. Phys. A. Math. Gen. 2001, 34, 643—-652. [CrossRef]
Holweck, F; Luque, J.; Thibon, J. Entanglement of four qubit systems: A geometric atlas with polynomial
compeass I (the finite world). J. Math. Phys. 2014, 55, 012202. [CrossRef]

Acin, A.; Andrianov, A.; Jané, E.; Tarrach, R. Three-qubit pure-state canonical forms. J. Phys. A 2001, 34,
6725-6739. [CrossRef]

Sawicki, A.; Walter, M.; Ku$, M. When is a pure state of three qubits determined by its single-particle reduced
density matrices? J. Phys. A 2013, 46, 055304. [CrossRef]

Higuchi, A.; Sudbery, A.; Szulc, J. One-qubit reduced states of a pure many-qubit state: Polygon inequalities.
Phys. Rev. Lett. 2003, 90, 107902. [CrossRef] [PubMed]

Bravyi, S. Requirements for compatibility between local and multipartite quantum states. Quantum Inf. Comp.
2004, 4, 12-26.

Klyachko, A. Quantum marginal problem and representations of the symmetric group. arXiv 2004,
arXiv:quant-ph/0409113.

Han, Y.J.; Zhang, Y.S.; Guo, G.C. Compatible conditions, entanglement, and invariants. Phys. Rev. A 2004,
70, 042309. [CrossRef]

Walter, M.; Doran, B.; Gross, D.; Christandl, M. Entanglement polytopes: Multiparticle entanglement from
single-particle information. Science 2013, 340, 1205-1208. [CrossRef] [PubMed]

Kus, M.; Mostowski, J.; Haake, F. Universality of eigenvector statistics of kicked tops of different symmetries.
J. Phys. A Math. Gen. 1988, 21, L1073-L1077. [CrossRef]

Haake, F. Quantum Signatures of Chaos, 2nd ed.; Springer Verlag: Berlin, Germany, 2001.

Zyczkowski, K., Sommers, H.-J. Average fidelity between random quantum states. Phys. Rev. A
2005, 71, 032313. [CrossRef]

Giraud, O.; Znidari¢, M.; Georgeot, B. Quantum circuit for three-qubit random states. Phys. Rev. A
2009, 80, 042309. [CrossRef]

Kendon, VM,; Zyczkowski, K.; Munro, W.J. Bounds on entanglement in qudit subsystems. Phys. Rev. A 2002,
66, 062310. [CrossRef]

Cappellini, V.; Sommers, H.-].; Zyczkowski, K. Distribution of G concurrence of random pure states.
Phys. Rev. A 2006, 74, 062322. [CrossRef]

Kumar, S.; Pandey, A. Entanglement in random pure states: Spectral density and average von Neumann
entropy. J. Phys. A 2011, 44, 445301. [CrossRef]


http://dx.doi.org/10.1016/j.jcss.2004.06.003
http://dx.doi.org/10.1103/RevModPhys.81.865
http://dx.doi.org/10.1088/1742-6596/698/1/012003
http://dx.doi.org/10.1016/S0375-9601(00)00480-1
http://dx.doi.org/10.1063/1.1319516
http://dx.doi.org/10.1103/PhysRevA.62.062314
http://dx.doi.org/10.1103/PhysRevA.96.062310
http://dx.doi.org/10.1103/PhysRevA.65.052112
http://dx.doi.org/10.1088/1464-4266/3/4/305
http://dx.doi.org/10.1103/PhysRevA.58.1833
http://dx.doi.org/10.1088/0305-4470/34/3/323
http://dx.doi.org/10.1063/1.4858336
http://dx.doi.org/10.1088/0305-4470/34/35/301
http://dx.doi.org/10.1088/1751-8113/46/5/055304
http://dx.doi.org/10.1103/PhysRevLett.90.107902
http://www.ncbi.nlm.nih.gov/pubmed/12689035
http://dx.doi.org/10.1103/PhysRevA.70.042309
http://dx.doi.org/10.1126/science.1232957
http://www.ncbi.nlm.nih.gov/pubmed/23744943
http://dx.doi.org/10.1088/0305-4470/21/22/006
http://dx.doi.org/10.1103/PhysRevA.71.032313
http://dx.doi.org/10.1103/PhysRevA.80.042309
http://dx.doi.org/10.1103/PhysRevA.66.062310
http://dx.doi.org/10.1103/PhysRevA.74.062322
http://dx.doi.org/10.1088/1751-8113/44/44/445301

Entropy 2018, 20, 745 19 of 19

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

Vivo, P; Pato, M.P,; Oshanin, G. Random pure states: Quantifying bipartite entanglement beyond the linear
statistics. Phys. Rev. E 2016, 93, 052106. [CrossRef] [PubMed]

Kendon, V.; Nemoto, V.K.; Munro, W. Typical entanglement in multiple-qubit systems. ]. Mod. Opt.
2002, 49, 1709-1716. [CrossRef]

Facchi, P; Florio, G.; Pascazio, S. Probability-density-function characterization of multipartite entanglement.
Phys. Rev. A 2006, 74, 042331. [CrossRef]

Korzekwa, K.; Lostaglio, M.; Jennings, D.; Rudolph, T. Quantum and classical entropic uncertainty relations.
Phys. Rev. A 2014, 89, 042122. [CrossRef]

Fannes, M. Multi-state correlations and fidelities. Int. ]. Geom. Methods Mod. Phys. 2012, 9, 1260021. [CrossRef]
Rangamani, M.; Rota, M. Entanglement structures in qubit systems. J. Phys. A 2015, 48, 385301. [CrossRef]

Enriquez, M.; Puchata, Z.; Zyczkowski, K. Minimal Rényi-Ingarden-Urbanik entropy of multipartite
quantum states. Entropy 2015, 17, 5063-5084. [CrossRef]

Alsina, D. Multipartite Entanglement and Quantum Algorithms. Ph.D. Thesis, Universitat de Barcelona,
Barcelona, Spain, 2017.

Cheng, S.; Hall, M.J.W. Anisotropic invariance and the distribution of quantum correlations. Phys. Rev. Lett.
2017, 118, 010401. [CrossRef] [PubMed]

Grendar, M. Entropy and effective support size. Entropy 2006, 8, 169-174. [CrossRef]

Carteret, H.A.; Linden, N.; Popescu, S.; Sudbery, A. Multi-particle entanglement. Found. Phys. 1999, 29,
527-552. [CrossRef]

Acin, A.; Andrianov, A.; Costa, L.; Jané, E.; Latorre, J.; Tarrach, R. Generalized Schmidt decomposition and
classification of three-quantum-bit states. J. Phys. Lett. 2000, 85, 1560-1563. [CrossRef] [PubMed]

Rényi, A. On measures of information and entropy. In Proceedings of the Fourth Berkeley Symposium on
Mathematics, Statistics and Probability, Berkeley, CA, USA, 20 June-30 July 1960.

Puchala, Z.; Miszczak, ].A. Symbolic integration with respect to the Haar measure on the unitary groups.
Bull. Pol. Acad. Sci. Tech. Sci. 2017, 65, 21. [CrossRef]

Zyczkowski, K.; Sommers, H.-J. Induced measures in the space of mixed quantum states. J. Phys. A 2001,
34,7111-7125. [CrossRef]

Kempe, ]. Multiparticle entanglement and its applications to cryptography. Phys. Rev. A 1999, 60, 910-916.
[CrossRef]

Osterloh, A. Classification of qubit entanglement: SL(2, C) versus SU(2) invariance. Appl. Phys. B 2010, 98,
609-616. [CrossRef]

Maziero, J. Understanding von Neumann entropy. Rev. Bras. Ensino Fis. 2015, 37, 1314. [CrossRef]

Sawicki, A.; Oszmaniec, M.; Ku$, M. Critical sets of the total variance can detect all stochastic local operations
and classical communication classes of multiparticle entanglement. Phys. Rev. A 2012, 86, 040304. [CrossRef]
Sawicki, A.; Oszmaniec, M.; Ku$, M. Convexity of momentum map, Morse index, and quantum entanglement.
Rev. Math. Phys. 2014, 26, 1450004. [CrossRef]

Christandl, M.; Doran, B.; Kousidis, S.; Walter, M. Eigenvalue distributions of reduced density matrices.
Commun. Math. Phys. 2014, 332, 1-52. [CrossRef]

Zhao, Y.Y.; Grassl, M.; Zeng, B.; Xiang, G.Y.; Zhang, C.; Li, C.F,; Guo, G.C. Experimental detection of
entanglement polytopes via local filters. Quantum Inf. 2017, 3, 11. [CrossRef]

Delgado, F. Assembling large entangled states in the Rényi-Ingarden-Urbanik entropy measure under the
SU(2)-dynamics decomposition for systems built from two-level subsystems. In Proceedings of the 6th
Annual International Conference on Physics, Athens, Greece, 23-26 July 2018.

Delgado, F. SU(2) decomposition for the Quantum Information Dynamics in 2d-Partite Two-Level Quantum
Systems. Entropy 2018, 20, 610. [CrossRef]

@ (© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1103/PhysRevE.93.052106
http://www.ncbi.nlm.nih.gov/pubmed/27300829
http://dx.doi.org/10.1080/09500340110120914
http://dx.doi.org/10.1103/PhysRevA.74.042331
http://dx.doi.org/10.1103/PhysRevA.89.042122
http://dx.doi.org/10.1142/S0219887812600213
http://dx.doi.org/10.1088/1751-8113/48/38/385301
http://dx.doi.org/10.3390/e17075063
http://dx.doi.org/10.1103/PhysRevLett.118.010401
http://www.ncbi.nlm.nih.gov/pubmed/28106404
http://dx.doi.org/10.3390/e8030169
http://dx.doi.org/10.1023/A:1018808108183
http://dx.doi.org/10.1103/PhysRevLett.85.1560
http://www.ncbi.nlm.nih.gov/pubmed/10970554
http://dx.doi.org/10.1515/bpasts-2017-0003
http://dx.doi.org/10.1088/0305-4470/34/35/335
http://dx.doi.org/10.1103/PhysRevA.60.910
http://dx.doi.org/10.1007/s00340-009-3859-3
http://dx.doi.org/10.1590/S1806-11173711701
http://dx.doi.org/10.1103/PhysRevA.86.040304
http://dx.doi.org/10.1142/S0129055X14500044
http://dx.doi.org/10.1007/s00220-014-2144-4
http://dx.doi.org/10.1038/s41534-017-0007-5
http://dx.doi.org/10.3390/e20080610
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	The Canonical Five-Term Decomposition
	Three-Qubits Polynomial Invariants
	Three-Qubits Entanglement Classes
	The Minimal Decomposition Entropy
	Classes 2
	Classes 3
	Classes 4

	The Maximum Overlap with an Entanglement Class

	The Entanglement Polytope of Three Qubits
	Conclusions and Future Work
	References

