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The main concern of this paper is how to define proper measures of multipartite entanglement for
mixed quantum states. Since the structure of partial separability and multipartite entanglement is
getting complicated if the number of subsystems exceeds two, one cannot expect the existence of an
ultimate scalar entanglement measure, which grasps even a small part of the rich hierarchical struc-
ture of multipartite entanglement, and some higher-order structure characterizing that is needed.
In this paper we make some steps in this direction.

First, we reveal the lattice-theoretic structure of the partial separability classification, introduced
earlier [Sz. Szalay and Z. Kokényesi, Phys. Rev. A 86, 032341 (2012)]. It turns out that, mathemat-
ically, the structure of the entanglement classes is the up-set lattice of the structure of the different
kinds of partial separability, which is the down-set lattice of the lattice of the partitions of the
subsystems. It also turns out that, physically, this structure is related to the LOCC convertibility:
If a state from a class can be mapped into another one, then that class can be found higher in the
hierarchy.

Second, we introduce the notion of multipartite monotonicity, expressing that a given set of en-
tanglement monotones, while measuring the different kinds of entanglement, shows also the same
hierarchical structure as the entanglement classes. Then we construct such hierarchies of entan-
glement measures, and we propose a physically well-motivated one, being the direct multipartite
generalization of the entanglement of formation based on the entanglement entropy, motivated by
the notion of statistical distinguishability. The multipartite monotonicity shown by this set of mea-
sures motivates us to consider the measures to be the different manifestations of some “unified”
notion of entanglement.
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I. INTRODUCTION

In the description of entanglement [1, 2] a hard prob-
lem, yet unsolved, is how to step from the bipartite sce-
nario to the multipartite one, in particular, how to define
proper measures of multipartite entanglement. The state
of a bipartite quantum system can be either separable or
entangled, while for more-than-two-partite systems the
partial separability properties have a complicated struc-
ture [3], and a system of measures fitting to this struc-
ture, while being physically motivated, is not known.

The quantum entanglement in bipartite pure states can
be described completely by the use of the singular value
decomposition (SVD), also called Schmidt decomposition
[4, 5]. This leads to a local unitary canonical form, which
allows for the separation of the nonlocal parameters of
the state (relevant for the description of correlations)
from the local (irrelevant) ones. The Schmidt coeffi-
cients contain then all nonlocal properties of the state;
they show a simple structure (what means that the pure
bipartite entanglement itself shows a simple structure);
and, in principle, every measure of entanglement can be
expressed by them. A well-known example is the entan-
glement entropy [5]. One can step from pure state en-
tanglement measures to mixed ones by the use of convex
roof extension [6]. A well-known example is the entan-
glement of formation [7], which is the extension of the
entanglement entropy.

For the case of multipartite pure states, local unitary
canonical form is not known, in general [8, 9]. A higher-
order singular value decomposition (HOSVD, or Vidal de-
composition) [10] can be formulated, which is a sequence
of bipartite singular value decompositions. Then a se-
quence of bipartite entanglement measures characterizes
the multipartite entanglement in some sense. There are
also other decomposition methods [11], such as the par-
allel factors method (PARAFAC), also called canonical
decomposition (CANDECOMP) [12, 13], or the Tucker
decomposition [14-16]. Although these approaches are
very important in numerical techniques of the quantum
mechanics of strongly correlated systems [17, 18], they
do not give us as deep an insight into the structure and
quantitative description of multipartite entanglement as
the SVD did in the bipartite case.

A very different approach is to build up the partial sep-
arability, or multipartite entanglement structure from the
grounds [3], and define different entanglement measures
for the different kinds of partial separability. The basic
observation making this possible is that the whole con-
struction can be formulated by the use of the notion of
pure state entanglement with respect to a bipartite split,
which is relatively well understood. In the present paper,
we carry out this program.

The first part of the paper is devoted to the classifi-
cation of multipartite entanglement. After recalling the
basic notions in the theory of entanglement of bipartite
systems in Section II, we build up those for the multi-
partite case in Section III in a more clarified treatment



than was presented originally [3], which makes it possible
to achieve numerous new developments. Our results can
be formulated naturally in the language of lattice theory
[19, 20]. We work out the hierarchical structure of dif-
ferent kinds of partial separability, which turns out to be
the down-set lattice of the lattice of the partitions of the
subsystems (see Section IIID), and also the structure of
the entanglement classes, which turns out to be also hier-
archical, being the up-set lattice of the lattice above (see
Section IITF). We clarify the meaning of this structure;
it is related to the LOCC (local operations and classi-
cal communication) convertibility: If a state from a class
can be mapped into another one, then that class can be
found higher in the hierarchy.

The second part of the paper is devoted to the quan-
tification of multipartite entanglement. After recalling
the basic notions in the theory of measures of bipar-
tite entanglement in Section IV, we consider the g-sums
and g-means together with their generalizations as use-
ful tools for the construction of entanglement measures
from entanglement measures in Section V, then we con-
struct measures for the multipartite case in Section VI.
The principle is that all kinds of “partial entanglement
content” of a given state are quantified simultaneously
by the elements of a set of multipartite entanglement
measures. Besides the usual entanglement monotonic-
ity and discriminance properties, we introduce the mul-
tipartite monotonicity, which endows the set of multi-
partite entanglement measures with the same hierarchi-
cal structure as the partial separability shows. We suc-
ceed in constructing a hierarchy of multipartite entangle-
ment measures satisfying these requirements in Section
VID, which are the direct generalizations of the entan-
glement entropy for pure states and the entanglement of
formation for mixed states in the bipartite case. These
measures have the same information-geometrical mean-
ing, related to correlation measures based on statistical
distinguishability, as the entanglement entropy and the
entanglement of formation. The multipartite monotonic-
ity shown by this set of measures motivates us to consider
these measures to be the different manifestations of some
“unified” notion of entanglement.

The summary with some important discussions and a
list of open questions is left to Section VII. The table of
contents on the first page helps the reader to find the way
in this complex but carefully composed paper: The sec-
tioning follows the structure of the theory faithfully. The
proofs of propositions in the main text are given in ap-
pendixes. In the theory of entanglement of mixed states,
the central notion is the convezity: We deal mostly with
convex or concave functions defined over convex sets.
Apart from the original results in the body of the text
(Sections III, VI, and VII, together with some of the ap-
pendixes), this paper is intended to be a self-contained
discourse and toolbox on convexity [21, 22] and entangle-
ment [1, 2, 21, 23-28]. In the spirit of this, we give the
necessary grounding for these topics using a unified nota-
tion system (Sections II, IV, and V, together with some

of the appendixes). We also recall some known proofs
of theorems about entanglement measures (appendixes),
and also some useful calculations about convexity to en-
lighten how this structure shows up [21, 22].

II. QUANTUM STATES AND
ENTANGLEMENT: BASICS

Here we briefly recall the basic notions arising in the
description of the states of singlepartite (Section ITA)
and bipartite (Section IIB) quantum systems [2, 21, 24—
29]. We fix some basic notational conventions for state
vectors, pure and mixed states, separable and entangled
states.

A. Quantum states

Entanglement theory deals with the states of quantum
systems. A state vector is an element of a Hilbert space,
|) € H, which is normalized with respect to the stan-
dard 2-norm of the Hilbert space, ||¢| = +/(¢|¢) = 1.
In the paper, we consider the 1 < dimH < oo case only.
The pure state of a quantum system is represented by
a one-dimensional subspace (ray) in the Hilbert space
(which is actually an element of the projective Hilbert
space), which can be given by a state vector as the self-
adjoint linear operator m = |){%|, being the projector
projecting to the one-dimensional subspace spanned by
the state vector |¢). (Note that the projectors are char-
acterized by 72 = m = «f. For projectors, having unit
trace is equivalent to being of rank 1.) The set of pure
states over the Hilbert space H arises as

P(H) = {7‘(‘ € Linga ® | 7 =, ||x||,, = trm = 1}.

(1a)
(If there is no ambiguity about the underlying Hilbert
space, we use the notation P := P(H).) A mized state
is represented by the convex combination (or mizture) of
pure states, and it represents the state of an ensemble of
quantum systems {(p;,7;) | ¢ = 1,...,m}, described by
the pure state m; with probability p;. The convex body of
mized states over the Hilbert space H arises as

D(H) := ConvP(H) = {Q € Linga H ‘ am; € P,

1b
piZO,Zpizlzgzzpmi}. (1b)

(If there is no ambiguity about the underlying Hilbert
space, we use the notation D := D(H).) This turns out
to be equivalent to the positive semidefinite operators
normalized with respect to the trace-norm,

D(H) = {o € Linss H | 02 0,loll,, = tro=1}. (1c)



Geometrically, the pure states are the extremal points of
the convex body of the mixed states [21],

P = ExtrD, (1d)

a pure state cannot be mixed nontrivially.

Convexity is a central notion in quantum (and also in
classical) probability theory [21]. State spaces are, in
general, convex sets, which means that they are closed
under convexr combination, called also mizring. That is,
for convex combination coefficients 0 < p; € R, with
>.;pi = 1, also called mixing weights, if g;s are states,
then their convex combination ), p;0; is also a state.
Mixing is interpreted as forgetting some classical infor-
mation about the state by which the system is described,
so this is indeed a necessary property. The main differ-
ence between classical and quantum probability theory is
that in the quantum case, because of the superposition
principle (linear structure in the Hilbert space), the pure
state decomposition of a nonpure state is not unique,
contrary to the classical case.

B. Entanglement

Entanglement theory, on the other hand, deals with
the states of composite quantum systems. For exam-
ple, for two subsystems, with state vectors being the
normalized elements of the associated Hilbert spaces H1
and Ho, the state vectors are the normalized elements
of the tensor product Hilbert space, His := Hi1 ® Ha.
We have again the sets of pure states P; = P(H1),
Py := P(Hs), and P13 := P(Hi2), being the projectors
onto one-dimensional subspaces in H, Ha, and H1z, and
the sets of mized states Dy := D(H1) = Conv Py, Dy :=
D(Hs) = Conv Py, and Dis := D(Hi2) = Conv Pia,
being the mixtures of pure states, and P; = Extr Dy,
Py = Extr Dy, and Py = Extr Dia, for subsystem 1, 2
and the whole system 12. One can obtain the reduced
(or marginal) states by the use of the partial trace oper-
ation, for example try : D15 — Dy, which is linear, and
tra(X ®Y) = X(trY).

If the state vector [¢) € His can be written as an
elementary tensor |¢) = [1)1) ® |¢2) with suitable state
vectors |¢1) € Hy and |1)2) € Ha, then it is separable, or
else it is entangled, e.g., 1) = %(Wn) ® |12) + |¥]) ®

[W4)), with (¢1[¢]) = (Ya|h) = 0. The set of separable
pure states is then

Psep = {ﬂ' € P2 ’ dry € Pr,Amg € Py im=my ®7T2},
(2a)
that is, the rank-1 projectors with separable images,
while the set of entangled pure states is its complement
Psep = P \ Psep, and the set of separable mized states is

Dyep 1= Conv Pep, (2b)

while the set of entangled mized states is its complement
Dsep = D\ Dsep. This definition is motivated by that the

separable mixed states can be created from uncorrelated
(product) states by the use of local (quantum) operations
and classical communication (LOCC) [30, 31], while en-
tangled states cannot. Two points have to be empha-
sized here. On the one hand, the set of separable mixed
states are closed under LOCC; on the other hand, start-
ing with an entangled state, one can obtain separable
states by means of LOCC. Geometrically, the separable
pure states are the extremal points of the convex body of
the separable mixed states,

Psep = Extr Dgep. (2¢)
The situation is summarized as

Dscp C D12
U U (2d)
Psep C 7)12;

which represents an important point of view in the sequel.

Thanks to the Schmidt decomposition for bipartite
state vectors [4, 24], it is easy to decide whether a pure
state is separable or not: For all w € Pyo,

TEPsep <<= tromeP; <= trime P (3)

The mixed separability problem is, however, a hard op-
timization task [1, 2, 23, 32].

From the classical point of view, one faces several coun-
terintuitive consequences following from the existence of
entangled states. These are based more or less on the fact
that, as can be seen from (3), entangled pure states have
mixed marginals, which is completely unimaginable for
the classically thinking mind [33-35], since in the classi-
cal case the marginals of a pure joint probability distri-
bution are pure ones.

III. QUANTUM STATES AND
ENTANGLEMENT FOR MULTIPARTITE
SYSTEMS

In this section, we rebuild the partial separability clas-
sification of multipartite mixed states in a more clarified
way than was done originally [2, 3]. This classification is
complete in the sense of partial separability; that is, it
utilizes all the possible combinations of different kinds of
partially separable pure states. We also reveal the lat-
tice theoretic structure behind the class structure. For
a quick summary on the very basic elements of lattice
theory we use in the sequel, see Appendix A 1, based on
[19].

The basic observation upon which the construction is
built is that the whole construction can be formulated
by the use of the notion of pure state entanglement with
respect to a bipartite split. During the construction, we
separate the abstract hierarchy of (the labeling of) the
partial separability properties from the concrete hierar-
chy of the state sets of pure and mixed states, which
results in a very transparent building. This building is of



four floors. The ground floor is the hierarchy of subsys-
tems (Section IITA); then the first and second floors are
the hierarchic structures of the state sets of different par-
tial separability properties (Sections IIIB and IIID); and
the third floor is the hierarchic structure of the classes of
states showing different entanglement properties (Section
IIIF).

A. Level 0: subsystems

First of all, let us introduce some convenient nota-
tions. For m-partite systems (n > 0), the set of the la-
bels of the elementary subsystems is L = {1,2,...,n}.
That is, for all @ € L, we have a Hilbert space H,,
with 1 < dim#H, < oo, associated with the elementary
subsystem of label a. A subsystem (not elementary in
general) is then labeled by a subset K C L, and has
the Hilbert space Hx = ®a€K H, associated with it.
For K = (), we have the one-dimensional Hilbert space
Hy = Span{|¢)} = C. For labeling the complementary
subsystem, we have the notation K = L\ K. We have
the shorthand notation H = Hy, for the Hilbert space of
the whole system. For a subsystem K, we have the set
of pure states (la),

P =P(Hk), (4a)
and the set of mized states (1b),

Dy = Conv Py, (4b)
and, by construction,

Pk = Extr Dg. (4c)

For K = 0, we have Py = Dy = {|¢))(¢|}. We have the
shorthand notation P = Py, and D = Dy, for the pure
and mixed states of the whole system, respectively. Let
K,K' € L, such that K C K’; then let the linear map
tri : Lin Hgr — Lin H g, the partial trace over K, be

defined as
trg ® Xy = (H trXa)( ® Xa/) (5)
a'€K'\K

a’eK’ acK

for X, € LinH,, adopting the convention that the empty
product is 1 € C, and the empty tensorial product is the
normalized |[¢) ()| € Dy. (A slight abuse of the notation
is that we use the same trg for all K'.)

In a formal sense, the label of a subsystem is an element
of the power-set

Py =2k (6)

of the labels of the elementary subsystems L, so we have
the power-set lattice of subsystems [19],

(Po,g,U7ﬁ,77®,L). (7)
The size of that is |Py| = 2/X1 = 27,

B. Level I: partial separability hierarchy of the
first kind

We would like to form mixtures from a given kind of
partially separable pure states. To this end, let a =
{K1,Ks,...,Ko} = Ki|Ks|...|K|q denote a splitting
of the system, that is, a partition of the labels L into
parts, being disjoint nonempty sets K; C L, which to-
gether amount to L. We have the set of all the possible
partitions

P = {a:Kl\K2|...|K‘a| VK € a: K € B\ {0},

VK,K'€a:K#K = KnK' =0, | K:L}.
Kea
(8)

We call the partitions labels of the first kind, and we
use them for the labeling of such states. The number
of them for all n is given by the |Pi| = B,, Bell numbers
[36], given by the recursive formula By, 11 = Y, _, () B,
with BO = Bl =1.

There is a natural (partial) order on the set of the par-
titions. For two partitions 8, € Py, B is a refinement of
a (“B is finer than o” or “ais coarser than 8”), denoted
with 8 <X «, if a can be obtained from S by joining some
(maybe none) of the parts of §; that is,

6 j a def,

VK'€e 3,3AK €ea: K'C K. (9)
This defines a partial order on the set of partitions [19],
and (P, <) is a poset (partially ordered set). (For a
summary on the basic constructions in order theory, see
Appendix A1.) For example, for the tripartite case
1/2|3 < 1|23 < 123. (In the following, we omit the braces
and also the comma in the cases when this does not cause
confusion.) Moreover, there are a top and a bottom el-
ement, which are the full n-partite split and the trivial
partition without split, respectively, L = 1|2|...|n =
axT=12...n.

For the poset of partitions, one can define the greatest
lower bound, or meet, a A o', and the least upper bound,
or join, aV o', as

anad :={KNK' #0|Keca K cd}, (10a)
aVa = /\T{a,a'}, (10Db)

so the set of partitions forms a lattice,
(P, =%,V A 12] 0 [ny12.n). (11)

(The definition (10b) comes from a general construction
(A9a).)

It is important that the bipartitions K|K € P; can be
used for the generation of all partitions,

a= A K|K. (12)
Kea



(For the proof, see Appendix A 2.) This turns out to be
crucial later, when the multipartite entanglement mea-
sures are built upon bipartite ones.

For a partition a € Py, we have the set of a-separable
pure states,

Py i= {WGLin’H ‘ VK € a,Ing € Px :w = ®7rK},
Kea
(13a)
and the set of a-separable mized states,

D, := Conv P,, (13b)

(that is, o is a-separable if and only if it can be mixed by
the use of a-separable pure states) [37-41]. It also holds
by construction that

Po = Extr Dy, (13c¢)

there are no other extremal a-separable states than the
pure ones. For the 1-partite trivial split & = {K;} = {L},
we have that the {L}-separable pure and mixed states
Piry = Pr = P and D1y = Dr = D are obviously all
the pure and mixed states of the system. Note that for
all a € P, the state sets D, are closed under LOCC;
that is, for all LOCC map A : D — D,

0€D, = A(o) € D,. (14)

(For the proof, see Appendix A 3.)

Note that these definitions only demand the separabil-
ity with respect to a given split, independently of whether
the separability with respect to a finer split also holds.
That is, the P, and D, sets are containing (and also
closed), and the sets

P177> = {Pa | a € PI},
PI,D = {'Da | o€ PI}

(15a)
(15b)

are posets with respect to the inclusion, (P p,C),
(Pr,p,<C). Moreover, the set-theoretical inclusion per-
fectly resembles the ordering of the respective partitions,

B2a <<= PzCP,, (16a)

and

Ba <<= DzCD, (16b)
(that is, separability with respect to a finer split implies
that with respect to a coarser one), so the posets (Pr, =
), (Pr,p,C), and (Pp,C) are isomorphic. (That has
already been proven in [2, 3] in a different construction.
We give a more basic proof, which uses only the notion
of bipartite separability (3), in Appendix A 4.)

Do the other structures, meet A and join V (10), re-
semble the natural, set-theoretical intersection N and
union U for the state sets (15a) and (15b)? We know
from (A8) that a A @/ % a,a’ 2 aV d; this leads to

Pa/\a’ - Pou Pa’ - PaVa’ and Da/\a’ Cc Daa Da’ c Doc\/oc’
due to (16a) and (16b). From these we have

Poz/\o/ c Pa N Poz’a
DaAa’ g Da N Da’7

Pa U Po/ - PaVa’v
Da U Do/ g Da\/o/-

(17a)
(17b)

These are what we have by the use of only the (16a)
and (16b) isomorphisms of the orderings. However, there
is more to be known for pure states if one takes into
consideration the (13a) definition of the P, sets of -
separable pure states. In this case it can be proven that

Poz N Pa/ = Pa/\a/; (18)

that is, a pure state is separable under the splits a and
o' if and only if it is separable under their meet o A o/
(10a). (For the proof, see Appendix A5.) This means
that P p is closed under intersection, and

(PI,'Pagamapl\2|...\napl2...n) (19)

is a meet-semilattice, and, due to (16a) and (18), this
structure is isomorphic to that of P; given in (11),

(PI,Pa gv n, ,P1|2\...|na PlZ...n)

(20)

o (Pl,j,/\,l\2|...\n,lQ...n).
(Note that, by (A9a), one can also define the join for
the meet N; however, this would not lead to the set-
theoretical union, but for NJ{Ps,Pa} = Pavar- Of
course, Pi p is not closed under the set-theoretical union.)
A corollary of (18) and (12) is that

Pa = ﬂ P}(‘f; (21)

Kea

that is, a pure state is separable under a split «, if and
only if it is separable under all bipartitions K|K, where
K € a. A corollary of (21) and (3) is that it is easy to
decide whether a pure state is a-separable or not: For all
mTeP,

TEPy = VKea: trgmePxk. (22)

(For the proof, see Appendix A6.) On the other hand,
because of the convex hull construction (13b), there are
no such results for mixed states, we have only the poset

(Pip S, Dijay...n> D12..n) (23)

and, due to (16b), this structure is isomorphic to that of
Py given in (11),

(P2 S, D12y, jns D12..m)

24

%(Pl,j,1\2|...\n,12...n), 24)

as was mentioned before. The mixed separability prob-
lem is, again, a hard optimization task [1, 2, 23, 32].

Note that a complementary notion can also be defined.

A pure state m € P is a-entangled, if it is not a-separable;



that is, 7 € P, = P\ P,. For the preparation of these
states, nonlocal operations are needed among the K € «
subsystems. Note that P, is not closed. A mixed state
o € D is a-entangled, if it is not «a-separable; that is,
0 € D, =D\ D,. For the preparation of these states, it
is not enough to use a-separable states only; there is also
a need for a-entangled states. Note that D, is neither
convex nor closed. For these complementary state sets
we have the sets

Pi= {Pa|ac R},
Pp= {,Dia’aepl}v

(25a)
(25Db)

which are posets with respect to the inclusion, (P 5, €),

(P, 5,<). For these complementary state sets we have
the reverse (16) order,

B=a <= Pz2Pa, (26a)

and

B=a <= DzDD, (26b)
(that is, entanglement with respect to a coarser split
implies that with respect to a finer one), so the posets

(P, X), (Plﬁ, D), and (Plf7 D) are isomorphic.

C. Examples

Writing out some examples explicitly might not be use-
less here. The lattice P; for the cases n = 2 and 3 can
be seen in the upper-left parts of Figures 1 and 2. As we
have learned in (16a) and (16b), we need to draw only
this lattice for the inclusion hierarchy of the sets of a-
separable pure and mixed states P, (13a) and D, (13b).

For the bipartite case we have His = Hi ® Ho, and
we get back the content of Section IIB. The sets of a-
separable pure states are

Pr2 = P(H12),
P1|2 = {7'(' € P12 ‘ ™= ®7T2} = Psep-

Note that Pjj3 € P1a. The sets of a-separable mixed
states are

D12 = COHV 7)12 = D(le),
Dy = Conv Pyj3 = Deep-
Note that, again, Dy)o € Dia.

For the tripartite case we have Hiaz = H1 ® Ho ® Hs.
The sets of a-separable pure states are

Pias = P(Hi23),

,Pa\bc = {7T € P1a3 | T =Tgq ®7rbc}7
Prj23 = {7T € Pias { =T QM2 ®7T3}a

T) b Pii=0,(P) \ {0}
® © \ —
f
e l/ ® ©
|

© © Py = O04(Pi) )\ {0}

FIG. 1. Lattices of the labels of the first and second kinds and
class labels, Pi, Pi1, and P, are illustrated for n = 2. The
partitions o € P; are denoted by small pictograms; the labels
of the second kind o € Pi1 are down-sets of partitions (only
the maximal elements are drawn). The class labels & € Pt
are up-sets of labels of the second kind (only the minimal
elements are drawn). The order relation is denoted with an
arrow: 8 — «a means 8 < a, 3 - a means 3 < «, and
B — a means 3 < a. By means of (16) and (32), the lattices
P and Pi resemble the inclusion of the sets of a-separable
pure (P.), a-separable mixed (D.), and a-separable pure
(Pa), a-separable mixed states (Dq); (see Sections III B and
IIID). The lattice P is the class hierarchy (see Section IITF),
and by means of (54), it is related to the LOCC convertibility
of the classes (Ca)-

with all bipartitions a|bc of {1,2,3}. Note that Pyjg3 C
Pajpe € P123. Note, on the other hand, the manifestation
of (18): If a pure state is separable under the splits 2|13
and 3|12, then it is separable under 2|13 A 3|12 = 1]2|3,
that is, fully separable. The sets of a-separable mixed
states are

Dy23 = Conv Pra3 = D(Hi23),
Da|bc = Conv Pa|bc7
'D1‘2|3 = COHV’PH2|3.

Note that, again, Dij;3 C Dgjpe € D123- Note, on the
other hand, that there is no (18)-like result for mixed
states: If a mixed state is separable under the splits 2|13
and 3|12, then it is not necessarily fully separable, we
have only (17b) (see, e.g., [39, 42]).

D. Level II: partial separability hierarchy of the
second kind

An important observation in the theory of entangle-
ment of multipartite mixed states [39, 42] is that there
are mixed states which cannot be mixed by the use of any
given nontrivial a-separable pure states, while they can
be mixed by the use of pure states of different nontrivial
a-separability. For example, for the tripartite case in Sec-
tion III C, there are states ¢ ¢ Dgpc, which can be mixed
by the use of bipartite entanglement in subsystems 12,
13, and 23; that is, o € COHV(P1|23 Upg‘lg UP3|12). Such
states should not be considered fully tripartite-entangled,
since they can be mixed without the use of genuine tri-
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FIG. 2. Lattices of the labels of the first and second kinds
and class labels, P, Pi1, and P, are illustrated for n = 3.
The partitions o € P; are denoted by small pictograms; the
labels of the second kind ¢ € Pi1 are down-sets of partitions,
in which case the different elements are drawn with different
colors (only the maximal elements are drawn). The class la-
bels e € Pir1 are up-sets of labels of the second kind, these are
written side by side (only the minimal elements are drawn).
The order relation is denoted with an arrow: 8 — « means
8 <a B — ameans B8 <X a, and 8 — a means 8 <X a.
By means of (16) and (32), the lattices P; and Pi; resemble
the inclusion of the sets of a-separable pure (Pa), a-separable
mixed (Ds), and a-separable pure (Pa), a-separable mixed
states (Dq); (see Sections IIIB and IIID). The lattice P is
the class hierarchy (see Section IITF), and by means of (54),
it is related to the LOCC convertibility of the classes (Cq).

partite entanglement, and these kinds of situations have
to be handled [39, 42].

So we would also like to form mixtures from differ-
ent kinds of partially separable pure states. To this end,
let a be a nonempty down-set (A6a) in P, that is, a
nonempty o = {a1,az,..., 04} S Pp set, which con-
tains every partition which is finer than its maximal el-
ements (see Appendix A 1). We have the set of all the
possible nonempty down-sets

Pr=0,(7)\ {0}

E{OLEZPI\{Q)} Vaoca: f=a = ﬁEQ}. @7
We call the nonempty down-sets of partitions labels of
the second kind, and we use them for the labeling of such
states. (For a nonempty down-set «, the set of its max-
imal elements, max c, was called proper label and de-
noted in the same way previously [2, 3]. Since the set of
maximal elements of a nonempty down-set @ determines
a =] max a uniquely, and vice versa, both max a and o
are equally suitable for the labeling of the sets of states
with the given partial separability properties. The for-
mer one is perhaps more natural and expressive in some
sense, while the latter one leads to a simpler and more
transparent mathematical construction.)

The P set of nonempty down-sets of the lattice Pp
forms a lattice with respect to the inclusion, intersection,
and union [19], so we have

(PIIa jv /\7 \/7 J—v T)

= (O, (P)\ {0}, S,n, U, {1]2] ... |n}, 1{12...n} = 7).
(28)

For example, for the tripartite case }{1|2|3} = {1|2|3} <
1{1)23} < 1{1]23,213} =< |{1]23,2|13, 3|12} < [{123} =
P

For a down-set oo € Py, we have the set of a-separable
pure states

Pai=|JPa= | Pa

aca aE€max o

(29a)

(that is, 7 is a-separable if and only if it is a-separable
for at least one a € «; on the other hand, because of
(16a), it is enough to use max a for the calculation of
the union) and the set of a-separable mized states

Dq := Conv Pqy (29b)

(that is, ¢ is a-separable if and only if it can be mixed by
the use of any a-separable pure states for which « € «).
It also holds by construction that

Po = Extr Dq, (29¢)

so there are no other extremal a-separable states than
the pure ones. For the a containing only the 1-partite
trivial split &« = {a} = {{L}}, we have that the {{L}}-
separable pure and mixed states Pyyryy = Pr = P and



Dyisryy = D = D are obviously all the pure and mixed
states of the system. Note that for all a € Py, the state
sets Dy are closed under LOCC; that is, for all LOCC
map A : D — D,

0€Dy = A(0) € Dqu. (30)
(For the proof, see Appendix A 7.) Note that if jmax a| >
1, then Do D UgeaDa; that is, an a-separable mixed
state does not need to be a-separable for any particular
split a € a.

Note that these definitions only demand the separabil-
ity with respect to any of the given splits, independently
of whether the separability with respect to finer splits
also holds. That is, the P, and D, sets are containing
(and also closed), and the sets

Pup :={Pa | a € Pu},
PII,D = {Da ’ a < PH}

(31a)
(31b)

are posets with respect to the inclusion, (Pi,p,C),
(Pi,p, C). Moreover, the set-theoretical inclusion per-
fectly resembles the ordering (inclusion) (28) of the re-
spective labels of the second kind,

Ba

— PgC Pa, (32a)

and

B2a <= DgCDa,, (32Db)
(that is, a separability lower in the hierarchy implies
a higher one), so the posets (P, =), (Pup,<), and
(Pu,p,C) are isomorphic. (We recall the proof in Ap-
pendix A8 from [2, 3] in a slightly modified form, ad-
justed to the present construction.)

Do the other structures meet A and join V (28) resem-
ble the natural, set-theoretical intersection N and union U
for the state sets (31a) and (31b)? We know from (AS)
that a A @/ X a,a’ < aV o/, this leads to Porar C
PasPar € Pavar, and Daprar € Do, Dar € Davear due
to (32a) and (32b). From these we have

Pa/\a’ g Pa N Pa’a
Da/\a’ - Da N Da’a

Pa U Pa’ g Pava’a
Da U Da’ - DaVa’-

(33a)
(33b)

These are what we have by the use of only the (32a)
and (32b) isomorphisms of the orderings. However, there
is more to be known for pure states if one takes into
consideration the (29a) definition of the P, sets of a-
separable pure states. In this case, it can be proven that

Pa N Pa’ = Pa/\a’a Pa U Pa/ = PaVa’- (34)
(For the proof, see Appendix A 9.) This means that Py p
is closed under intersection and union, and

(P, ©,0,U, P2l nt> Pi{i2..n}) (35)

is a lattice, and due to (32a) and (34), this structure is
isomorphic to that of Py given in (28),

(Pup, S0, U, Pl jnd Pigiz..n})

=~ (P, =, AV, 1{102] . e}, {12 n}). (36)

It is again easy to decide whether a pure state is a-
separable or not: By definition (29a), we have to de-
cide if it is a-separable (22) for at least one @ € . On
the other hand, because of the convex hull construction
(29b), there is no such result for mixed states; we have
only the poset

(Pip, S Dyguj2).in}> Diizen}) (37)

and, due to (32b), this structure is isomorphic to that of
Prp given in (28),

(Pu,ps S, Dygap2)..inys Dii2..n})
= (P, =, 4{102] .- [}, {12 .. n}),

as was mentioned before. The mixed separability prob-
lem is, again, a hard optimization task [1, 2, 23, 32].

Note that a complementary notion can also be de-
fined. A pure state m € P is a-entangled, if it is not
a-separable; that is, 1 € P = P \ Pq; that is, it is
not separable under any a € a splits. Note that Py is
not closed. A mixed state o € D is a-entangled, if it
is not a-separable, that is, o € Dy = D \ Dy. For the
preparation (by mixing) of these states, it is not enough
to use a-separable states only; there is also a need for
a-entangled states. Note that D, is neither convex nor
closed. For these complementary state sets we have the
sets

(38)

(39a)
(39b)

Py 5= {7)704 | ac PH}7
Py 5= {Da | @ € P},

which are posets with respect to the inclusion, (P 5, €),
(P;;5,<). Because of the reverse order (26) of the a-

entangled state sets, the inclusion hierarchy of the P,
and D, a-entangled sets is O+(FPy) \ {1}, given by the
up-set lattice O (Pr) of Py, and for these complementary
state sets we have then the reverse (32) order

B=a <= Pg2Pa, (40a)

and

B=2a <= Dg2Ds (40b)
(that is, entanglement higher in the hierarchy implies
a lower one), so the posets (P, =), (Pnﬁa D), and
(P15, 2) are isomorphic.

Note that in this framework, complete in the sense of
partial separability, one can also describe the notion of
k-separability [39, 42, 43] and k-producibility [43-45]. A
mixed state is k-separable, if it can be mixed by the use



of pure states being separable into at least k parts. That
is, the set of k-separable states is given by Dj_sep := Dg,,
where the 3, € Pir label of the second kind is such that

Br: VBEPB:|B] = kand
VB ¢ Bt |8l <k

(This is related to the natural gradation on the lattice of
partitions P;.) These labels form a chain (a completely
ordered set), {1|2|...|n} = B, = -+ 2 By 2 By =
- X ﬂl = P, leading to D{1|2\|n} = Dn—sep c.--C
C Disey = D by (32b). A
mixed state is k-producible, if it can be mixed by the
use of pure states being separable with respect to splits
containing parts at most of size k. That is, the set of k-
producible states is given by Dy prod := D, , where the
5 € P label of the second kind is such that

(41a)

D(k + 1)-sep - Dk—sep c -

Ye: VY€, VK €v:|K|<kand

41b
Vv & vy, K € v: |K| > k. (

=

These labels form a chain, {1]2]...|n} = v; < ---
Yi—1 3 Y 2 0 2, = B, leading to Dyyja) jny
Dl—prod - c D(kf 1)-prod c Dk:—prod c -
Dp-proa = D by (32b).

NI TA

E. Examples

Writing out some examples explicitly might not be use-
less here. The lattices Py for the cases n = 2 and 3 can
be seen in the upper-right parts of Figures 1 and 2. As
we have learned in (32a) and (32b), we need to draw
only this lattice for the inclusion hierarchy of the sets
of a-separable pure and mixed states P (29a) and D,
(29D).

For the bipartite case, we do not have additional struc-
ture over that of the first kind (see Section III C), and
we get back the content of Section IIB. The sets of a-
separable pure states are

P12y = Pi2 = P(Hiz),
P2y = Prjz2 = Psep-

Note that P 12y € Piq12y- The sets of a-separable
mixed states are
D¢{12} = D12 = D(H12),
D112y = D1j2 = Dsep-
Note that, again, D 12y € D 112}
For the tripartite case we do have additional structure

over that of the first kind (see Section ITIC). The sets of
a-separable pure states are

Pii123y = Pi2z = P(Hi2s),
P (112,213,312} = P1j23 U Pajiz U P3j12,
,P\L{b\ac,c|ab} = Pb|ac U Pc|ab7
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,P\L{a|bc} = Pa\bcu
P23y = Prjz2i3s

with all bipartitions albc of {1,2,3}.  Note that
P2y € Piialpey € Piiapeblacy S Priajbeblac,claby S
Py {1233- Note, on the other hand, how (34) works. The
sets of a-separable mixed states are

D, 1123y = Conv P 123y = D(Hi23),
D¢{1|23,2\13,3|12} = Conv P¢{1|23,2|13,3\12}’
D (blac,claby = Conv P (pjac.clab} s
Dfajbey = Conv Pyiqjpcy
Df1j23y = Conv P23y

Note that, again, D (1)213) € Dyfape} S Difalbeblact S
D (afbe,blac,claby S D123} Note, on the other hand, that
there is no (34)-like result for mixed states, we have only
(33b).

F. Level III: partial separability classes

The state sets Dy, of given a-separability are contain-
ing, (32b); that is, if a state is a-separable, 9o € Dq,
it can also be (3-separable for a (3 lower in the hierar-
chy (Pi1,<). Now we construct the partial separability
classes, which are the sets of states having well-defined
partial separability properties, that is, being a-separable
for given as but not separable under any 3 < a.

The partial separability classes are defined as the in-
tersections of the D, sets of states of different partial
separability. First we select a sublattice of P,

(P, 2,A, V) € (P, 2,0, V) (42)

by the use of which we can tune how fine/coarse the aris-
ing classification is and what kinds of entanglement are
taken into account. The elements of this (sub)lattice give
rise to a (sub)hierarchy, based on which the classification
is carried out. If the whole lattice is taken, P+ = Py,
then we get the complete classification in the sense of
partial separability, which utilizes all the possible com-
binations of different kinds of partially separable pure
states [2, 3]. If only the principal elements of Py are
taken, that is, Pi» = {aa € Pi1 | 3o € Pr : a = {a}},
then we get an incomplete classification introduced in
37, 38]. If P = {8, | k¥ = 1,2,...,n} is the set
of labels of the second kind labeling the different k-
separability properties (41a), then we get an intermedi-
ate classification, based on k-separability [39, 42, 43]. If
P+ ={v, | k=1,2,...,n} is the set of labels of the sec-
ond kind labeling the different k-producibility properties
(41b), then we get another intermediate classification,
based on k-producibility [43-45].

Now, we need to obtain all the classes, the possible
nonempty intersections of the Dy sets (for o € Pjy+). In
general, the intersections can be labeled by a nonempty



a C P« as

Ca= () Dan () Pa (43)

aga aca

However, because of the inclusions (32b), some of the
intersections are empty by construction,

Jaca, 3B¢a : a<xB = C(Cq=0. (44)

(This comes from (32b) and elementary set-algebra: If
AC B, then BNA=A\B=1.) It will turn out later
that if a class is not empty by construction, then its label
« is a nonempty element of the up-set lattice of Py« (see
Appendix A 1), which is now denoted with

Prp := Oy (Prrx) \ {0}
z{QEZP”*\{@} Vaca: a<x8 = ﬁeg}.
(45)

Again, the Py set of nonempty up-sets of the lattice P+
forms a lattice with respect to the inclusion, intersection,
and union [19], so we have

(Pur, 2, A, V) = (04 (Pax) \ {0}, S, 0, L), (46)

With the above definitions in hand, we can prove that
Py is sufficient for the labeling of the classes in the above
sense; that is,

Ca#0 = acPm. (47)
(For the proof, see Appendix A 10.) We also have the set
Puic = {Ca | @ € Put}. (48)

From (47), by the inclusion rules (32b) and (40b), it im-
mediately follows that the classes (43) can be written as

(1 Dan () Pa (49)

acmax o aEmin o

Co =

with the notation @ = P+ \ @. (That is, because of
(32a), it is enough to use max @ and min a for the cal-
culation of the intersections.) A conjecture is that the
reverse implication also holds in (47), even for the most
detailed case when P+ = Py [2, 3].

Conjecture 1 The classes (43) given by all a € Pyyy are
nonempty; hence,

Cg 75 0 <= a € Py (50)
An advantage of the formulation by the labeling con-
structions is that, roughly speaking, by useing that, “we
have separated the algebraic and the geometric part” of
the problem of the nonemptiness of the classes. At this
point, it seems that we have tackled all the algebraic is-
sues of the problem, and this conjecture cannot be proven
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without the investigation of the geometry of D, more pre-
cisely, the geometry of the different P, sets of extremal
points.

Having the (43) definition of the classes Cq for e € Pirx
in hand, we can also reconstruct the original state sets
Dq- By the definition (43) we have

Ca CDy = aca, (51a)
so we need to collect every class Co where o € a to
reconstruct D,

Do =

U Ca

Vo€ Prr:
aco

(51b)

These classes are labeled by the elements of the up-set of
the principal element t{a} (being a principal element in
OT(PIII)); that iS,

{a e Pu|aca}l =1{t{a}}.

(For the proof, see Appendix A 11.) Using this, we have

Do = U Ca-

axt{t{a}}

(52a)

(52b)

After these technicalities, let us take a wider look at the
construction. We have that, interestingly, the partial sep-
arability classes (49) are also endowed with a hierarchical
(lattice) structure (46). Although this structure arises in
a very natural way in the construction, the meaning of
this hierarchy is not fully understood at this point. Now
we clarify that.

Since at this point we do not have a well-established
notion, based on which it could be meaningful to say
that states in a given class Co are “more entangled” than
states in class Cg, we are free to adopt (and we would re-
ally like to adopt) the hierarchy (Pyir, =) for this purpose,
if doing this makes any sense. Being more entangled is
a notion strongly related to LOCC convertibility, so one
should make a trial of this direction. Here we use the
notations for the strong and weak LOCC convertibility
among different classes (different definite partial separa-
bility properties),

. LOCS: def,
& @ (53a)
Vo € Cg, 3A LOCC map such that A(e) € Ca,
LOCC def,
Cg —"Ch =
p (53b)

Jo € Cg, 3A LOCC map such that A(p) € Cq.

(Note that we do not consider the question whether all
states in Cq can be reached by LOCC from the states

. a1 e1e LOCCS/W .
in Cg.) The LOCC convertibility Cg —" Cq is also
denoted with Cg >s/w Ca- (In the literature, the same

arrows and ordering signs are used [46] for the notion
of convertibility of states. Here we use the notion of



convertibility of classes.) Using that the state sets Dy,
are closed under LOCC (30), we have that Va, 3 € Piyp

LOCC

C,B —)SCQ LOCCy

= (g —"Ca = pBRa
(54)

(The first implication is obvious; for the proof of the

second one, see Appendix A 12.) From this, we have that

Pii,c is a poset with respect to the LOCC convertibility,
(Pre, >s)- (55)

(For the proof, see Appendix A 13.) So we can move
by LOCC along the hierarchy (P, <); however, it can
happen, that Cg cannot be converted to Co for all a
which is 8 < a. A conjecture is that this is not the case;

that is, the converse also holds in (54).
Conjecture 2 Va, 3 € Pjy; we have that

LOCC

C "% Ca = B=a (56)

that is, the two posets are isomorphic,
(Prrc,>s) = (P, X). (57)

Note that if Conjecture 2 is true, then the notions of the
strong and the weak convertibility (53) would coincide.
Note also that Conjecture 2 implies Conjecture 1, since
one could not convert Cg to Cq if the latter were empty.
For the proof of (54) it has been enough to use the set-
theoretical notions of the construction, however, this does
not seem to be the case for the proof of (56), one has
to construct explicit protocol even for the weak LOCC
convertibility of classes. Anyway, (54) may be enough for
saying that states in a given class Cg are more entangled
than states in class Cq, if B < a. B

As coarse-grained cases, we may consider only the k-
separability or the k-producibility properties. We have
the P+ = {8, | k=1,2,...,n} and the Pyx = {v, | k =
1,2,...,n} lattices of the labels of the second kind, la-
beling the different k-separability (41a), respectively k-
producibility (41b) properties in the two cases. Since
these form chains, the arising hierarchies (45) of the
classes are also chains in both cases. For the labeling of
the k-separability classes, we have the nonempty up-sets
B, = MBi} € O1(Pux) \ {0} = P, with the hierar-
chy {Pi} =8, = =28, =2B,,, 228, =P,
leading to the k-separability classes by (49), being Cﬁk =

Ck—sep ent — D(k + 1)-sep N Dk-sep = Dk—sep \ D(k + 1)-sep
for kK = 1,2,...,n, called k-separable entangled. That
is, a state is k-separable entangled if it can be mixed
by the use of k-separable states, but cannot be mixed
by the use of k 4 1-separable (“more separable”) states.
If Conjecture 2 holds, then the strong LOCC hierarchy
Cik-sep ent =s C(k + 1)-sep ent fOllows. For the labeling of
the k-producibility classes, we have the nonempty up-sets
7, = My} € Or(FPx) \ {0} = P, with the hierarchy

Py =9, =229 27,2 27 = P
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leading to the k-producibility classes by (49), being
Clk = Ck—prod ent — D(k — 1)-prod N Dk}—prod = Dk—prod \
D(,; —1)-prod for k= 1,2,...,n, called genuine k-partite
entangled. That is, a state is genuine k-partite entan-
gled if it can be mixed by the use of k-producible states
(entanglement among at most k elementary subsystems),
but cannot be mixed by the use of k — 1-producible (“less
entangled”) states (entanglement among, at most, k — 1
elementary subsystems). If Conjecture 2 holds, then the
strong LOCC hierarchy Cy_prod ent =s C(k — 1)-prod ent fOl-
lows. So, in these two cases, when the Py;; hierarchies
of the labels of the classes are chains, we have the ex-
pressive meaning for the (same) hierarchies of the classes
themselves.

G. Examples

Writing out some examples explicitly might not be use-
less here. The lattices Piyp for Py« = Ppp for the cases
n = 2 and 3 can be seen in the lower-left parts of Fig-
ures 1 and 2. The classes have this hierarchical structure,
however, this does not manifest itself in inclusion hierar-
chy (the classes are disjoint), but the meaning of this is
the LOCC convertibility (54).

For the bipartite case, we get back the content of Sec-
tion I1 B,

Criuqizyy = Digij2y N Dyqazy = D12 \ Dij2 = Cents
Crivqazyy = Diqajzy N Dyqazy = Dij2 = Coeps

being the entangled and separable state classes. Note
that every entangled bipartite state can be converted to
a separable one by means of LOCC, so Conjecture 2 holds
in the bipartite case, Cent =5 Csep-

For the tripartite case, we have 1+ 1841 = 20 classes,
shown in Table I. The meaning of these is discussed in
12, 3].

IV. ENTANGLEMENT MEASURES: BASICS

A very basic question of entanglement theory is how to
quantify entanglement [1]. There are many different mea-
sures of entanglement obtained by the use of two main
approaches, the operational and the axiomatic ones [47—
50]. Here we follow more-or-less the axiomatic way, be-
cause, on the one hand, it clearly distinguishes between
relevant and irrelevant properties of quantities, and, on
the other hand, it allows experimenting.

Starting with this section, we mainly deal with real-
valued functions over state spaces, which are convex sets.
On convex sets it is meaningful to define conver,

f(sz‘Qi) < sz‘f(m),

(58a)
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Class (name) || Q& |R & A A & A |Q |A |in[3] in[39] in [38]
Ci{i{123}} (tripartite entangled) || ¢ | ¢ ¢ ¢ | ¢ ¢ ¢ | ¢ | C |1 1 1
Ci{u{1123,2113,3]12}} ¢Z\l¢ ¢ ¢|¢ ¢ ¢ | c|cl| 21 2.1 1
Cr{i{blac,clab}} ¢Z\l¢ ¢ ¢|lc ¢ ¢|c|cl| 22a 21 1
Cr{i{albe,blac},L{albe,clab}} ¢Z|\¢ ¢ ¢ | ¢ C cC|c|cCl23a 21 1
Cr{i{1123,2118},1{1]23,3]12},1{2]13,3]12}} s \l¢ ¢ ¢ | cCc <c C|cC|cCl| 24 2.1 1
Cr{i{albe}} ¢|lc ¢ ¢|¢ < c|c|cl| 25a 2432 2321
Ch{i{albe} L{blac,clab}} (roundabout) || ¢ | € ¢ ¢ | C C C|cC|cC]| 26a 2432 2321
Ci{i{blacy,d{clab}} ¢|l¢ c c|c c c|c|cl| 27a 2765 3321
Cr{u{1)23},402113},4(3]12}} (semiseparable) || ¢ | ¢ C Cc|c Cc cC|c|c]| 28 2.8 4
Cr{u{1)213}} (fully separable) || C | ¢ < Cc|Cc C C|cCc|cC|3 3 5

TABLE I. Partial separability classes of mixed tripartite states; cf. the lower-left part of Figure 2. Additionally, we show the
labels of classes in [2, 3], and the classifications obtained by Seevinck and Uffink [39] and Diir and Cirac [38].

and concave,

Q(ZPiQi) > Zpig(gi) (58b)
i i

functions. Since mixing is interpreted as forgetting some

classical information concerning the identity of a o; mem-

ber of an ensemble {(p;, 0;)}, convexity and concavity re-

flect how the given function is behaving in this process.

For a collection of tools on convexity, see Sections 2 and
3 of [22].

A. Mixedness of states

Before turning to measuring entanglement of multi-
partite states, in this and the next subsections, we recall
some important notions in the characterization of states
considered as a whole, without respect to the existence
of subsystems (tensor product structure in the Hilbert
space).

The mixedness of a quantum state can be characterized
by real-valued functions called entropies [21, 51]. The
most widely used of them is the von Neumann entropy
[52-54],

S(e) = —tr(eln o).

Other notable entropies are the one-parameter families
of quantum Tsallis entropies [55-58],

(59a)

1
ST%(0) = E(tr 0'—1), ¢>0 (59b)
(with ST = lim, S? = S), and quantum Rényi en-
tropies [59]
R(,\ _
S, (0) = Intre?, ¢>0 (59¢)

1—g¢q

(with ST* :=limg1 S;® = 5). The concurrence-squared
is a qubit-normalized version of the ¢ = 2 Tsallis entropy,
C%(0) = 255°(0) = 2(1 — tr 0°); (59d)
for qubits, it obeys 0 < C?%(p) < 1. (The same holds if
log, is used in the definitions of von Neumann and Rényi
entropies.)
All of these are non-negative, vanishing exactly for
pure states,

5(0),5;°(0), S3(e) > 0, (60a)
S(0),5,°(0),Sg(e) =0 <= oePcCD, (60b)
and their maximal values are
di l-¢ _
S(0)S3(0) < dim ¥, 57o(g) < B2,
(60c)

It is also important to know that not all Rényi entropies
are concave (58b) [21],

(X pies) 2 Y pis(en).
S;FS (ZpiQi) > ZpiSqu(Qi) for all ¢ >0, (61b)

S?(szpi) > Zpisﬁf(@i) if g < 1.

(For some useful tools in matrix analysis, see Appendix
B1 and [26, 53, 60].)

A common property of these functions is that they are
monotonically increasing in bistochastic quantum chan-
nels @,

(61a)

(61c)

S(@(0)) = S(0), (62a)



(62b)
(62c)

S35(®(0)) = S7%(o0),
SE(®(0)) > SHo).

(For the theory of quantum channels, see, for example,
[21, 24, 26-28].)

In quantum probability theory, contrary to the classi-
cal, the entropy is not monotonically decreasing for the
restriction to subsystems (partial trace), e.g., using the
notation ox = trrxs oxk’, S(oxk’) # S(ok), for the
disjoint subsystems K and K'. (For pure states, this is
entanglement itself; see (3) and (60b).) However, the
subadditivity holds in some cases [61, 62],

S(oxkr) < S(ox) + S(ox’),
S;FS(QKK/) < S;FS(QK) + S;FS(QK/) for ¢ > 1.

(63a)
(63b)

Unfortunately, the Rényi entropies are not subadditive
[63].

B. Distinguishability of states

There are several quantities measuring the distin-
guishability of two quantum states; here we consider
only the Umegaki relative entropy or quantum Kullback-
Leibler divergence [53, 64]. For the density matrices
o,w € D, it is given as

DXL (p||w) = tro(In g — Inw). (64)

This expresses the statistical distinguishability of the
state o from the state w [21, 65]. It is non-negative and
vanishes if and only if the two states are equal,

D" (gl|lw) >0,
DKL(gHw) =0 <=

(65a)

0=uw. (65b)

It is not a distance, but only a divergence, since it is
not symmetric, and only a weak version of the triangle
inequality holds [21]. Tt is also jointly convex,

DK (sz@i Zpiwi) < ZpiDKL(gini), (66)

from which the convexity (58a) follows in both arguments
separately. An important property of the relative entropy
is that it is monotonically decreasing in quantum chan-
nels @,

D" (@(g)l|®(w)) < D (gl|w). (67)

For nice summaries on the properties and meaning of the
relative entropy, see, for example, [21, 53, 66]. There are
also Rényi and Tsallis versions [67-71].

C. LOCC monotonicity: entanglement measures

The most fundamental property of entanglement mea-
sures [47-50] is the monotonicity under LOCC (local
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operation and classical communication, [7, 31]). An
f:D — Ris (nonincreasing) monotonic under LOCC, if

f(A0) < f(o)

for any LOCC transformation A, which expresses that
(i) like any reasonable notion of correlation, entangle-
ment does not increase locally and () while classical
correlation does, entanglement does not increase by clas-
sical communication (“classical interaction”) either. An
f D — R is nonincreasing on average under LOCC, if

sz-f(aé) < f(o),

(68a)

(68b)

for all o — {(ps,0})} ensembles resulted from LOCC
transformation A, where the LOCC is constituted as
A =37, A;, where the A;s are the suboperations of the
LOCC realizing the outcomes of selective measurements,
and o} = iAi(gL with p; = trA;(e). This latter con-
dition is stronger than the former one if the function is
convex (58a),

(68c¢)

f(ZI%Qi) < Zpif(gi),

for all ensembles {(p;, 0;)}, which expresses that entan-
glement cannot increase for mixing. This is a plausible
property, since mixing is interpreted as forgetting some
classical information concerning the identity of a g; mem-
ber of an ensemble {(p;, 0;)}, which can be done locally
[50]. An f:D — R is called an entanglement monotone
if (68b) and (68c) hold [50]. There is common agreement
that LOCC-monotonicity (68a) is the only necessary pos-
tulate for a function to be an entanglement measure [1];
however, the stronger condition (68b) is often satisfied
too, and it is often easier to prove. (On the other hand,
the description of forgetting classical information is de-
bated by some authors; then convexity is not demanded
[48, 72], and the only requirement for an entanglement
measure is (68b).)

If f is defined only for pure states, f : P — R, then
only (68b) makes sense; the restriction of that is that
a pure function is nonincreasing on average under pure
LOCC, or entanglement monotone, if

Zpif(ﬂé) < f(m). (69)

Here m — {(pi, 7))} is the ensemble of pure states aris-
ing from the pure LOCC suboperations A;, and «, =
i/\i(ﬂ) € P with p;, = trA;(w). That is, mathemati-
cally, one can decompose the LOCC A into pure subop-
erations having only one Kraus operator each, leading to
much simpler constructions. Note that not all 7} results
of these operations may be accessible physically, only the
outcomes of the LOCC, which are formed by partial mix-
tures of this ensemble [49].



Clearly, functions obeying any particular one of the
requirements in (68) and (69) form a convex cone, that
is, their sums and multiples by non-negative real numbers
also obey the particular requirement.

Since fully separable states can be reversibly converted
into each other by means of LOCC, it follows that if a
function obeys (68a), then it takes the same (minimal)
value for all fully separable states [50].

D. Discriminance: indicator functions

In the sequel, we extensively use another property of
functions f : D — R on state spaces, which is the dis-
criminance with respect to a conver set D, C D; that is,

0eD., < f(o)=0. (70a)

So the vanishing of the function gives a necessary and
sufficient criterion for that subset. In this paper we deal
only with functions having this property, which are of-
ten called indicator functions with respect to a kind of
state. Discriminance with respect to Dy, is an important
property for functions measuring bipartite entanglement
(Section II B).

If f is defined only for pure states, f : P — R, then
the discriminance for the closed set P, C P is

TeP, <« f(r)=0. (70b)

Discriminance with respect to Pgep is an important prop-
erty for functions measuring pure bipartite entanglement
(Section II B).

E. Local entropies: pure state measures

A possible way of obtaining entanglement measures for
mixed states is to obtain measures for pure states first,
then to extend them to the whole set of mixed states. In
the present and the following two subsections, we recall
this way of construction.

It is proven by Vidal [49, 50] that any properly chosen
function applied to one of the reduced density matrices
of a pure state leads to a measure of pure state entangle-
ment in the sense of (69).

Theorem 3 Let F: D(Hk) — R be

(i) a symmetric and extensible function of the eigenval-
ues, and

(i) concave (58b),

F(Zpigi) > piF(0); (71)
then f: P — R defined as

[r(m) = F(trgm) (72)

is an entanglement monotone (69).
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(We recall the simpler proof of Horodecki [49] in Ap-
pendix B 3. It turns out that, roughly speaking, the en-
tanglement monotonicity (69) is actually the concavity
on the subsystem.)

This construction characterizes the entanglement of
the subsystem K with the rest of the system K, that
is, bipartite entanglement with respect to the split K|K.
For the role of F', entropies are usually used; see Section
IVG.

F. Convex roof extensions: mixed state measures

The pure state entanglement measures can be extended
to mixed states by the use of the so-called convexr roof
extension [6, 7, 73-75]. It is motivated by the practical
approach of the optimal mixing of the mixed state from
pure states, that is, using as little of pure state entangle-
ment as possible. For a continuous function f : P — R,
its convex roof extension fY : ConvP = D — R is de-
fined as

v = min
(o) smin_

> pif(m), (73)

)

where the minimization takes place over all {(p;,m;)}
pure state decompositions of p. It follows from
Schrodinger’s mixture theorem [76], also called Gisin-
Hughston-Jozsa-Wootters lemma [77, 78], that the de-
compositions of a mixed state into an ensemble of m pure
states are labeled by the elements of a Stiefel manifold,
which is a compact complex manifold. On the other hand,
the Carathéodory theorem ensures that we need only fi-
nite m, or, to be more precise, m < (rk 0)? < (dim H)?,
shown by Uhlmann [79]. These observations guarantee
the existence of the minimum in (73).

Obviously, for pure states the convex roof extension is
trivial (1d),

VreP: fYm) = f(n).

The convex roof extension of a function is convex (68c),
1~ (ZPiQi) <> pif o)
i i

moreover, it is the largest convex function taking the
same values for pure states as the original function [79].
On the other hand, it is bounded by the bounds of the
original function,

min f () < /(o) < max f(r).

(74a)

(74b)

(74c)

It is proven by Vidal [49, 50] that if a function f :
P — R is nonincreasing on average for pure states (69),
then its convex roof extension is also nonincreasing on
average for mixed states (68b). That is, we have the
following theorem.



Theorem 4 For a continuous f : P — R,

Zpiﬂwé)sﬂw) — Zpif%g;)sf“(g)

(75a)
for all m — {(p;, 7))} and o — {(pi, 0})} ensembles re-
sulting from LOCC.

(We recall the simpler proof of Horodecki [49] in Ap-
pendix B4.) Because of (74b) and (75a), f“(p) is also
an entanglement monotone (68b) and (68c).

It is remarkable that in Theorem 3 a reverse impli-
cation holds in the bipartite case: All bipartite mixed
entanglement monotones (satisfying (68b) and (68c)) re-
stricted for pure states can be expressed by an F satis-
fying (i) and (ii) of Theorem 3 applied to the reduced
density matrix.

The convex roof extension preserves the discriminance
property (70b) if we additionally assume that f > 0,

(77677* & f(r) :o)

= (Q € ConvP, =D, & f(o) = 0)’
(75b)

which can be used for the detection of mixed state en-
tanglement. (For the proof, see Appendix B5.) Note
that this property is based more or less only on that
P, = Extr D, and D, = Conv P,.

The convex roof extension also preserves the invariance
properties of a function. For a G € GL(H),

Vr e P: f(GnGT) = f(n)

(75¢)
— VYoeD: fUGoGT) =

f(o)

(For the proof, see Appendix B6.) Another important

property of the convex roof construction is the mono-

tonicity. For functions f,g: P — R,

VreP: f(r)<g(r) <= VYoeD: (o) <g”(0).
(76a)

(For the proof, see Appendix B 7.) It is also easy to check

the following properties

(cf)” =cfY fore>0, (76b)
(f+9)" = +g" (76¢)
(min{f, g})U < min{f",¢"}. (76d)

(For the proof, see Appendix BS.)

G. Examples

For recalling some well-known examples, let us con-
sider the bipartite case, with the notations of Section
II B. Particular choices for functions fulfilling the require-
ments in Theorem 3 are some entropies given in Section
IV A. Since the entangled pure states are the ones which
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have mixed marginals (3), it is, at least, expressive to say
that “the more mized the marginals, the more entangled
is the state.” In particular, using the FF =S :D; - R
von Neumann entropy (59a) in construction (72) leads to
the “entanglement entropy,”

E(m) := S(trym), (77a)

which is also called simply “entanglement” [5]. (Note
that, because of the Schmidt decomposition, the spec-
tra of the marginals of a bipartite pure state are the
same, apart from the multiplicity of the zero eigenval-
ues.) Apart from the von Neumann entropy, the Tsallis
entropies (59b) for all 0 < ¢ and the Rényi entropies (59c¢)
for all 0 < ¢ < 1 [50] are known to be concave (61), and
all of them are symmetric and extensible functions of the
eigenvalues. They lead to the “Tsallis or Rényi entropy
of entanglement,”

E®(m) == S, (try )
E};(?T) = S?(trg )

for 0 < ¢, (77b)

for 0 < ¢ < 1. (77¢)

A particular choice is the “concurrence (of entangle-
ment),” with the concurrence (59d),

E€(7) := C(try 7). (77d)

All of the above functions measure the pure bipartite en-
tanglement in the sense that they satisfy (69) by Theo-
rem 3, and they are indicators of pure separability, that
is, discriminant (70b) with respect to Psep of (2a) by (3)
and (60b).

Having these pure measures in hand, thanks to The-
orem 4, we can extend them to mixed states by the use
of convex roof extension (73). The resulting measures
are called “entanglement of formation” [7], “Tsallis or
Rényi entanglement of formation” [50], and “concurrence
of formation” [80],

E°"(0) = E(0), (78a)
E;fs OF(Q) = Egb (0), for 0 < ¢, (78b)
ER°F(g) := ER(0), for 0<g<1, (78c)
ECF(g) = B (o). (78d)

All of these functions measure the mized bipartite entan-
glement in the sense that they satisfy (68b) and (68c) by
Theorem 4, and they are indicators of mixed separabil-
ity, that is, discriminant (70a) with respect to Dgep by
(75b). A remarkable result of Wootters is a closed for-
mula for the minimization in the convex roof extension
in the entanglement of formation (through that for the
concurrence of formation) for the case when dim#; =
dim Mo = 2, that is, for two qubits [80, 81].

V. SUMS AND MEANS: A DETOUR

In the sequel, we will need to construct entanglement
measures as functions of more basic ones in a systematic



way. For these, we need some properties to hold, such as
monotonicity, homogeneity, concavity, and permutation
invariance in many cases. The g-sums and g-means, or
the more general quasi-sums and quasi-arithmetic means
turn out to be suitable tools in this situation. ¢-means
equate things, which is sometimes undesirable for our in-
vestigations, so g-sums turn out to be more suitable in
these cases. Apart from this, they share the properties
most important for us, such as monotonicity, convexity
or concavity, and vanishing properties. Moreover, the g-
sums and g-means of homogeneous functions of a given
degree is of the same degree, which is a property which
seems to be of great importance in the topic of entangle-
ment of pure states.

A. The meaning of sums and means

Let us suppose that we have a non-negative quan-
tity X, which can characterize m different entities as
Xi,..., X, and which can also characterize these enti-
ties “together” as a total value Xio;. Suppose, moreover,
that we have a “law” telling us that the total value of
this quantity and the values for the individual entities
are connected by a summation for their ¢-th powers, as

Y =X, =X{+...+X2.
Then, on the one hand, the total value is
Xiot = (X9 4. 4+ x2)1,

which is called g-sum. (For ¢ > 1, this is the same as the
g-norm, restricted for the positive hyperoctant of R™;
however, we do not need to have vector space structure
for the m-tuples (X1,...,X,,). This is why we do not
use the name g-norm.) On the other hand, a natural
question is what is the “mean” value of this quantity in
this situation, that is, what is the uniform value for all
X; which leads to the same Y under the same law,

Y=X{4+.. +XL=XL .+ . .+ XL =mXZL ...

This leads to

1 1/q
Xmean: |:*(Xi]++Xgn):| s
m
which is called g-mean (or Hélder mean).

For ¢ = 1, we get back the sum and the arithmetic
mean for Xiop and Xpean. Well-known examples are the
total and the mean resistance of m resistors connected in
series (or total and mean conductance in parallel) or the
total and the mean capacity of m capacitors connected
in parallel. For ¢ = —1, we get back the harmonic sum
and the harmonic mean for Xio; and X pean. Well-known
examples are the total and the mean resistance of m re-
sistors connected in parallel (or total and mean conduc-
tance in series) or the total and the mean capacity of m
capacitors connected in series. For q = 2, we get back
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the quadratic sum and the quadratic mean for Xio; and
Ximean- If we consider an m-dimensional hypercuboid of
edges of length X, then the quadratic sum of the length
of the edges is the length of the diagonal, while then the
quadratic mean of those is the uniform length of edges
of an m-dimensional hypercube having diagonal of the
same length as the original hypercuboid.

A conceptually (but mathematically not too much) dif-
ferent situation is when the “law” is about products,

Y=X,-...- X,
This leads to the
Xmean = (Xl et Xm)l/m

geometric mean. We will see that this can be obtained
as the g-mean for ¢ = 0.

If we consider an m-dimensional hypercuboid of edges
of length X; again, then the geometric mean of the length
of the edges is the length of the edge of a hypercube of
the same volume. In this case, the meaning of Y is the
volume.

A more general, but still relevant, situation is when
the “law” involves summation of more distorted values,
as

Y = h(Xiot) = H(X1) + ... + A(Xp)

for some invertible h. Then, on the one hand, the total
value is

Xeot = h7H(R(X1) + ...+ W(Xm)),

which might be called, say, quasi-sum. On the other
hand, for the uniform value this leads to the quasi-
arithmetic mean (or Kolmogorov mean),

Xomean = h1 (%(h(Xl) T h(Xm))).

The h(z) = x? gives back the g-mean for ¢ # 0, while
h(z) = In(z) gives back the geometric mean.

For the definitions and properties of ¢g-sums, g-means,
quasi-sums and quasi-arithmetic means, see Appendixes

C1land C2.

B. Sums and means of entanglement measures

Some ¢-sums and g¢-means preserve entanglement
monotonicity and discriminance for pure states. We
have, in general, the following lemma about entangle-
ment monotonicity.

Lemma 5 Let fj : P — R be non-negative functions for
j = 1,....,m, which are pure entanglement monotones
(69). If G : R™ — R is monotonically increasing in all
arguments, and concave, then G(f1,...,fm): P — R is
an entanglement monotone (69); that is,

ZpiG(fh s fn) (@) S G(fi, - fn) () (792)

for all w— {(p;, 7})} ensembles resulting from LOCC.



This is a simple consequence of the monotonicity and the
concavity (see Appendix D1). Note that similar results
can be proven for mixed states for the properties (68a)
and (68b); however, the convexity (68c) would, of course,
fail. Because of the monotonicity and (C6b) and (C7b),
we have the following.

Corollary 6 The g-sum (Cl) and g-mean (C2) of f; :
P — R entanglement monotones (69) are entanglement
monotones (69) for q < 1; that is,

sz flu”wfm)(ﬁg) SNq(fla"'vfm)(W)
(79Db)

for0#q<1,

5Py f) ) S Myl ) ()
(79¢)

forq <1,

for all m— {(p;, 7))} ensemble resulting from LOCC.

We have, in general, the following lemma about entan-
glement discriminance.

Lemma 7 Let f; : P = R be non-negative functions for
j = 1,...,m, which are discriminant with respect to a
P. C 73 set (70b). If G : R™ — R obeys the vanishing
properties

Gx)=0 <« dJj:z;=0, (80)

then G(f1,...,fm) : P — R is also discriminant with
respect to the same set (70b).

(This is obvious.) Because of (C3) and (C4), we have the
following.

Corollary 8 The g-sum (C1) and g-mean (C2) of indi-
cators with respect to a P, C P set (70b) are also indi-
cators with respect to the same set (70b).

A more interesting situation arises when the different f;
functions are discriminant with respect to different sets,
as we will see in the sequel.

VI. ENTANGLEMENT MEASURES FOR
MULTIPARTITE SYSTEMS

In Section III, we have introduced the different mean-
ingful kinds of partial separability, and built up a hierar-
chy of those. Now we construct a hierarchy of entangle-
ment measures which resembles this hierarchic structure.

In Section IV, we had two main requirements for
quantities measuring bipartite entanglement: the LOCC
monotonicity in the sense of (68a) and the discriminance
(70a) with respect to the given partial separability. For
the hierarchy of quantities measuring multipartite entan-
glement we introduce a third requirement: the multipar-
tite monotonicity, which reflects a natural relation among
these quantities, and connects them to the hierarchy of
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entanglement. By this property we can grasp the hierar-
chy of multipartite entanglement by the measures. These
three requirements seem to be mandatory. Also, a fourth
one should be satisfied by these measures: being mean-
ingful in some sense. This last one is quite hard to fulfill,
but not impossible.

The construction of measures here reflects the con-
struction of the partial separability hierarchy in Section
III. It is based on the measures of pure bipartite entan-
glement (Section VIA), upon which the first and second
kind hierarchies of measures of pure multipartite entan-
glement are built (Sections VIB and VID). We turn to
mixed states only in the final step (Section VIF), by the
use of convex roof extension, as has been done in the
bipartite construction in Section IV G. Then follows the
detection of the classes (Section VIH).

A. Level 0: bipartite entanglement

Following Section IVE, let F': D — R satisfy (i) and
(ii) of Theorem 3, and

F(e) 20, (81a)
F(o)=0 <= p€PxgCDg. (81b)

With this, in the sense of Theorem 3, the function
fk=Fotrz : P—R (82)

is an entanglement monotone (69) indicator function
(70b) with respect to Pz that is, for the pure bipar-

tite entanglement with respect to the bipartite split K |K.
The latter is

fK(’lT) =0 «— nmwe ,PK|?’ (83)

which is the consequence of (81b) and (3).

B. Level I: multipartite entanglement measures of
the first kind

In Section ITI B, we have the (P, <) partial separability
hierarchy of the first kind (11). Now we consider the
fa : P — R functions, different for all @ € P labels of
the first kind (partitions), with the set of them

PLf = {fQ:P%R|a€P1}, (84)

and we formulate their important properties expected for
the measuring of the pure a-entanglement. Entangle-
ment monotonicity (69) is, of course, mandatory for all
pure state measures. The others are as follows.

For the a label of the first kind (partition), the function
fo : P — R is called a pure a-indicator function (or
indicator function of the first kind with respect to P,), if
it is discriminant (70b) with respect to P,, that is, if it
vanishes exactly for a-separable pure states (13a),

fa(m) =0 << m€eP,. (85a)



Using (21), one can formulate the vanishing of the -
indicator function f, by the vanishing (83) of the func-
tions fx of (82) as

fozzo

From the inclusion hierarchy (16a), we immediately have
that the indicator functions (85a) obey

(fg:() = fa:()).

That is, separability with respect to a finer split implies
separability with respect to a coarser one, as it has to
do. We call this property weak multipartite monotonicity
of the first kind, and it provides the Py set of functions
with the same hierarchical structure as that of Py in (11)
and Ppp in (15a). That is, if the implication (fs =0 =
fo = 0) is denoted with fg C f,, then we have the
isomorphism of the lattices

<— VKea:fxg=0. (85b)

fRa < (86a)

(Prp, €)= (B, 2). (86b)

In addition to this, one can formulate a stronger property
for the set of functions Fj r, having motivation in the
theory of quantization of entanglement. For the P; labels
of the first kind (partition), the set of functions P p is
called multipartite-monotonic of the first kind, if

ﬁja — fﬁZfow (873')

(The map a +— f, is monotonically decreasing with re-
spect to the labels of the first kind, and the pointwise
relation of real-valued functions over the same domain.)
That is, entanglement with respect to a coarser parti-
tion cannot be higher than entanglement with respect to
a finer one. By this property we attempt to grasp the
hierarchy of multipartite entanglement by the measures.
Since, e.g., the tripartite entanglement is considered to
be a more powerful resource than the bipartite entan-
glement [82], one feels that a state can contain a smaller
amount of that than of the bipartite entanglement. (This
may or may not seem to be plausible enough; anyway,
multipartite monotonicity holds automatically in some
constructions.) So, in this case we also have

(P, >) = (P, X). (87b)

The multipartite monotonicity (87a) is indeed stronger
than its weak version (vanishing implications) (86a),
since the latter one follows from the former one.

With the above definitions in hand, we construct multi-
partite monotonic (87a) hierarchies of entanglement mea-
sures for pure states for the hierarchy of the first kind,
consisting of entanglement monotonic (69) a-indicator
functions (85a). Let us start with the construction of
a-indicators, then check the monotonicity properties.

There are several ways of constructing a-indicator
functions (85a), based on the K|K-indicators (82) as in
(85b). Perhaps the simplest one is the sum,

foi=Y [fr.

Kea

(88a)
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It clearly obeys a-discriminance (85a) through (85b), and
entanglement monotonicity (69). (For convenience, one
can also use the definition f, := % > kea [K, leading to
le? = fk for the bipartite splits.) Another candidate
is the arithmetic mean,

1
|

Ja: > fx=Mi(f,, ..

Kea

7fK|a\)7 (88b)

which is just a sum, multiplied by a factor ITl\’ which
does not ruin the entanglement monotonicity and a-
discriminance. One can notice that we can use g-sums

(C1) and g-means (C2) with general parameters g,

o= N fi). 0<a =1,
fa = Mq(fKN""lea\)’ O<g=Ll

Indeed, g-sums and g-means are concave for ¢ < 1, see
(C6b) and (C7b), which is needed for the entanglement
monotonicity (69) (see Corollary 6), while the proper
vanishing properties (C3a) and (C4a) are satisfied for
0 < ¢, which is needed for the a-discriminance (85a)
through (85b).

Now we would like to argue that, from the construc-
tions above, the simplest choice is the best motivated:
the sum (88a). First of all, as we have learned in Section
V A, using ¢g-sums or ¢g-means would infer an underlying
“law,” telling us that the sum of the ¢-th power of the
functions fx is meaningful. This seems to be true for
q = 1 only, if we start with functions (82) based on en-
tropies as in the bipartite case in Section IV G. However,
in this case, a sum may have more meaning than the
arithmetic (¢ = 1) mean. Let us see why. Taking F = §
with the von Neumann entropy (59a), we simply get

fa(m) == S(Wﬁ)+S(7TK2)+"'+S(7TK\Q|)’ (89)

the sum of the entropies of disjoint subsystems given by
the split a = Ki|Ky|...[K|q. (From here, we adopt
the convenient notation that ox = trizo, 7x = trgm
(the latter is generally not pure) in the writing out of a
function, if ¢ or 7 is argument of the function.) This
possesses an expressive meaning. Let us consider an
information-geometrical correlation measure, called also
relative entropy of correlation, with respect to a partition
o = Kl‘K2| N |K|a|,

(88c¢)
(884)

min  D*"(gl|lwk, ® wi, ® - - Qwk,,) (90a)

VKea:
wirk €DK

being the minimal distinguishability of a state from the
set of uncorrelated states, with respect to the relative en-
tropy (64). This characterizes all the correlations (clas-
sical and quantum [83]) contained in the state o with
respect to the split a = Kj|Ks|...|K|q. (In quan-
tum information theory, such geometry-based approach
is widely used for the measuring of entanglement. Per-
haps the most relevant geometric entanglement measure
is the relative entropy of entanglement [84], and there



are several others [85-87]. For an overview and refer-
ences, see section 15.6 of [21]. Note that, contrary to
these entanglement measures, we have here a correlation
measure.) Moreover, it can be proven [83] that

argmin{DKL (Q H ® wK)} ={wk = ok | VK € a};
VKea: Kea
wrk €DK

(90b)
that is, the state least indistinguishable from g and un-
correlated with respect to « is formed by the marginals
of p. (The proof is recalled in Appendix B2.) So we can
write out the relative entropy of correlation (90a) as

Juin {0 (o | @ wie) } = Do || @ x)
wrg €DK Kea Kea (91)
= > S(ex) = S(e) =: In(0);

Kea

which is a possible multipartite generalization of the mu-
tual information [88], which we call here a-mutual infor-
mation. (It is also called “among-the-clusters correlation
information” [88]. For the finest split 1]2]|...|n, this is
also called “correlation information” [88], or “multipar-
tite mutual information” [89], also considered by Lind-
blad [90] and used [91] to describe correlations within
multipartite quantum systems.) Now, applying this to
a pure state m € P C D, since S(m) = 0, we have that
(88a) is actually

falm) =Y fx(m)=) Srx) =Y S(rk) *i(zr_z

Kea Kea Kea

= DXL (7r H ® 7TK) = I,(m).

Kea

0

(92)

That is, for pure states, the sum of the von Neumann
entropies of disjoint subsystems given by the split o =
Ki|Ks|...|K)s is a meaningful quantity, and it charac-
terizes the whole amount of correlation contained in the
state m with respect to that split, being the a-mutual
information above.

This reasoning enlightens also the meaning of entangle-
ment itself (which holds also in the bipartite case (77a)).
In classical probability theory, pure states are always un-
correlated, so if in the quantum case a pure state shows
correlation, then this correlation is considered to be of
quantum origin, and this correlation is defined to be the
entanglement. From this point of view, it is plausible to
think that the quantum versions of classical correlation
measures applied to pure quantum states are pure entan-
glement measures, both in the bipartite and in the multi-
partite scenario. However, the details should be clarified
in this principle; entanglement monotonicity should be
checked for the concrete measures. (For further discus-
sion, see Section VII.)

By this reasoning, let us define the a-entanglement en-
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tropy, or simply a-entanglement E, : P — R, as

Bo(r) = 1, (x) = % S S(re), 93)
Kea

by the use of the von Neumann entropy (59a). This is
the direct Level I multipartite generalization of the en-
tanglement entropy (77a). (Note that while the a-mutual
information I, is defined over the whole state space D,
E,, is defined only for the pure states P, in accordance
with (77a).) Note that

. 1 .
0 < Eq(n) < lndlmH=§ZIHdlm7{a (94)

acl

N =

by (60c¢).

Until this point, we have taken into consideration
only the entanglement monotonicity (69) and the «-
discriminance (85a). The multipartite monotonicity
(87a) is an additional concern, which might be satisfied
too. For the measures (93) based on the von Neumann
entropy (59a), the multipartite monotonicity (87a) is a
simple consequence of the subadditivity (63a) of the von
Neumann entropy. The g > 1 Tsallis entropies (59b) are
also suitable (63b); however, Rényi entropies (59c) are
not. Note that, since means equate things, using arith-
metic mean (88b) instead of sum (88a) ruins the multi-
partite monotonicity for these cases.

C. Examples

Writing out some examples explicitly might not be
useless here (cf. Section IIIC). Here we consider the a-
entanglement entropy (93), arising from the construction
(92) using the von Neumann entropy (59a). Since the re-
sulting functions are multipartite monotonic (87a) indi-
cator functions (85a), we can read off these relations from
the lattice Py, which can be seen for the cases n = 2 and 3
in the upper-left parts of Figures 1 and 2. (Note that we
have adopted the convenient notation that mx = trem
(generally not pure) in the writing out of a function hav-
ing 7 as its argument. On the other hand, from the
definition of the partial trace (5), we have 7y, = .)

For the bipartite case, we get back the content of Sec-
tion IV G,

Elg(’/T) = S(7T12) = O,

[N R

Ejp(m) = = (S(m1) + S(m2)) = S(ma).

Note that the multipartite monotonicity (87a) holds,
Eyj2(m) > Eqa(m). We have also the discriminance (85a),

T € Pio <=

E12(7T) = 0,
S P1|2 — =0.

El‘g(’ﬂ')



For the tripartite case,
Er3(m) = %S(ng) =0,
Fapelm) = 5(S(72) + 8(m) = S(ma),
Eyaia(m) = 3 (S(m) + S(ms) + (),
with all bipartitions a|bc of {1, 2,3}. Note that the multi-

partite monotonicity (87a) holds, Ey|3(7) > Egpe(m) >
E123(m). We have also the discriminance (85a),

T € Pio3 < E123(7T) = Oa
e ,Pa\bc <~ Ea|bc(7T) =0,
T € P1j2i3 <~ E1‘2|3(7T) =0.

D. Level II: multipartite entanglement measures of
the second kind

In Section III D, we have the (P, =) partial separa-
bility hierarchy of the second kind (28). Now, similarly
to Section VIB, we consider the f, : P — R functions,
different for all & € Ppp labels of the second kind, with
the set of them

P s = {fa:’P—ﬂR‘aEPH}, (95)

and we formulate their important properties expected for
the measuring of the pure a-entanglement. Entangle-
ment monotonicity (69) is, of course, mandatory for all
pure state measures. The others are as follows.

For the a label of the second kind (nonempty down-
set of partitions), the function f, : P — R is called
pure a-indicator function (or indicator function of the
second kind with respect to Py,), if it is discriminant (70b)
with respect to Py, that is, if it vanishes exactly for a-
separable pure states (29a),

falm)=0 <— 7€ Pq. (96a)

Using (29a), one can formulate the vanishing of the a-
indicator function f, by the vanishing of the a-indicator
functions f, of (85a) as

fa=0 < daca:f,=0. (96b)

From the inclusion hierarchy (32a), we immediately have
that the indicator functions (96a) obey

(fﬁ:() = fa:()).

That is, a separability lower in the hierarchy implies a
higher one, as it has to do. We call this property weak
multipartite monotonicity of the second kind, and it pro-
vides the Pip ¢ set of functions with the same hierarchical
structure as that of Py in (28) and Py p in (31a). That
is, if the implication (fg =0 = fq = 0) is denoted with
f8 C fa, then we have the isomorphism of the lattices

(97b)

Ba — (97a)

(Pu,f, C) = (P, 2).
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In addition to this, one can formulate a stronger property
for the set of functions P ¢, having some motivation in
the theory of quantization of entanglement. For the Py
labels of the second kind, the set of functions P p is
called multipartite-monotonic of the second kind, if

Bla <+ fﬂz.fa- (983')
(The map « — f,, is monotonically decreasing with re-
spect to the labels of the second kind, and the pointwise
relation of real-valued functions over the same domain.)
That is, entanglement higher in the hierarchy cannot be
higher than entanglement lower in there. By this prop-
erty we attempt to grasp the hierarchy of multipartite
entanglement by the measures. (This may or may not
seem to be plausible enough; anyway, multipartite mono-
tonicity holds automatically in some constructions.) So,
in this case we also have

(Prg,>) = (P, 2). (98b)
The multipartite monotonicity (98a) is indeed stronger
than its weak version (vanishing implications) (97a),
since the latter one follows from the former one.

With the above definitions in hand, we construct a
multipartite monotonic (98a) hierarchy of entanglement
measures for pure states for the hierarchy of the sec-
ond kind, consisting of entanglement monotonic (69) a-
indicator functions (96a). Let us start with the construc-
tion of a-indicators, then check the monotonicity prop-
erties.

There are several ways of constructing a-indicator
functions (96a), based on the a-indicators (85a). Per-
haps the simplest one is the product,

fa = H foc~

aco

(99a)

Unfortunately, while it clearly obeys a-discriminance
(96a) through (96b), it lacks for entanglement mono-
tonicity (69). This is because the set of functions obeying
(69) is not closed under multiplication, which is related
to the fact that the product of two concave functions
is not concave in general. Moreover, a recent result of
Eltschka et. al. [92, 93] suggests that homogeneous func-
tions obeying (69) cannot be of arbitrarily high degree.
(See Theorem I. in [92], concerning a special class of func-
tions.) This is an indication for using some ¢-sums (Cla)
or g-means (C2a), since they do not change the degree.
The geometric mean (C2d),

fai=[T1 fa

aco

Ylal

= Mo(fas,---

a.foé\a\) (99b)

obeys a-discriminance (96a) as the product (99a) does,

and it turns out to be entanglement monotonic (69) [2, 3].

One can notice that we can use ¢g-sums (C1) and ¢-

means (C2) with general parameters ¢,
fa = Nq(fala .. '7fu|a‘)7

q<0, (99¢)



Joo:=My(fars - fare)s ¢<0. (99d)

Indeed, g-sums and g-means are concave for ¢ < 1 (see
(C6b) and (C7b)), which is needed for the entanglement
monotonicity (69) (see Corollary 6), while the proper
vanishing properties (C3b) and (C4b) are satisfied for
q < 0 and ¢ < 0, which is needed for the a-discriminance
(96a) through (96b).

However, geometric means, or all ¢ # 1 ¢g-means of
indicator functions of the first kind constructed from en-
tropies in the way of Section VIB, do not seem to make
any sense in this situation. As we have learned in Sec-
tion V A, using the g-mean of entropies would infer an
underlying “law” telling us that the sum is the ¢th power
of the functions f, is meaningful, which seems to be true
only for ¢ = 1. We have two ways of getting out from
this deadlock. The first one is to use some transformed
quantities for the indicator functions of the first kind,
the second one is to use the —oo-mean (C2c), that is, the
minimum, which does make sense.

To follow the first way, let us start with the a-
entanglement (93), Eo(7) = 2 > ., S(mk), which is an
“entropy-type” quantity. Only the sum of entropy-type
quantities seems to be meaningful; however, a sum does
not fulfill the a-discriminancy (96a) through (96b). Al-
though, a product does fulfill the a-discriminancy (96a)
through (96b), the product of entropy-type quantities
seems to be meaningless. A product which is meaningful
is the product of “probability-type” quantities. Indeed,
in information theory (both classical [94] and quantum
[24, 27]) entropy-type quantities appear often as argu-
ments of e~ 7, leading to probability-type quantities, e.g.,
in coding, or hypothesis testing situations [21, 24-28, 94].
So, following this way, for the indicator functions of the
first kind, we use the f, := go F, transformed version of
the a-entanglement (93), based on the a-mutual informa-
tion (91), by the use of the continuous invertible function
g : R — R. Then we take the geometric mean of these
indicator functions, preserving entanglement monotonic-
ity and discriminance, and then we do the transformation
back in order to get an entropy-type quantity again. This
function g (i) should be the same for all o (for simplic-
ity), (i1) should map from non-negative to non-negative
values (for being meaningful), (i) should map zero to
zero (to preserve a-discriminancy (96b)), (iv) should be
invertible, (v) should be monotonically increasing, and
(vi) should be concave (this seems to be necessary but
not sufficient for the entanglement monotonicity (69)).
A particular function obeying these requirements is

g(z):=1—-e"", (100)

being a perfect candidate for the conversion from
entropy- to probability-type quantities. With this, let

fai= 97 (Mo(9(Eas), - 9(Ea,) )

= (- [[T -] ")

aco

(101)

= Minog(Bays s Eay,)s

) a‘a|
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also formulated by the quasi-arithmetic mean (C11) for
h = lnog. It is far from obvious that this function is
an entanglement monotone (69). (For the proof, see
Appendix D2.) On the other hand, it is clearly an a-
indicator (96a) through (96b). Its only drawback is that
it is not multipartite monotonic (98a). Using product
instead of the geometric mean in the construction would
give multipartite monotonicity; however, that would ruin
entanglement monotonicity. The first way seems to end
here.

To follow the second way, which is actually the simpler
and also better motivated one, take (99d) or (99¢) with
g — —oo with the indicator functions f,(7) = Io(7w) =
Y kea S(mK) asin (92), that is,

fo = M,OO(Ial, .. ,Ia‘a‘) = min([al, ey Ia‘a‘).

(102)
This also possesses an expressive meaning. To clarify
this, recall that the a-mutual information I, in (91) char-
acterizes all the correlations in the sense of statistical dis-
tinguishability, that is, the distinguishability of the state
from the closest (least distinguishable) uncorrelated state
with respect to a.. Now the quantity min(Za,, ..., Ia,,) is
the distinguishability of the state from the closest (least
distinguishable) uncorrelated state with respect to any
a € a, and, using (90b) as in (91), we define the Level
IT version of the mutual information as

min{I,(¢)} = min min {DKL (QH ® LUK)}

aEa aca VKea:
wrEDK Kea
=min{ 3 (o) } = 5(0) = alo).
ca

(103)
which is also a geometric measure of correlation, we call

it a-mutual information. Now, applying this to a pure
state m € P C D, since S(7) = 0, we have that

fa(m) = min{]a(ﬂ)} = min min {DKL (TFH ® wK>}

aca aca VKeao:
wrg €DK Kea
= min{ Z S(TFK)} = Io(7).
aca
Kea

(104)

That is, the minimal among the sums of the von Neu-
mann entropies of disjoint subsystems given by the dif-
ferent splits a € a is a meaningful quantity, character-
izing the distinguishability of the state from the closest
(least distinguishable) uncorrelated state with respect to

any o € Q.
By this reasoning, let us define the a-entanglement
entropy, or simply a-entanglement Eq : P — R as
Eq(m) == min{ Eq ()}, (105)

[eqSYe

by the use of the a-entanglement (93). This is the Level II
multipartite generalization of the entanglement entropy



(77a). (Note that while the a-mutual information I, is
defined over the whole state space D, F,, is defined only
for the pure states P, in accordance with (93).) Note
that
< < 1. 1 .
0 < Eq(m) < §1nd1m7-l =3 Zlndlm%a

a€l

(106)

by (94).

This function is an entanglement monotone (69) «
indicator (96b); moreover, it can easily be checked that it
is also multipartite monotonic (98a). Note that, because
the f, = E, Level I functions are multipartite monotonic
(87a), in the minimization during the calculation of the
fa = E& Level II functions, it is enough to consider only
the functions labeled by max o,

Eo =min{E,} = min {E,}.
aca

aEmax o

(107)

E. Examples

Writing out some examples explicitly might not be
useless here (cf. Section IIIE). Here we consider the o-
entanglement entropy (105), arising from the construc-
tion (104) based on the a-entanglement entropy (93),
arising from the construction (92) using the von Neu-
mann entropy (59a). Since the resulting functions are
multipartite monotonic (98a) indicator functions (96a),
we can read off these relations from the lattice Py, which
can be seen for the cases n = 2 and 3 in the upper-right
parts of Figures 1 and 2. (Note that we have adopted
the convenient notation that mx = tr7 (generally not
pure) in the writing out of a function having 7 as its ar-
gument. On the other hand, from the definition of the
partial trace (5), we have 7 = 7.)

For the bipartite case, based on Section VIE, we get
back the content of Section IV G,

E¢{12}(7T) = min{El‘Q( ) E12 } E12 ) 0,
EJ,{l\Z}(ﬂ') } = E1|2( ) = S(Tra>'

Note that the multipartite monotonicity (98a) holds,
g%{lﬂg}(w) > E\{123(m). We have also the discriminance
a )

= min{ E5(T)

e Pl,{lQ} —
S ’Pi{1|2} <~

E piy(m) =0,
EJ'{1|2}(7T) =0.

For the tripartite case, based on Section VIE,

E\{123y(7)

= min{ Ey2)3(7), B1)23(7), Eap3(7), E3j12(7), Bras(m) }
= Ea3(m) =0,

E\|{1)23,2113,3/12} ()

= min{ Eyj3(7), E123(7), Baj13(m), Espa(m) }

= min{ E23(7), Bo13(), Egpra(m) }

= min{S(m),S(m),S(m)},
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B\ tyjac,clab} (T)

= mln{E1|2|3(7T),Eb|ac(7r)7EC|ab(7r)}
= mm{EbW )7Ec|ab(7r)}

= min{S(ﬂ'b),S(ﬂ'C)},

El,{a\bc} (ﬂ_)
= min{E1|2|3(7T), Ea|bc(7r)}
= Ea|bc(7T) = S(ﬂ-a)’

E\ (112133 ()
= min{E1|2|3(7r)}

= E1‘2|3(7T) = %(S(ﬂ'l) + S(?Tg) +S(7T3))

Note that the multipartite monotonicity (98a) holds,
By () > Eape () 2> Efabeblacy () >

albe,blac,clab} (T) = E | f1233(m). We have also the dis-
criminance (96a),

™ € Pi{123) S E\{123y(m) = 0,

T € Piies2nsaizy =  El)e32nssnzy(m) =0,

T € P{blca,clab} = E\(bac,claby (1) = 0,

T € P{ajbe} = E\ajpey(m) =0,

7€ Pi1j213) = E\ 123y () = 0.

F. Multipartite entanglement measures for mixed
states

Now it is easy to step from the pure states to mixed
ones, thanks to the useful properties of the convex roof
extension, listed in Section IV F. So for the functions
fa € Pu, we have its convex roof extension (73) over
mixed states,

v = min e 108
fa(e) = _ min QZp,fa i (108)

and let us define the set of these functions as
PIqu = {f}i :D—>R| fQGPILf}. (109)

If the function f, is an entanglement monotone, that
is, nonincreasing on average for pure states (69) (for
example the a-entanglement entropy in (105)), then,
thanks to Theorem 4, its convex roof extension (73)
is also nonincreasing on average (68b) and also convex
(68¢), so it is an entanglement monotone.

If the function fo is a pure a-indicator (96a) (for
example the a-entanglement entropy in (105)), then,
thanks to (75b), its convex roof extension (108) is a mixed
a-indicator,

0€Da <= falo)=0. (110a)

Again, by (32b), the weak multipartite monotonicity of
the second kind (97a) for mixed states,

B2a < (f§=0= f3=0), (110b)



follows from this automatically. Again, this provides the
Pi1, o set of functions with the same hierarchical struc-
ture as that of Py in (28) and Py p in (31Db).

If the set of functions Py in (95) is multipartite
monotonic of the second kind (98a), (for example the a-
entanglement entropy in (105)), then, thanks to (76a),
the set (109) of their convex roof extension (108) is
also multipartite monotonic of the second kind for mixed
states,

Ba = [f3>[4. (111a)
So, in this case we also have
(P g0, >) = (P, X). (111b)

By this reasoning, let us define the a-entanglement
of formation, as the convex roof extension of the a-
entanglement entropy (105) as

EF .= EY. (112)
This is the multipartite generalization of the entangle-
ment of formation (78a). Note that in this case,

U
EY = (min{Ea}) < min{EY}, (113)
acx aca
which is a consequence of (76d). Note that
1 1
0 < EY(r) < gIndimH = - > IndimH,  (114)

a€Ll

by (74c) and (106).

G. Examples

Writing out some examples explicitly might not be
useless here (cf. Section IIIE). Here we consider the o-
entanglement of formation (112), which is the convex roof
extension of the a-entanglement entropy (105), arising
from the construction (104) based on the a-entanglement
entropy (93), arising from the construction (92) using the
von Neumann entropy (59a). Since the resulting func-
tions are multipartite monotonic (98a) indicator func-
tions (110a), we can read off these relations from the
lattice Ppr, which can be seen for the cases n = 2 and 3
in the upper-right part of Figures 1 and 2.

For the bipartite case, based on Section VIE, we get
back the content of Section IV G,

= Ef{u}(@) = Ep(0) =0,
= Ef{uz}(@) = Eﬁz(@) = EOF(Q)-

Note that the multipartite monotonicity (111a) holds,
EE{F”Q}( ) > EY {12}( 0). We have also the discriminance

(110a),

Ei{Flz} (o)
EE{Fl\z} (0)

0€ D1y Aand E¢{12}( ) =0,
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For the tripartite case, based on Section VIE,

= Epy(0) =0,
Ef?1|23,2\13,3|12}( )= Ef{1|23 2|13, 3|12}(Q)
gmin{Eﬁ%( ), E2\13( 0), E3|12( )}
Ef{Fmac,c\ab}(Q) = E¢{b\ac c|ab}( o)
< min{Ey,.(0), B (0)},
El ey (0) = Efappey (0) = Eglpe(0),
E{{ 19131 (0) = Eapey (0) = Efly3(0)-

Note that the multipartite monotonicity (111a) holds,

oF
¢{1|2\3}() > Bl (@ 2 Effupesia (@) 2

{a‘bc blac, C‘ab}(g) > E° {123}( 0). We have also the dis-

Ef{Flzs}(Q) = Ef{123}(@)

criminance (110a),

0 € D123y — ¢{123}(9) 0,
0 € Dy(1)23,2113,3]12} — Efj{?lpg 2|13, 3|12}(Q) =0,
0 € Dy {blac,clab} = Efbjac,clany (0) = 0,
0 € Difalve} = Eappey () =0,
0 € Dyuj2)3) = Effijas(0) =0

H. Level III: detection of the classes

By the use of the mixed a-indicators (110a), one can
detect also the classes (43),

(Va¢g: fa#O) and

e€la = (Vaeg:fazo),

(115)

which is a simple consequence of (110a). Because of the
weak multipartite monotonicity of the second kind for
mixed states (110b) (vanishing implications, satisfied by
a system of indicator functions (110a) automatically), it
is enough to consider only the functions labeled by min «
and max &,

Va € maxa : fo #0) and
o€eC <— ( )
= (VaGming: fazo),

(116)
cf. (49).

I. Examples

Writing out some examples explicitly might not be
useless here (cf. Section IITG). For the detection of the



classes, here we consider the a-entanglement of forma-
tion (112), which is the convex roof extension of the a-
entanglement entropy (105), arising from the construc-
tion (104) based on the measures of the first kind (92)
using the von Neumann entropy (59a).

For the bipartite case, we get back the content of Sec-
tion IV G,

1121 (0) #0 and
0€Crpnzyy = Ceny = { e
¢{12}(9) 0,
E%F 51 (0) =0 and
12}
0 €Crpqapeyy = Csop =
Efizy(e) =0,

for the detection of the separable and entangled state
classes.

For the tripartite case, the detection of the classes is
shown in Table II.

VII. SUMMARY, REMARKS AND OPEN
QUESTIONS

In this work, we have considered the entanglement
classification and quantification problem for multipartite
mixed states.

A. On the classification of multipartite
entanglement

In the first part of the paper we have constructed the
partial separability classification for multipartite quan-
tum systems (Section IIT). We have worked out the hier-
archical structure of different kinds of partial separability
P, which has turned out to be the down-set lattice of
the lattice of the partitions of the subsystems P; (Sec-
tions IIIB and IIID), and also the structure of the en-
tanglement classes Py, which has turned out to be also
hierarchical, being the up-set lattice of the lattice above
(Section IITF). The hierarchy of the classes has turned
out to be related to the LOCC convertibility: If a state
from a class can be mapped into another one, then that
class can be found higher in the hierarchy.

Now, we list some remarks and open questions.

(i) The partial separability classification is a more fine-
grained classification than the Seevinck-Uffink classifica-
tion [39], which is a more fine-grained classification than
the Diir-Cirac-Tarrach classification [37], while it is more
coarse-grained classification than the SLOCC classifica-
tion [46], which is more coarse-grained classification than
the LOCC classification [46, 95]. It considers only the
partial separability properties, but it does this in the
fullest detail. The more coarse-grained (Seevinck-Uffink,
Diir-Cirac-Tarrach classification) classifications and the
classifications based on k-separability [39, 42, 43] and k-
producibility [43-45] can naturally be described in this
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framework.

(ii) We can elucidate the meaning of the different kinds
of state sets arising in the classification structure in a uni-
fied way, using the standard ensemble approach of statis-
tical physics.

States in D: We are uncertain about the (pure) state, by
which the system is described (Section IIIA).

States in D, : We are uncertain about the (pure) state, by
which the system is described, but we are certain about
the split with respect to which the state is separable (Sec-
tion IIIB).

States in Dy : We are uncertain about the (pure) state,
by which the system is described, and we are also uncer-
tain about the split with respect to which the state is sep-
arable, but we are certain about the possible splits with
respect to which the state is separable (Section IIID).
States in Co: We are uncertain about the (pure) state, by
which the system is described, and we are also uncertain
about the split with respect to which the state is sepa-
rable, but we are certain about the possible splits with
respect to which the state is separable, and we are also
certain about the possible splits with respect to which
the state is not separable (Section IITF).

(iii) The nonemptiness of the classes was only conjec-
tured (Conjecture 1). More fully, we could not give neces-
sary and sufficient condition for the nonemptiness of the
classes in the purely algebraic language of labels. Prob-
ably, methods from geometry or matrix analysis would
be needed to solve this puzzle (Section IITF). For a con-
structive proof, it would be interesting to construct rep-
resentative states for all classes Co. For this, it can be
helpful to consider not the full state space, but only some
special subsets, which can be generic enough for intersect-
ing with a sufficient number of different classes, such as
the noisy GHZ-W mixture [32], or GHZ-symmetric states
[96], or the magic simplex [97], or mixtures of symmetric
Dicke states [98].

(iv) A more challenging issue is to find utilization for
the quantum states of the different classes. It seems to be
promising to find or develop information theoretic tasks,
such as multipartite secret sharing protocols [99].

(v) In close connection with item (iii), a further
geometry-related conjecture could be drafted about the
nonempty classes: They are of monzero measure. It is
known in the bipartite case that the set of separable
states is of nonzero measure [21, 42], which might mo-
tivate this conjecture.

(vi) Note that in the classification, Levels I and II of
the construction are related to LOCC closedness (14) and
(30) (state sets Dq are closed under LOCC), while Level
IIT of the construction is related to LOCC convertibility
(54) (if a state from a class Cg can be mapped into Cq,
then 8 < a).

(vii) In Level IIT of the construction, we have the lat-
tice Pypp of class labels (46). We could partially clarify
the meaning of the poset (P, <); it is related to the
LOCC convertibility (see (54) in Section IITF). On the
other hand, being an up-set lattice, the meet and the
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Class S S R S| S K S K S
Cr{i{1231} >0 >0 >0 >0|>0 >0 >0|>0]|=0
Cr{i{1)23,2]13,3]12} } >0 >0 >0 >0|>0 >0 >0|=0|=0
CT{J,{HQC’C‘GI,}} >0 >0 >0 >0| = >0 >0 |=0|=0
Cr{i{alve,blac}, i {albe,clab}} >0 >0 >0 >0|>0 =0 =0|=0 0
Ci{u{1)23,2118},4{1]23,3/12},4{213,3)12}3 || >0 | >0 >0 >0| =0 =0 =0 =0 0
Cr{i{albe}} >0 =0 >0 >0|>0 =0 =0|=0|=0
Cr{i{albe},i{blac,clab}} >0| =0 >0 >0|=0 =0 =0|=0|=0
Cr{iiblacy,d{clab}} >0 >0 = = = = = -0 0
Criiq1]23).0(21138} 1 {3[12}} >0]=0 =0 =0]=0 =0 =0]=0]=0
Criif1231} =0|=0 =0 =0|=0 =0 =0|=0|=0

TABLE II.

join (46) arise naturally, however, their meaning is not
clear. On the other hand, we have the poset (Pirr ¢, >s) of
classes (55), with the ordering > related to the (strong)
LOCC convertibility (53a). Can a meet and a join also
be defined in some motivated way here? Or, what is the
meaning of the class corresponding to the meet or join
of the labels of two classes? 1f Conjecture 2 holds, then
these have the meaning of greatest lower and least upper
bounds with respect to LOCC convertibility.

(viii) The most important open question is to prove
Conjecture 2 in Level I1I of the construction, which would
establish a stronger connection between the class hier-
archy (46) and the strong LOCC convertibility (53a).
Based on this, one could compare the different well-
defined partial separability properties, that is, we could
say that states in a given class Cg are “more entangled”
than states in class Cq if B < a.

(ix) Can a gradation be defined for the lattice Pyi?
Because of (54), that would lead to an integer-valued
measure of entanglement (monotonically decreasing with
respect to LOCC).

(x) Note that the partial separability properties can-
not give a full answer for the entanglement inside the
subsystems. Of course, if o € D is separable with re-
spect to the split «, then tri0 € Dg is separable with
respect to the split which can be obtained by dropping
the elementary subsystems a € K from «. (That is, if
0 € Dy, then trgo € Dy, , where a|g = {K'NK #
0 | K' € a}.) However, even if we know the class of
0, we cannot give the class of trzp. A well-known ex-
ample for this is the case of the GHZ and W states of
three qubits [95], both of them are tripartite entangled.
The bipartite subsystems of the GHZ state are separa-
ble; that iS, if 0 = |GHZ> <GHZ| S CT{J,{123}} - D,L{123}a
then tr3 o € Cyyiq12)3 = Csep = Dyq1)2); while bipar-
tite subsystems of the W state are entangled; that is,

Detection of the partial separability classes of mixed tripartite states by indicator functions (cf., Table I).

if o = |W><W| S CT{¢{123}} C D¢{123}7 then trzp €
Cr{iq12}} = Cent C Dyfuzy-

(xi) The partial separability classification is about the
question: “From which kinds of pure entangled states can
a given state be mized?” Another question [38], which is
also important from the point of view of quantum infor-
mation, but which we have not considered, is: “Which
kinds of pure entangled states can be distilled out from

a given state?”

B. On the quantification of multipartite
entanglement

In the second part of the paper, we have constructed
entanglement measures for multipartite quantum sys-
tems (Section VI). Besides the usual entanglement mono-
tonicity and discriminance, we have introduced the mul-
tipartite monotonicity, as a plausible property, which en-
dows the set of multipartite entanglement measures with
the same hierarchical structure as the partial separabil-
ity shows. We have succeeded in constructing a hierar-
chy of entanglement measures satisfying these require-
ments (Sections VID and VIF), which is the direct gen-
eralization of the entanglement entropy for pure states
and the entanglement of formation for mixed states (see
in (105) and (112)). These measures have information-
geometrical meaning, related to the statistical distin-
guishability. A side result is another, not multipartite
monotonic generalization of the entanglement entropy for
pure states and the entanglement of formation for mixed
states (see in (101)).

Now, we list some remarks and open questions.

(xii) There are wide-ranging possibilities for the gen-
eralization of the results, from which we can conclude
that the entanglement monotonicity together with the



discriminance property does not yield a condition too
strong. The multipartite monotonicity is, however, more
demanding.

(xiii) The discriminance, or indicator properties (85a)
and (96a), could be omitted, of course, as is done some-
times in the literature. This is a part of the construction
which can be detached from the part dealing with the
entanglement monotonicity. However, we think that the
indicator properties are important. If a quantity is zero
for some entangled states, then it measures not the entan-
glement, but something else (which can also be related
to entanglement, of course).

(xiv) The multipartite monotonicity properties, on the
other hand, may or may not be considered plausible
enough. The weak multipartite monotonicity properties
(vanishing implications) (86a) and (97a) are direct con-
sequences of the indicator properties (85a) and (96a),
and reflect the hierarchy of multipartite entanglement in
a weak sense. The multipartite monotonicity properties
(87a) and (98a), on the other hand, are stronger require-
ments.

In Level I of the construction, the meaning of the mul-
tipartite monotonicity seems to be clear: Entanglement
with respect to a coarser partition cannot be stronger
than entanglement with respect to a finer one. Since,
e.g., the tripartite entanglement is considered to be a
more powerful resource than the bipartite entanglement
[82], one feels that a state can contain a smaller amount
of that than of the bipartite entanglement.

In Level IT of the construction, the meaning of the mul-
tipartite monotonicity is not so clear. We have, on the
one hand, the mathematical analogy with Level I: entan-
glement higher in the hierarchy cannot be stronger than
entanglement lower in there. (Since the sublattice formed
by the principal elements of Py is isomorphic to P, at
least for this sublattice the meaning is clear.) We have,
on the other hand, an interpretation from a statistical ap-
proach: Entanglement, as a resource (the same, unified
“notion” for all splits), is weaker for a given state, if we
are more uncertain about the split with respect to which
the state is separable, and we are certain only about the
possible splits with respect to which the state is separa-
ble (cf. item (ii)). Note that if we follow the particular
way of construction based on the statistical distinguisha-
bility in information-geometry (103), then the multipar-
tite monotonicity properties follow automatically. In this
case, we have another interpretation for this, a third one,
coming from information geometry. Entanglement (the
same, unified “notion” for all splits), regarded to be the
distinguishability from a subset of states, is lower for a
given state, if one allows a bigger subset from which the
distinguishability is measured.

In summary, using the multipartite monotonicity, we
attempt to grasp the hierarchy of multipartite entangle-
ment with the measures. This seems to make the en-
tanglement measures with respect to different splits (or
different down-sets of splits in Level II) be the manifes-
tations of some “unified” notion of entanglement. This is
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why we take multipartite monotonicity to be very serious.

(xv) The multipartite monotonicity (87a) and (98a)
means a set of bounds among the measures characteriz-
ing the multipartite entanglement in the whole system.
(These fall between the global bounds (94), (106), and
(114).) It would also be important to obtain bounds
among these measures and the measures characteriz-
ing the multipartite entanglement inside multipartite
subsystems (cf. item (x) in Section VIIA), leading to
“monogamylike” inequalities [7, 100, 101] (not necessar-
ily linear ones). Finding such bounds is also important
not only for multipartite entanglement measures, but also
for multipartite quantum correlation measures, and even
for multipartite classical correlation measures. Know-
ing these bounds would highly improve our knowledge of
correlation and entanglement in quantum systems. Note
that such bounds can follow from known entropic in-
equalities [102-104].

(xvi) A recent approach for the investigation of the
structure of multipartite entanglement is based on the
entropy vector formalism [105, 106]. There the convex
roof extensions of subsystem entropies are considered.
Using (76¢), one can obtain inequalities between the -
entanglement of formations and the sums of the elements
of the entropy vector.

(xvii) The construction of multipartite entanglement
measures is transparent: The way of that leads paral-
lel to the construction of the partial separability, so the
connection with the partial separability hierarchy is clear.
However, another way has shown up in Section VI D, dif-
ferent from the one we have followed, based on the K|K-
entanglement measures (Sections VIB and VID), which
leads to the same result, but shows a deeper motivation;
see the next two items.

(xviil) Apart from its beautiful properties, what are the
principles making the entropy of the subsystem a good
choice for measuring the entanglement in bipartite pure
states? There are several ways for introducing the entan-
glement entropy for measuring bipartite entanglement.

The most fundamental approach is based upon that
entanglement is considered to be a resource in quantum
information theory, and, related to that, for bipartite pure
states, the entanglement cost and the distillable entangle-
ment equal to the entropy of entanglement. These results
are based on coding theory and quantum communica-
tion, which are based on that there is a maximally en-
tangled state with respect to LOCC (unique, up to lo-
cal unitaries) in the bipartite case. Since in multipartite
systems there is no unique maximally entangled state,
this approach cannot be generalized for more than two
subsystems. (A great overview of this can be found in
Section 12.5 of [24]. For some recent results on maxi-
mally entangled state sets in the multipartite scenario,
see [107-111].)

Another approach is that, since a bipartite state is en-
tangled if and only if its subsystems are mixed (3), then
it is at least plausible to think that “the more mized
the marginals, the more entangled is the state.” Then a



measure of mixedness (entropies) of the subsystem should
lead to a motivated measure of entanglement of the whole
system. (A slight shortcoming of this reasoning is that
not all entropies do the job. It follows from Theorem 3
that only the concave entropies (61) work for this.) How-
ever, it is not clear how to generalize this approach for
the multipartite scenario. One possibility is that if one
consider the entanglement with respect to a split, then
one simply sums up the measures of mixedness of the
subsystems with respect to that split, and one gets Level
I of our construction (89). However, it is not clear how
to step further.

There is a third approach, which coincides with the
construction we have carried out (Sections VIB and
VID), but based on different principles; see the next
item.

(xix) We have seen that when we write the sum of the
von Neumann entropies of the subsystems in a split (89),
we actually have a classical correlation measure (with re-
spect to that split) for pure states (92). This reasoning
enlightens also the meaning of entanglement itself, which
holds also in the bipartite case (77a). In classical prob-
ability theory, pure states are always uncorrelated, so if
in the quantum case a pure state shows correlation, then
this correlation is considered to be of quantum origin,
and this correlation is defined to be the entanglement.
From this point of view, it is plausible to think that the
quantum wversions of classical correlation measures ap-
plied to pure quantum states are pure entanglement mea-
sures (then they should be extended to mixed states) in
both the bipartite and the multipartite scenarios. How-
ever, entanglement monotonicity should be checked; it
does not seem to be fulfilled automatically.

(xx) As we can see from this reasoning, one can
find other ways for forming the first kind hierarchy
of entanglement measures. Using some distance or
divergence D&, one can directly have FE2"(m) =
De* (71, @ keaTK ), Or one can also follow the more funda-
mental way and define a generalized geometric measure of
correlation (generalized a-mutual information) I8°"(p) =
MiNvKea: wreDx D50, ®Kkcawi ), which leads to the
candidate of pure state entanglement measure E£°"(7) =
Ig" (7). (The a-discriminance (85a) is automatically sat-
isfied by this construction. On the other hand, it can
happen, of course, that this construction does not lead
to a closed form, in general.) Here one has several choices
again for the role of D& (see Sections 12, 13, and 14 in
[21]). One can use the trace-distance, which has also
a statistical meaning, or other distance measures, being
less motivated, or Rényi, Tsallis generalizations of the
Kullback-Leibler divergence. We note again that entan-
glement monotonicity does not seem to be fulfilled auto-
matically. This leads to the next question.

(xxi) What are the basic properties of correlation mea-
sures, leading to entanglement measures in the construc-
tion in the previous item?

For entanglement measures, we have the two main re-
quirements, the (entanglement) discriminance, and the
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LOCC monotonicity. This latter is composed of two
well-understood parts: First, as any correlation, entan-
glement does not increase locally, and, second, while clas-
sical correlation does, entanglement does not increase by
classical communication (“classical interaction”) either.

For correlation measures, we could also formulate two
main requirements, a correlation-discriminance (correla-
tion indicator property): a correlation measure vanishes
exactly for uncorrelated states; and a (nonincreasing)
monotonicity under LO (local operations): a correlation
does not increase locally.

Now, are these properties sufficient in the construction
above? That is, if we have an I£°"(p) LO-monotone cor-
relation indicator, then is F£°"(w) = I8°"(7) an LOCC-
monotone entanglement indicator?

(xxii) In the last step of the construction of the en-
tanglement measures, we have used convex roof exten-
sion to step from pure states to mixed states (see Sec-
tion VIF). Convex roof extensions are hard to evalu-
ate. However, sufficiently motivated mixed state entan-
glement measures, such as entanglement cost, distillation
entanglement, or squashed entanglement, always seem to
be hard to evaluate, since they always contain an op-
timization problem [1, 47-49]. Among these, the opti-
mization task in the convex roof extension seem to be
the simplest one. These optimization problems have no
solutions in a closed form in general cases. There are few
explicit analytic solutions for the convex roof extension
[80, 81, 112-114].

(xxiii) An advantage of the convex roof extension is
that it works independently of the dimensions of the sub-
systems, so the mixed state entanglement measures by
that work for arbitrary dimensions. However, the nu-
merical optimization depends strongly on the rank of the
state, which can be high if the dimension is high, resulting
in extremely slow convergence, which makes the numeri-
cal task infeasible in practice, even for small systems. A
recent result is that computing a large class of bipartite
entanglement measures (for example the entanglement of
formation) is NP-hard [115], and the same seems to hold
for the a-entanglement of formation. It is a common be-
lief that some kind of difficult optimization task cannot
be circumvented if one deals with the entanglement of
mixed states.

(xxiv) It is then an important research direction for
practical calculations to obtain upper and lower bounds
for convex roof measures, the evaluation of which is fea-
sible [96, 116, 117].

(xxv) Entanglement entropy (77a) is additive (exten-
sive); then so is a-entanglement entropy (105). The con-
jecture about the additivity of the entanglement of for-
mation (78a) is proven to be false [118]; then so is the
additivity of the a-entanglement of formation (112).

(xxvi) Since the convex roof extensions of semialge-
braic functions are known to be semialgebraic functions
[119, 120], it can be useful to use LU-invariant homoge-
neous polynomials [121-125] for the role of entanglement
measures in Level I of the construction, which leads to



semialgebraic functions in Level II. This holds, in partic-
ular, if one sets out from Tsallis entropy for integer ¢ > 2
in the construction (82)-(88a)-(99d)-(108).

(xxvil) Convex roof extension preserves all the required
properties of functions (see Section VIF). Are there any
other extension methods to step from pure states to
mixed states?

(xxviii) Investigating the correlation and entanglement
pattern in many-body states can be of practical impor-
tance in the properties of strongly correlated systems
[126, 127] on the one hand and also in optimizing nu-
merical methods in many-body physics [17, 18, 128] on
the other.

ACKNOWLEDGMENTS

Discussions with Jens Siewert, Frank Verstraete, Jens
Eisert, Christian Krumnow, Max Pfeffer, Ors Legeza,
Péter Vrana and Istvin Kovdcs are gratefully acknowl-
edged. This project was supported financially by the
New Széchenyi Plan of Hungary (project ID: TAMOP-
4.2.2.B-10/1-2010-9), the Hungarian Scientific Research
Fund (project ID: OTKA-K100908) and the “Lendiilet”
program of the Hungarian Academy of Sciences. Last
but not least, I thank my wife, Mdrta, for her everlasting
love, patience and support :).

Appendix A: On the lattice structure of the
classification

1. Posets and lattices: basics

Here we list some definitions and notations in order
theory, following [19] and [20].

A partially ordered set, or poset, (P, <) is a set P en-
dowed with a partial order <, being a reflexive, antisym-
metric and transitive relation, that is, for all z,y,z € P,

T <, (Ala)
r=yandy Rz — x=y, (Alb)
r=<yandy<z =— x=2z (Alc)

For the posets (P, <) and (Q, <), amap ¢: P — Q is
an order isomorphism when
z3y = (@)= oy). (A2)
It follows easily from the reflexivity and antisymmetry of
the partial order that such a map is bijective,

¢(r) =0ly) <= ox) = (y) and ¢(y) < ¢(x)
<~— z=xXyandy==x
— T=Y.

(A3)
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A poset P may have a bottom and a top element, de-
noted with 1, T € P, if

VeeP: 1<Xzx<XT. (A4)

(If the bottom and top exist, then they are unique ones,
which is the consequence of the antisymmetry (Alb) of
the ordering.)

One can define the minimal and maximal elements of
a subset Q C P as

minQ:{er’(yEQandij) = y=ux},

(Aba)

maxQ:{xEQHyeQandxjy) = y:x}.
(A5b)

A subset Q C P is a down-set, or order ideal, if
yea

(it is “closed downwards”). The set of all down-sets of P
is denoted with O (P). Similarly, a subset @ C P is an
up-set, or order filter, if

(reQandy=22z) = (A6a)

(reQandz<y) = yeqQ

(it is “closed upwards”). The set of all up-sets of P is
denoted with O;(P). For a subset Q C P one can define

(A6b)

1Q={zeP|IyecQ:z =y}
TQz{xEP|3yEQ:ij},

which are a down-set and an up-set, respectively.

The greatest lower bound or meet, x Ay € P, and the
least upper bound or join, x Vy € P, of the elements x
and y in a poset are defined, respectively, as

(ATa)
(ATDb)

(zAy=zy)and (z 22,y = z=xAy), (ASa)

(x,yj:r\/y) and(x,yjz = m/\yjz). (A8b)

A poset P is called a lattice, if, for all z,y € P pairs, Ay
and x Vy exist. A poset P is called a complete lattice, if,
for all Q C P subsets, A Q and \/ @ exist. Every finite
lattice is complete. A finite lattice always has bottom
and top elements. If only the meet or only the join can
be defined, then the poset is called a meet-semilattice or
join-semilattice, respectively. A finite meet-semilattice
always has a bottom element, a finite join-semilattice al-
ways has a top element.

Let P be a finite meet-semilattice having a top element
T. Then the join can be defined as

TVYy = /\T{x,y},

so P is a lattice (see Proposition 3.3.1 in [20]). Dually,
let P be a finite join-semilattice having a bottom element
L. Then the meet can be defined as

TNY = \/\L{‘T7y}7

(A9a)

(A9b)



so P is a lattice.

Closing this section, we recall some examples [19, 20],
which are used in the constructions in the body of the
text. For a set X, its power set 2¥ = {4 C X} is
a complete lattice with the ordering C (inclusion), the
meet N (intersection), the join U (union), the bottom
element L = {), and the top element T = X. The O (P)
set of all down-sets (ideals) of a poset P is a lattice,
called down-set lattice, with the ordering C (inclusion),
the meet N (intersection), the join U (union), the bottom
element | = (), and the top element T = P. Dually, the
O4(P) set of all up-sets (filters) of a poset P is a lattice,
called up-set lattice, with the ordering C (inclusion), the
meet N (intersection), the join U (union), the bottom
element L = (), and the top element T = P. The O (P)\
{0} (or O+(P) \ {0}) set of all nonempty down-sets (or
nonempty up-sets) of a poset P is not a lattice, in general.
However, if P is a lattice, then there is a bottom (and a
top) element L € P (T € P), and {L} (or {T}) is the
bottom element of O (P) \ {0} (or O4+(P) \ {0}), which
makes it a lattice.

2. Construction of the labels of the first kind by
bipartitions

For the proof of (12), we need by (A8a) that (i) o =<
K|K for all K € a, and (ii) if 8 < K|K for all K € «
then 8 < a. For (i), we have that a = K1|Ks|...|K|4 =
Ki|(U;£K;) = K;|K;, since every K; is either identical
to K; or contained in K; (the K; sets are disjoint ones)
and (9) holds. For (i), let 8 = K1|K}|...
for all K € «; then, by definition (9), for all K € 8 there
is a K; € « such that K; C K;, which means that § < «
by definition (9).

(Another proof, using the duality principle of order
theory, could also be given: The K|K bipartitions are
the atoms of the dual lattice [19].)

3. LOCC closedness of the first kind for mixed
states

For the proof of (14) first we use that every LOCC
map A is also an SO map; that is, it can be written in
the form

Ae) = Z(@ Aw)@(@ Aa’,i)T, (A10a)
i a€L a'el
with
Z(® Aa”i)T(@) Aw’) =1L (A10b)
i a’€L acL

(Note that the reverse is not true.) By definition (13b),
an a-separable state can be written in the form

0= ij ® TK,j>

Kea

(A11)

Ky = KIK
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so if o € D, then

0= 32(@40:) (s @ ) (@ o)
(

:zj:pjg:((gAa,i)< aﬂK,J> aleLAa/w)T
S T @ (@) (® ) |

i KEa a€EK a'eK

€D

so A(p) € ConvD, = D,,.

4. Order isomorphisms of the first kind

Here we prove (16a) and (16b).
For the proof of (16a), using the definition (13a), we
can reformulate Pg C P, as follows:

7 € Pg &) ‘v’K'Eﬂ,HW’K,E’PK/:ﬂ':®7T’K,
K'ep
— VKEa,EIﬂ'KGPK:W=®7rK
Kea

@ T E Py.

To see the = implication in (16a), note that if 8 < a,
then, by definition (9), one can collect every K’ € g for
which K’ C K, and construct 7x = Qgrep e i Tir €
Pr. This can be done for all K € «, leading to the
implication above. To see the < implication in (16a), we
prove the contrapositive statement,

BAa = Pzl P, (A12)
For this, we have
Bta &L 3K eBVKeca: K ¢K  (Al3)

by (9). Now, if # € Pg, then it can be written as 7 =
Qxrep T With T € P (13a). Then for all K € a,

©)
trem = tr ® T = ® trene T -
K'ep K'ep

(A14)

If B £ «, then by (A13) we have that one always finds
K' € B and K € «, for which K’ N K # (), while
K' ¢ K (equivalently, K’ \ K = K’ N K # (). Then,
for such K’ and K, if we chose m € P such that 7., is
entangled with respect to the (K’ N K)|(K' N K) split,
then try -, Ty is not pure; then trpm ¢ Px by (3),
so Ps € Po. (Note that this reasoning works only if
dimHgng > 1, and dimH ., > 1, which follows
from that dimH, > 1, which was a general condition
posed in Section IIT A. Subsystems described with one-
dimensional Hilbert spaces are always uncorrelated from



the others, which makes questions related to correlations
ill-defined. In the multipartite scenario, on the other
hand, we use one-dimensional Hilbert spaces for repre-
senting “no subsystem,” being a different notion, conve-
nient in the tensor algebra.)

For the proof of (16b), we have (16a), and we claim

Pﬁ c Poz <~ Dﬁ - Daa
which comes from the geometry of quantum states. The
= implication is obvious from (13b), while for the <
implication one has Pg = ExtrDg C Dg C D,, so any
m € Pg is an element of D,; moreover, it is a pure state,
so it is an element also of Extr D, = P, (13c), which is
exactly what we need.

It is general for posets that if @ — P, is an order
isomorphism as in (16a), then the two posets are isomor-
phic; that is, in our case, the map a — P, is bijective
(see Appendix A 1). The same holds for « — D, based
on (16b).

5. Meet-semilattice isomorphism of the first kind
for pure states

For the proof of (18), let # € P, N Py, where o« =
Ki|Ksl. .. |Kjq and o = Ki|[Kj[...|K[, ; then from
definition (13a) we have

= @m= @ o

Kea K'ea’

with g € Pk, 7y € Pks. For all K € a, we have

r ) ’
trfﬂi’fr}(: ® tl‘?ﬂ'K/ = ® TKNK'»
K'ed’ K'ea’
KNK'#) KNK'#0

leading to the decomposition

/
@@ @ o

Kea Kea K'ea'
KNK'#0

that is, 7 is separable with respect to the split { K N K’ #
0| K € a,K'€a'}, which is just @ A o’ by (10a), so we
have P, NPy C Panar- The reverse inclusion is the first
one in (17a), which completes the proof.

6. Decision of a-separability

For the proof of (22), note that the = direction is ob-
vious from the definition (13a) of a-separable pure states,
while for the < direction, we have that if trz7m € P,
then m € Pz by (3), which holds for all K € «; then

(21) leads to the left-hand side.
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7. LOCC closedness of the second kind for mixed
states

For the proof of (30), first we use, by definition (29b),
that every ¢ € Dg can be written in the form p =
Zj pj7j, where for all j, m; € P, C D, for at least one
a € a. Since D, is closed under LOCC (see Appendix
A 3), we have that for a ¢ € Dq,

Ao) = A(Zpﬂj) = ij

A(m;)
———
E’DOC)

if T € D.

so A(o) € ConvUyeqDs = Da, because of definitions
(29a), (29b), and (29c¢).

8. Order isomorphisms of the second kind

Here we prove (32a) and (32b).
For the proof of (32a), using the definitions (28) and
(29a), we have

@ BCa
= {Ps|BeB}C{Pa|acal

— Upﬁgupa

BeB aca

Pﬁ gpav

Ba

where the second implication is because o — P, is bijec-
tive due to (16a), while the third one is obvious.
For the proof of (32b), we have (32a), and we claim

Ps CPa <= DgCDg,

which can be proven in the same way as the parallel result
of the first kind in Appendix A 4.

Again, it is general for posets that if a — Py is an
order isomorphism as in (32a), then the two posets are
isomorphic; that is, in our case, the map a +— Py is
bijective (see Appendix A 1). The same holds for o —
Dq based on (32b).

9. Lattice isomorphism of the second kind for pure
states

Here we prove (34).
For the first part,

PN Pu (29) U PN U P

aca a’ea’
(18)
= U (Pa N Po/) = U Pana
aca aca
o'ea’ o'ea’
(28) (29a)
g U PB = U Pﬁ = Pa/\a/
Beana’ BEaNna!



where the first and last equations are by definition (29a),
the last but one equation is by definition (28), the second
equation is the distributivity of N over U, and the third
equation is (18) from Level I. The inclusion is from that
forallo € aand o € &, aANd 2= a € a and a A
o’ < a' € &' hold, because e and o’ are down-sets (27),
so aANa € anda, soall Pyre sets in the left-hand
side appear in the right-hand side as a Pg. The reverse
inclusion in the first part of (34) is the first one in (33a),
which completes the proof.

For the second part, we have

29a)

Paupa’ (: U PaU U Po/ = U Poz (Qia) Pa\/a’;

aca a’cea’ acaUa’
where the first and third equations are by definition
(29a); and the second one is obvious using elementary

set algebra.

10. Lattice of the labels of the classes

For the proof of (47), we start with the contrapositive
form of (44),

Ca?l = Vaca, VBé¢a:afp
— Vaca:(B¢a = afp)
— Vaca:(a=xp = Bea),

where the last implication is the contrapositive reformu-
lation of the parentheses, leading just to the definition of
the up-set lattice Py in (45).

11. Reconstruction of the state sets from classes

For the proof of (52a), we have the equivalent state-
ment that for all a € Pyp*, and all a € Py,

aca

— act{t{a}}

(A_?b

) (B € Py | o < B})

(AT7b)

=" {BePu|{BePur|a=p}=p]}
(A15)

To see the = direction, note that if &« € a, then for
all B € Py« for which a < 3 holds, also 8 € «a holds,
because « is an up-set (45). This means that H{a} < a
(see (46)), so a € MH{1{a}} (see (ATh)). To see the «
direction, note that if a € {ﬁ € P | {Be€Ppi|a=
B} = ﬁ}, then {8 € P+ | a <X B} < «; on the other
hand, a € {B € P+ | a < B}, so a € a (see (46)).
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12. LOCC convertibility of the classes

For the proof of (54), we prove the contrapositive state-
ment

BAa &9 yePi: yeBandy ¢ a
EY 3ye Py €y CDyandCa ¢ D,y
LOCCy
B Ca-

The first implication is the definition of the level III hier-
archy (46); the second one is (51a); and the third one is
the LOCC closedness of D in (30) applied for the weak
LOCC convertibility (53b).

13. Poset of the classes

For the proof of that the strong LOCC convertibility
of the classes (53a) is a partial order, we have to prove
that the properties (A1) are satisfied. For the proof of
the reflezivity (Ala), note that Co > Co by choosing the
identity channel (which is also a LOCC) for A in (53a).
For the proof of the antisymmetry (Alb),

(7
8=

CE > Cq and Cq > Cg
(A1b)
=

where the first implication is (54), the second one is by
the antisymmetry (Alb) of the partial order (46), the
third one is by definition (43). For the proof of the tran-
sitivity (Alc), if Cy, >s Cg and Cg >4 Ca, then, by defi-
nition (53a), for all ¢ € C, there is a A LOCC such that
A(o) € Cg, and for this, by definition (53a), there is a
A’ LOCC such that A’(A(g)) € Cq, and the composition
of LOCC operations is also an LOCC operation. (Note
that this is the point where the weak LOCC convertibility
(53b) would not be sufficient.)

Appendix B: On entanglement measures
1. Convexity and concavity of operator functions

Here we recall a useful result in the theory of trace
functions from Section 2.2 of [60].

Let f : R — R be continuous and F = trof :
Linga H — R the associated trace function; then if f is
monotonically increasing (decreasing), then F' is mono-
tonically increasing (decreasing), and if f is convex (con-
cave), then F' is convex (concave).

Based on these, the (61a) and (61b) concavity of the
von Neumann (59a) and Tsallis (59b) entropies can be
proven using the functions f(x) = —zlnz and f(z) =

1 (@?—x). For the (61c) concavity of the Rényi entropy



(59c¢), we have that f(x) = 27 is concave if and only if
g < 1, then so is F(p) = trp?, while In(z) is concave
and monotonically increasing, so Intr p? is also concave.
However, for ¢ > 1, F(p) = tr o7 is convex, while — In(z)
is convex and monotonically decreasing, so the concavity
or convexity cannot be decided using this method.

2. Uncorrelated state with minimal relative
entropy

Here we recall the proof of (90b) from [83]. For a
o € D, and a partition «, we use the notation px :=
trpzo € Dk for all K € «, and let wg € Dg for all
K € a. Suppose that (90a) takes its minimum at {wg }.
Then

0 <o | @ ox) = Do | @ wn)
Kea Kea
) —tr(gln ® QK) +tr(gln ® oJK)

Kea Kea
=— Z tr(or In o) + Z tr(ox Inwg)
Kea Kea
= ftr(® or In ® QK> +tr<® ok In ® wK>
Kea Kea Kea Kea
(64) _DKL<® oK H ®WK)7
Kea Kea

where the first and last equalities are the (64) definition
of the relative entropy and the second and third equalities
are from the linearity of the trace and the additivity of
the logarithm, In(w1 @ wa ® ...) = In(w; ¥I®...)I®
wo®...) =l RIR...)+InIQw ®...)+....
Since the relative entropy is non-negative (65a), then th

above is zero, which leads to that wx = ¢k because of

(65b).

3. Pure entanglement measures

Here we recall Horodecki’s proof [49] for Theorem 3
given in Section IV.

A function is symmetric in its arguments if it does not
change its value for the permutation of its arguments, and
it is expansible if it takes the same values for arguments
(z1,...,24) and (x1,...,24,0). So, first of all, from (i)
it follows that

F(trgm) = F(trg m), (B1)
since the two arguments have the same spectrum, apart
from the multiplicity of the zero eigenvalue. Let us de-
compose the LOCC A into the pure operations A; con-
sisting of single Kraus operators each, A;(+) = Al()AI
These operations are separable ones, that is, 4; = A1 ; ®
A ;®---®A, ;, and they can further be decomposed into
the composition of A, ;(+) acting nontrivially on the ath
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subsystem only. Applying these to the initial (pure) state
7 results in the ensemble of pure states m, = iAm(ﬂ')
(with probabilities p; = tr Ay ;(7)). The resulting mixed
states are then 7’ =" p;m;.

Take a A, ;, and let K, = K if a is not contained in
K, and K, = K otherwise. Then A, ; leaves subsystem
K. invariant, trg— = trg~m, which leads to

trg-m = trem ' = Zpi tre=m; fora ¢ K.. (B2)

3

Now we can write

(72)
Bl B2
fK(ﬂ') (:) F(tI‘Kf*Tr) (:) F( E Di trf*ﬂg)

(72)
(B1)
> piF(rge ) =) pifw(n),

where the first and last equalities are that both subsys-
tems can be used (B1) in construction (72), the second
one is (B2), and the inequality is the concavity (ii) of
Theorem 3.

4. Convex roof extension preserves entanglement
monotonicity

Here we recall Horodecki’s proof [49] for Theorem 4
given in Section IV.
Let f: P — R be a function satisfying (69), that is,

Zpif@r;) < f(m) (B3)

for all m — {(p;, 7})} ensembles resulting from a LOCC A
consisting of the A; pure operations. Take an f-optimal
pure decomposition {(g;,7;)} of o, that is, 0 =3, g;m;,
and > q; f(m;) in the right-hand side of (73) takes its

minimum, so

() = Z%‘f(%‘)- (B4)

Applying the A; pure operators to the pure states 7
of this ensemble results in the ensembles of pure states
T = ﬁ/\i(ﬂ'j) (with probabilities p;; = trA;(m;)).
Applying the A; pure operators to the mixed state p re-
sults in

1 1 1
g =-Aile) = = > aihi(m;) = o > iy (BY)
7 j z j

Di

(with probability p; = trA;(0) = >_;g;trAi(m;) =



>_;jpj,i). With these, we can write

“(o) == an'f(ﬂj)

(B3)

> Z q; Zp] Z-f J 7
(742) qu' > piif(m)
j 1
sz‘p% qupj’ifu(ﬂgvi)
(74b)

> szfu< 1_ qupj,m},i) ST ),
'L ] i

where the first equality is the optimality (B4), the first in-
equality is due to the entanglement monotonicity of f on
pure states (B3), the second equality is (74a), the second
inequality is the convexity of the convex roof extension

(74b), and the last equality is (B5).

Note that this reasoning does not depend on whether
{(gj,m;)} is a result of a LOCC or some other class of
operations, as far as (B3) holds.

5. Convex roof extension preserves discriminance

For the proof of (75b), let P, C P and D, =
Conv P, CD = ConvP, and let f: P — [0,00); then
0€D, <+ peConvP,
— o= Zpiﬂ'i with 7; € P,
@ 0= me’i with f(m;) =0
—= [Y(0) =0,

where the first and second implications are from the as-
sumptions above and the third implication is the assump-
tion in (75b), which is the discriminance property (70a)
for the pure state function. The condition f > 0 is neces-
sary for the last implication: To see the = direction, note
that the minimum in the convex roof extension (73) of a
non-negative function is zero (74c), which is attained if
the left-hand side holds, and to see the < direction, note
that if the convex roof extension (73) of a non-negative
function vanishes, then there exists a decomposition for
pure states for which the function vanishes.

34

6. Convex roof extension preserves the invariance

For the proof of (75c¢), note that the < direction is
obvious from (74a), while for the = direction we have

(GGt @ (i
fY(GoG) GQGTZP i)

PiTi=
sz f(Grlah

= mln
> piTi=0

(73)
= min = ,
> i) _QZPZ ( )

where the first and last equalities are the definition of the
convex roof extension (73), the second one is by using
the notation w, = G~'m;(GT)™1, and the third one is the
condition in the left-hand side of (75c).

7. Convex roof extension is monotonic

For the proof of (76a), note that the < direction is
obvious from (74a), while for the = direction take a
g-optimal decomposition {(p;,7;)} of o, that is, o =
>, pim; for which the next equality holds in the convex
roof minimization (73), and

sz 771 = szf(ﬂ-i)

where the first inequality is the left-hand side in (76a),
the second one is because a g-optimal decomposition is
not necessarily f-optimal, and the last equality is the
definition (73) of the convex roof extension.

8. Some other properties of convex roof extension

The proof of (76b) is obvious from the definition (73)
of the convex roof extension.

For the proof of (76¢), take an (f + g)-optimal decom-
position {(p;, m;)} of o, that is, o = >, p;m; for which the
next equality holds in the convex roof minimization (73),

and
sz
= (Zpif(m» + (Zpig(ﬂi))

mln E p,L 7T/ mln
@/p/ 1/ =e 74/p,

@ () + (o),

where the inequality is because an (f + g)-optimal de-
composition is not necessarily f-optimal or g-optimal,

(f+g Q 771 +g Wz))

| rhatel)

7,’



and the last equality is the definition (73) of the convex
roof extension.
For the proof of (76d), note that min{f, g} <

f.g, so (min{f,g})” < fY,¢" by (76a), from which
(min{ f, g})” < min{f", g} follows.

Appendix C: On the properties of sums and means

1. Definitions and properties of g-sums and
g-means

Let x = (21,...,%m) € R™, x > 0. (The latter is
meant elementwisely, ; >0, j =1,...,m.)

The g-sums of x are defined for nonzero ¢ € R param-
eters as

Ny(x) := {i xﬂ e for ¢ # 0. (Cla)

Jj=1

It can be defined for positive and negative infinities by
its limits, leading to

Niewl) =l Ny() =max(z;), (1)
N_(x) := lim Ny(x) = min(z;). (Cle)

g——00 J

Since lim,_,g+ Ng(x) = oo and lim,_,o- Ng(x) = 0, N,
cannot be made continuous in ¢ = 0. We have the usual
sum N1, the harmonic sum N_1, and the quadratic sum
Ns.

The g-means or power-means of x are defined for
nonzero g € R parameters as

M,(x) = [% ix;’] e for ¢ # 0.

Jj=1

(C2a)

It can be defined for parameter zero and for positive and
negative infinities by its limits, leading to

Mo = lm M) =max(x,),  (C2b)
M—OO(X) = ql}I—noo Mq(x) = Injin(xj)v (C2c)
My(x) = (}ig(l) M,(x) = [H ac]} l/m. (C2d)

J

We have the geometric mean My, the usual arithmetic
mean My, the harmonic mean M_q, and the quadratic
mean Ms.

The g-sums and g-means above are defined for strictly
positive x;’s; however, we would like to use them for non-
negative values, too. For ¢ > 0, the definitions (C1) and
(C2) work well for z; = 0 values. For ¢ < 0, notice that

1 1/lql
My(x) = M_jq(x) = |m

b

m

1 1
el ol

35

showing that lim, .o+ M,(x) = 0, and the same holds
for N,;. So defining for ¢ < 0 and ¢ < 0 and for any
x; = 0 the ¢g-sum and g-mean by their limit, N,(x) =
M,(x) = 0, allows us to use ¢g-sum and ¢g-mean of x > 0
non-negative numbers.

Let us see the most important properties of g-sums
and ¢g-means. N, is continuous for 0 # ¢ € R, Ny, > 0,
M, is continuous for ¢ € R, M, > 0, and they have the
following vanishing properties:

ifg>0: Ny(x)=0 <<= Vj:z;=0, (C3a)

ifg<0: Ng(x)=0 <= 3Fj:z;=0, (C3b)
and

ifg>0: My(x)=0 <= Vj: ;=0 (Cda)

ifg<0: My(x)=0 <= Jj:2;=0. (Cdb)

They are homogeneous functions; that is,

for ¢ > 0: Ny(ex) = eNy(x), My(ex) = cMy(x).
(C5)
For all 0 # ¢ € R, Ny(x) and for all ¢ € R, M,(x)
are monotonically increasing for all arguments x; (see
Appendix C3), and their converity/concavity properties

are

Nq(ZpiXi) < ZpiNq(Xi) =
Ny (Zplxl) > ZpiNq(Xi)

g>1, (C6a)

— 0#¢<1,

(C6b)

and
M, (Zplxl) < ZpiMq(Xi) < g¢>1, (Cra)
Mq (Zpixi) Z szMq(Xz) g q S 1 (C7b)

(see Appendix C4). On the other hand, for all x > 0,
N,4(x) is monotonically decreasing for the parameter g,
and it has a discontinuity in ¢ = 0, as

0<qg<q = M,x)>My(x), (C8a)
<qd <0 = M,(x)>My(x), (C8b)
g<0<qd = My(x)<My(x). (C8c)

On the other hand, for all x > 0, M,(x) is monotoni-
cally increasing for the parameter ¢, which is the ¢g-mean
inequality,

g<qd = My(x)< My(x), (C9)
with equality if and only if x; = --- = x,,. From this,
it immediately follows that the g-mean of numbers is be-
tween the minimal (C2c¢) and the maximal (C2b) ones.
On the other hand, the inequality between the arithmetic
and geometric means My (x) < M;(x) is a particular case
of this.



2. Definitions and properties of quasi-sums and
quasi-arithmetic means

Let x = (z1,...,2,) € R™, x > 0. For a continuous
strictly monotonic function h : R — R, let the quasi-sum
of x be defined as

(C10)

(D ha))
Jj=1
and the quasi-arithmetic mean of x is defined as [129, 130]

My (x) == h~! (% i h(xj)).
j=1

Note that in the two cases, h and the linearly, re-
spectively, affinly transformed functions ah, respectively,
ah +b (with a,b € R, a # 0) lead to the same functions,
Np, = Nup, and My, = Mypyp. The choice h(z) = x? gives
back the ¢g-sum and ¢-mean for ¢ # 0, while h(z) = In(z)
gives back the geometric mean. For the quite general
function class of the quasi-arithmetic means, only few of
the properties can be known, in general [130-132], most
of which are true also for the quasi-sums with minor mod-
ifications.

(C11)
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3. Monotonicity

For the monotonicity of the g-sums (Cla) and g-means
(C2a) for x > 0, we have for the latter one for ¢ # 0 that

P () e 20
k

The same holds for N,. We have for the geometric mean

MO (CQd)a

(C12)

OMy(x

81’1 (H :ck) Umsc; > 0.

(C13)

4. Convexity, concavity

For an f: R™ — R, if dom f is op en and the gi%’;)

Hessian exists, then f is convex (concave) if and only if

2
g fz());)l is positive (negative) semidef-

dom f is convex and
inite [22].

For the convexity/concavity of the g-sums (Cla) and
g-means (C2a) for x > 0, we have for the latter one for
g # 0 that the Hessian from (C12) is as follows,

2 _ _
83532(-) - mi/q (1=q) (Z xz)l/q 2x3—1$3_1 Ry Che 1)(2 mz)l/q 1 il ? (C14)
K3 k k
Then, taking an u € R, we are interested in the sign of
1 1/q—2 B N2
St - () () (o) - (S
Z ' (C15)
/a= — _
B ﬁ@ (X at) [ S - (st a) .
k i j i

The content of the square bracket [ ] is non-negative, which is the Cauchy-Bunyakovsky-Schwarz inequality for the

a/2—

vectors of components u;z; " and J:g/

same holds for N,.
For ¢ = 0, the Hessian from (C13) is as follows,

02 My (x
5':L"J 6331

Z 82Mo
i Ox;0r;

) (H Ik) 1/m$_

Then, taking an u € R™, we are interested in the sign of

[l ) ()]

2 S0 we have that M, is convex for ¢ > 1 and M, is concave for ¢ < 1. The

(C16)

(H wk) l/m ,353;2

(C17)

= g (TTo) " [(Stmary) - (S0) (S )]

7

The content of the square bracket | | is nonpositive, which is the Cauchy-Bunyakovsky-Schwarz inequality for the

vectors of components 1 and u;z; L

so we have that M, is concave.
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Appendix D: On constructions of entanglement monotones
1. By concavity

For the proof of Lemma 5, let A = » . A; a LOCC with the decomposition into pure suboperations A;, and
= iAi(ﬂ) with probability p; = tr A;(7). Then we can write

ZpiG(f17~-~7fm sz fl 7---afm (szfl szfm )

< G(fl(ﬂ% o Jm(m) = G(f1, - ) ()

where the first inequality is the concavity of G and the second inequality is the assumption (69) together with the
monotonicity G.

2. A new entanglement monotone

For the proof of that Minog(Fay,- - -, Fa, ) in (101) is an entanglement monotone, first we claim the monotonicity
and concavity of the quasi-arithmetic mean M, o, = g7 0 My o g, with g(z) =1 — e™®, written out as

m 1/m
Minog(x) = ~In[1 =TT —e7)) "] = =mn[1 - 1'/™],
k=1
where we use the shorthand notation II := [];~, (1 — e~ *). Let x > 0, then we have that

ol e
or; 1—e i

First, let us see the first partial derivatives,

OMiy 0g(%) 1 1 4 /mq O 1 1 e~ i
n _ Zqpt/m-1 _ ~ 17l/m — >0, D1
Ox; 1—T11Ymm or; 1—-T1Ymm 1—e @ — (D1)
so the function is monotonically increasing in all arguments. Then the Hessian is
a2]\41n og(x)
8;vj8xi
0 1 1 e 1 170 e~ 1 1 0 e
N 7H1/m |: Hl/m:| *Hl/m [77
{&Ujl—ﬂl/m}m 1—e = +1—H1/m Oz 1—e +1—H1/mm Or; 1 —e @i
—x; 1/m —x; —x; —x;
:{i e % | m/ ]lnl/m e n 1 l{l e lﬂl/m} e
m1l—e % (1—1I1/m)2 l—e® 1-TIYmmlml—e % 1—e @
(D2)
R S SV [w}
1—1I/mm (1 —e )2
1 t/m e % e i e~ e i §; e %
_ Hl/m 17H1/m . 17H1/m Yyt
m? (1 — I1t/m)2 [ l—e @ 1—e % * )1 —e %l —e % m )(1 — e 7i)2

1 mt/m [ e % e i

0 ;e Ti
=== —m(l — TIYm™ Hi}
m2(1—M/m)2 1 —e2 1 —e o m( ) E

(1—e =

Then, taking an u € R™, we are interested in the sign of
9? My, og X) 1 t/m ue” % \2 1 u2e=Ti
=L ) i L
Z i 0z ;0x; T Ow;0r; T m2 (1 —T1t/m)2 {(; 1-— e—””i) m ); (1—emi)2 (D3)
We claim that the content of the square bracket [ ] is nonpositive, which follows from

(S < S () S () e S -,
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where the first inequality is the Cauchy-Bunyakovsky-Schwarz inequality for the vectors of components “1_Vee_i:"’ and
Ve=7i, and the second inequality is Y, e~ < m(1 —II'/™), which is rearranged as II'/™ < 1— L3 7%,

m/m — (H(l e )1/m

J

%Z 1—e ) *1——267‘“"1
J

which is the inequality between the geometric and arithmetic means (see equation (C9) for ¢ =0 and ¢’ = 1). So we
can conclude that the function M, o4 : R™ — R is concave. Now, Miyog(Ea,, - - -5 Ea, ) in (101) is an entanglement
monotone, since Lemma 5 holds for that, which completes the proof.
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