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Based on results well known in the mathematics literature but not yet common knowledge in the physics
literature, we conduct a study on three-fermionic systems with six, seven, eight, and nine single-particle states.
Via introducing special polynomial invariants playing the role of entanglement measures the structure of the
stochastic local operations and classical communication (SLOCC) entanglement classes is investigated. The
SLOCC classes of the six- and seven-dimensional cases can elegantly be described by special subconfigurations
of the Fano plane. Some special embedded systems containing distinguishable constituents are arising naturally
in our formalism, namely, three-qubits and three-qutrits. In particular, the three fundamental invariants /g, o,
and [, of the three-qutrits system are shown to arise as special cases of the four fundamental invariants of

three-fermions with nine single-particle states.
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I. INTRODUCTION

Quantum entanglement is a key resource for implementing
tasks for processing quantum information [1]. It is well known
by now that this resource can be based on manipulating
composite quantum systems with both distinguishable and in-
distinguishable constituents. Although historically the study of
entanglement based on systems belonging to the former class
has received much greater scrutiny, investigations focusing on
the latter have gained considerable attention too [2—7]. Quite
recently, fermionic systems started to play a key role in studies
revisiting the so-called N representability [8] and quantum
marginal problem [9] centered around studies employing the
important notion of entanglement polytopes [10-12], an idea
having roots in the work of Klyachko [13]. The introduction
of this notion was partly motivated by the study of special
tripartite fermionic systems having six, seven, and eight
single-particle states [9]. These systems provide simple special
examples for multifermionic wave functions with physical
properties easy to investigate. On the other hand, they also
give rise to mathematical structures, namely, three-forms in
six-, seven-, eight-, and nine-dimensional vector spaces over
a field, well known to mathematicians [14-21]. Although
the results in these papers on the classification of trivectors
bear a relevance on the so-called stochastic local operations
and classical communication (SLOCC) classification of en-
tanglement classes [22,23] in quantum information, apart
from scattered remarks [24,25] and our recent paper on
Hitchin functionals [26], to our best knowledge these systems
have not made their full debut to the literature on quantum
entanglement.

The aim of this paper is to present a study on these
special entangled fermionic systems based on these findings.
In quantum information, one wishes to quantify and classify
different types of entanglement regarded as a resource. There
are different classification schemes. In the SLOCC classifica-
tion scheme of multipartite systems, the representative pure
states are equivalent if they can be mutually converted to
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each other with a finite probability of success using only local
operations and classical communication. It can be shown [23]
that for a system consisting of n distinguishable subsystems,
SLOCC equivalence mathematically means that the equivalent
pure states representing the system are on the same orbit
under the action of the local group GL(N;) x GL(N;) X ... X
GL(N,), where (N{,N,,...,N,) are the local dimensions
of the Hilbert spaces associated to the subsystems. For
systems with indistinguishable constituents, the corresponding
orbit should be formed under the n-fold diagonal action
of GL(N) where N is the number of single-particle states.
Although due to proliferation of entanglement classes solving
the SLOCC classification problem in its full generality is a
hopeless task, we still have a number of important special
cases for which the structure of the SLOCC classes is
known. These special entangled systems can provide a conve-
nient theoretical framework to see multipartite entanglement
in action.

Now, although these special systems have already been
studied by mathematicians, however, physicists are either not
aware of these results or they are reluctant to apply them, or
they are rediscovering them from time to time in different con-
texts. For example, the classification problem equivalent to the
classification of SLOCC entanglement types for three-qubits
has already been solved in 1881 by mathematicians [27] (see
also the paper of Schwartz [28] and the book of Gelfand [29]),
the result has later been independently rediscovered in the
influential paper by physicists [23]. As another example one
can consider, the case of three-fermions with six single-particle
states is a system used by Borland and Dennis in their seminal
paper [9]. Using results known from cubic Jordan algebras,
the SLOCC classes for this case have been rediscovered by
one of us [30]. We have learned later that the solution to
this problem dates back as early as 1907 via the work of
Reichel. Moreover, it also turns out that this case is also well
known from the theory of prehomogeneous vector spaces [31]
where in the full classification of these spaces as given by
Sato and Kimura, these types of fermionic systems show up
as an important special case [32]. As we already mentioned,
this case also constituted the archetypical example for further
studies on entanglement polytopes and the N -representability
problem [10-12]. Moreover, elevating a real three-fermionic
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state with six single-particle states to a three-form living on
a six-dimensional manifold renders the square root of the
magnitude of the quartic entanglement measure [30] to a
functional on the manifold [26]. As shown by Hitchin [33,34]
in an important special case the critical points of this functional
correspond to Calabi-Yau manifolds. On the other hand, the
evaluation of this functional at the critical point gives the
semiclassical Bekenstein-Hawking entropy of certain black
hole solutions in string theory [26,35].

This wide variety of physical applications justifies an
attempt to present a self-contained entanglement-based refor-
mulation of the results on the classification of three-forms in
six, seven, eight, and nine dimensions. Apart from shedding
new light on special fermionic systems and presenting some
of their invariants serving as measures of entanglement in a
unified manner, this approach also facilitates an embedding of
special entangled systems of distinguishable constituents such
as three-qubits and three-qutrits. In this philosophy, systems
with distinguishable constituents are just special cases of
systems with indistinguishable ones.

For clarity, we would like to note that the methods
presented here are not directly applicable when one considers
entanglement between modes [36-38] of indistinguishable
systems. Mode entanglement is particulary useful when one
wants to classify entanglement between different momenta
or different regions of space. However, entanglement in
this notion involves the splitting of fermionic mode oper-
ators fiT into subsets which are not invariant under local

unitary transformations of the form fiT — U/ f ; (e.g., the
Fourier transformation on a lattice) which is a key ingre-
dient in conventional entanglement classification between
particles.

This paper is organized as follows. In Sec. II, we give a
brief introduction to the language of multilinear algebra for
the reader unfamiliar with it. This language turns out to be a
particulary useful tool for generating SLOCC covariants and
invariants. In Sec. III, we introduce a family of linear maps or
covariants derived from the amplitudes of a fermionic state.
All the invariants considered in this paper are derived from this
construction. In Sec. IV, we present the SLOCC classification
for three-fermion systems in dimensions six, seven, eight, and
nine. For the six- and seven-dimensional cases, we present
the structure of the SLOCC classes in a new manner based
on the structure of the Fano plane. In addition to a discussion
of the SLOCC classes, we present all the algebraically inde-
pendent continuous invariants of these systems. Most of these
invariants are known and used in different fields of physics and
mathematics although except for the case of six dimensions,
they have not made their debut in quantum information theory
yet. We also discuss the embedding of three-qubits into the
system of three fermions with six single-particle states and
show how the measures of entanglement are related. There
is a similar possibility of embedding three-qutrits into the
system of three-fermions with nine single-particle states. We
consider this case in Sec. IV D 1, and relate the invariants of
three-qutrits to those of the corresponding fermionic system.
In Sec. V, we outline some of the connections of these results
with the entanglement polytopes of Klyachko in particular
with the pinning of fermionic occupation numbers, which
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is a concept of huge interest recently [11]. Our conclusions
are left to Sec. VI. For the convenience of the reader, we
included two Appendices with some proofs and calculational
details.

II. MULTILINEAR ALGEBRA

In this section, we give a brief summary of the language
of multilinear algebra, which is a useful tool for attacking the
entanglement classification problem of multifermion systems.
The reader familiar with these concepts may skip to the next
section.

Let V = CV be an N-dimensional complex vector space.
Denote the Cartesian product of V withitself by V x V. There
are two canonical ways of defining a vector space from V x
V. The first is the direct product, the second is the direct
sum. The direct product of vectors is defined by the relations
W+ @uw=v@uw+tu@uw,vQuUu+w)=vQu+v
w, (c)@w =v® (cw) = c(v ® w) where u,v,w € V, c €
C. The vector space spanned by elements of the form v ® w is
denoted by V ® V or V®2. If {e;} | isabasisin V, then {¢; ®
ej}ff’ j—1 isabasisof V. ® V. Obviously, V ® V has dimension
N?2. Similarly one can define the kth tensor power of V denoted
by V& spanned by elements of the form v, @ v, ® ... ® v;.
This has dimension N*. The tensor product is now a map
®: VO x yom _ yekim,

The wedge product of k£ < N vectors is defined as

|
ﬂESk

1
vl/\...Avkzk—Za(n)vn(l)(@...@vn(k), (D)

where S; is the symmetric (permutation) group and o is
its alternating representation, namely, o(w) =1 for even,
o(m) = —1 for odd permutations. The vector space spanned
by elements of the form v; A ... A v, is denoted by AFV and
has dimension (?{’ ). Its elements are denoted with «,8,y, ...
and we will call them k vectors.

The direct sum is defined from V x V with the re-
lations W+ u)®(w+2)=vdw+udz, (cv)® (cw) =
c(v @ w). The vector space obtained in this way is denoted
by V@ V.If {¢;}}, is a basis of V, then {e; ® 0,0 ® ¢;}, is
abasisin V @ V (here, 0 denotes the zero vector in V). Thus,
the dimension of V @ V is simply 2N.

Define now the vector space

AV)=CoVAAVE...dAVV. )

Now, A(V) can be elevated into an algebra via extending
linearly the exterior product

AAV)X AV) — AV),

3)
o, = aApB.
Endowed with this product A(V) is called an exterior algebra
or Grassman algebra. The exterior product is a graded anticom-
mutative product, meaning that fora € AKV and B € A"V we
have

aAB==D"BAa. 4)
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Fixing a basis {e;}_, in V allows one to write & € A*V in the
form
F(xil...l'keil
where o' is totally antisymmetric in all of its indices and
summation for the indices is understood.

Let V* be the dual space of V comprising the linear func-
tionals acting on V. If {e;}}_, refers to a basis of V and {¢/}}",

o= AL Nep, 5)

a basis of V*, then we have (¢',e¢;) = 8}. One can also define
the exterior algebra of V* denoted by A(V*). Its elements
P,Q,R, ... will be called k forms. An element P of AFV* =
(A*V)* is a multilinear functional P : V x ... x V — C on
V satistying P(vy, ..., v) = o (@)P(Wrq), - . - V() for all
7 € Si. A general element P € AFV* can be written as

1 A A
P = Fpil...ike” AN e, (6)
The pairing (..., ...) between one-forms and vectors gives

rise to a natural pairing between k forms and k vectors. In
terms of basis vectors, it reads as

i i
Yo 8
(e”/\"'elk,ejl/\"'ejN):Det :
iN iN
8 Ji 8 JN
(N
There is a useful structure connecting the exterior algebra
and its dual, called the interior product or contraction. For a
vector v € V, the interior product ¢, is a AKV* — Ak=1y*
linear mapping given by the defining formula

el AL A e
k
= Z(—l)"‘l(e’",v)e" A NETA L NER, (8)
n=l1
where the notation & means that ¢’ has to be omitted from

the product. For a k form P having the form (6), we have the
explicit expression for the contraction:

1
P =
Y

The definition of the contraction is a natural notion justified
by the important identity

VI P

i ir
i in €2 A A

€))

(te, " Ne? .. Nete, AL Nej)
= (" A2 A ... NEN e, Nejp Ao Aej). (10)

This definition can be extended by linearity to one featuring a
contraction by an arbitrary m vector

L AV x ARYE s ARy

i il---im . .
B e, N...N¢,

o =
m!
1 i ik
P = FP,-I___,-ke AN...Ne",
P R fewin p
o, = Ly = md PR R /9

X e A LA e e AT

Y
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where k > m. We have the useful properties
lgolg = (—l)kmt,g olg, o€ AV, Be A,
(P A Q)= t(P)AQ+(=D"P Aw(Q),
a € ANV, P e APV*, Q € NIV,

k< pag. (12)

There is an important isomorphism relating m forms and N —

m vectors. It reads as
APVEZ ANy @ ANVE, (13)

This isomorphism is based on the definition of the x operation
defined as follows:

QAR=(Q,xR) Qen""V*
R e A"V*, xRe AV @ ANV* (14)
Using the (7) identity, one can show that
*R = m(*R)ilwiNimeil VANIVAN Cinm ® ]E, (15)
where
(*R)il---iN—m — _8il---iN—n1_/l---_fm lej , ]E — el A A eN'
m! "
(16)

It should be emphasized that x is not the Hodge star; until this
point we did not equip V' with any metric.

Let g = g/¢' ® ¢; € GL(V) be an invertible linear map
from V toitself actingonav € V as gv = g/vk(e',er) ®e; =

g,{ vke;. For this action on the basis vectors we write
gei =e;g/, ge€GL(V). (17)

Given this action on V, an action g* on V* is induced via the
formula

(g"¢'.ge;) = (¢',e;) = 4. (18)
Explicitly, we have
ge =gl glei =4, (19)

i.e., the matrix of g’ is just the inverse transpose of the matrix
of g:
g=@"" (20)

Now, this dual action induces an action o(g) on A%
However, by an abuse of notation we use again g* for this
action

g5 ARVE S ARV P s g* P (1)
For the components, this reads as
Pi i (&P, =818t . &P (22)

Similarly, the action on the components of a k vector « reads
as

.0 iedy 01 02 ik J1eJi
o = (ga) =g;,8h -8, e,

(23)

By virtue of Eq. (19) in the special case of the top form E we
have the transformation formula

¢'E = (Detg)"'E. (24)
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III. SLOCC INVARIANTS FOR FERMIONIC SYSTEMS

Now, let us identify V = CV with the finite-dimensional
single-particle Hilbert space. The full Hilbert space of a system
with an indefinite number of fermions is called the Fock space.
Let us denote the vacuum state of the Fock space as |0). Let
us moreover define the fermionic operators f;, f jT as the ones
satisfying the canonical anticommutation relations

Uiy =8y, iy =t fli=0. ij=1.._.N.
(25)

Then, the Fock space is spanned by vectors of the form
fH 0y withk = 0,1,2, ..., N.

Now, this space can alternatively be represented [39] as
the exterior algebra A(V') or A(V*). For later convenience, we
chose A(V*). In this picture, the operators f; and flT acting on
the Fock space are mapped to the ones e A and ¢,, acting on
A(V*). If we use P € A¥V* of (6) as the representative of the
unnormalized k-fermion state

|P) = Piliz---ik-f;[fii flz|0>’ (26)

then the action of the fermionic operators on the usual Fock
space can be represented as the

Py e AP, fIP) > 1P 27)

action on k forms. This map clearly gives a representation of
the (25) anticommutation relations. Indeed, from (12) one sees
that

Lo, (e/ A P)=8]P — e/ A1, P), (28)

hence, {t,,,e/ A} = 6.

Let then V be an N-dimensional complex vector space
representing the one-particle states of a fermionic system and
the unnormalized k-fermion states be represented as in Eq. (6).
The P;, ;, in this formula are the (],Z’ ) complex amplitudes
characterizing the k-fermion state. Here, we are dealing with
a system of indistinguishable constituents, hence, SLOCC
transformations are acting via the same GL(V) = GL(N,C)
map on each slot as defined in (22).

Two fermionic states P and P’ are called SLOCC equivalent
if there exists an element of g € GL(V) such that P’ =
g*P. The abbreviation SLOCC refers to stochastic local
operations and classical communication [22,23], the type
of physical manipulations represented mathematically by
invertible linear transformations g € GL(V). Sometimes, the
unimodular subgroup SL(V) = SL(N,C) is also used to define
new equivalence classes. The subgroup

Stab(P) = {g € GL(V)|g*P = P} 29)

is called the stabilizer subgroup of the multifermion state.
Under the SLOCC equivalence relation, one can form the
corresponding equivalence classes. We will refer to these
classes as the SLOCC entanglement classes.

In order to distinguish between different types (classes)
of entanglement, one can introduce entanglement measures.
An entanglement measure is a real-valued function f of the
amplitudes P;, ; satisfying a number of physically useful
properties [40]. Here, we will be content merely with one
of such properties, namely, that our measures should be
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coming from relative invariants under the SLOCC group
(invariants under the unimodular SLOCC group). A rational
function I : A¥V* — C is a SLOCC relative invariant if
there exists a rational character y : GL(V) — GL(1,C), i.e.,
a one-dimensional rational representation such that

1(g"P) = x()I(P). (30)

If x = 1, then [ is called an invariant. The entanglement mea-
sures f : A*V — R studied here are arising as magnitudes of
relative invariants with respect to the SLOCC group (invariants
under the unimodular SLOCC group).

There are a number of covariants that can be defined to form
such invariants. For a study of covariants and invariants useful
in the fermionic context, see Gurevich [41]. Here, we will be
content with some of his constructions suitably modified and
adapted to our purposes. For a multifermionic state P, one can
review a collection of SLOCC invariants as follows.

Degree 1 invariants. These are the ranks of the linear maps
that can be constructed from P and are linear in the amplitudes.
Let ¢ denote the interior product of Eq. (11). Define the set of
linear maps

PO AV 5 AYE L s, P 31

Now, P?) is a linear map from a vector space of dimension (/)
to a vector space of (klf ))» thus ithas a SLOCC invariant rank at
most min((}),(," ). However, not all of these are independent.
Obviously, P*~D is the transpose of P?), thus their rank is
equal.

Degree 2 invariants. These are ranks of linear maps which
are quadratic in the amplitudes of P. Let

YAV > AV @ s P AP (32)

Now, by virtue of the (13) isomorphism one can define a new
quantity

K0 = w0kl (33)

which is a linear map from A'V to AN=#H YV @ ANV* The
appearance of the one-dimensional space A V* means that
according to Eq. (24), this object picks up a determinant factor
under a SLOCC transformation. Obviously, this construction
only makes sense if 0 < I < k satisfies

0<2k—1<N. (34)

Let us give the explicit form of lcg)(a):

k) = e (KT e
Xeq A...Neay . QOF, (35)
where
(Kg))a,...a,v_wb]mbl _ 1 PR T S A N
&k —D)k!
X Py iy vy Pi iy i (36)

Clearly, the (, kl\i D X (7) matrices K g) have a SLOCC invariant

rank. The index structure of K g) shows that under SLOCC
transformations, the upper indices are transformed via the use
of N — 2k + [ matrices g, and the lower indices via the use of /

. ’j . o e s
matrices g; /- moreover, due to the presence of the Levi-Civita
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symbol [compare also with the transformation rule of Eq. (24)],
an extra factor of Detg’ = (Detg)~! appears.

Proposition 1. Egﬁl) = 0 if and only if P is separable.
Proof. Let a € A¥~1V. By definition

V() = a1 py P et nelt AL nel (3T

1eeeik—10k

Since « is arbitrary, then our condition reads as

P; P =0, (38)

1eeeip—1lik

where the brackets denote antisymmetrization. It can be shown
(see, e.g., Proposition 3.5.30 of Penrose and Rindler [42]) that
Eq. (38) is a sufficient and necessary condition for P;, _;, to be
separable, i.e., of the form P;, ;, = a,bi, - . - 2i- |

These amplitudes can be expressed in terms of a single
Slater determinant, hence they represent separable multi-
fermion states. Note that for these sufficient and necessary
conditions of separability, an equivalent form is provided by
the set of Plucker relations usually expressed [43] in the

k+1
s = Z(_l)nilpi“'z"'ik*'j" Ril.iz---.ik+1fn =0 (39
n=1
form. Here, A = {i},is, ... ,ix—1} and B = {ji, /2, ..., jis+1}

are k—1and k + 1 elegnent subsets of the set {1,2,...,N},
and where the number j, has to be omitted.
Degree n + 1 invariants. Define

(hly.dn) Iy ktnk—Y""_, 1
Kp L@ (NTV) > AT Yialiy*
o AN—km+D+5 1y @ ANV*,

al,...,oc,,|—>*(La]P/\.../\LanP/\P),

o € AV, (40)

Just like the ones of Eq. (35), these quantities are based on

]_[;'.:1 (7) times ((n+1>ki\]2” ;) matrices Kgl...ln) with a SLOCC
J j=1"%

invariant rank. For the definition to make sense, we have the

constraint for 0 < /; < k:

0<(+Dk—Y [; <N. (41)
j=1

These covariants with degree over 2 can have extra symmetry
properties if there exists /; = [; for some i # j. Consider, for

example, K;;Z.l). Then, we have
i —1
K (ar,00) = (=D @a,a1), a0 € AV (42)

As an example needed later on, let us consider the special case
of Kg"”l”) with [y = ... =1, =1 for three-fermion systems
with N single-particle states. In this case, k =3, o = obey, €
V, and we define m via 3 + 2n + m = N. For simplicity in
this case we will refer to Kgl ) ag KI[D"””]. Then, Kggm’"] AV —
A"V ® AN V* has the form

S TR

1

" om!

(K[m’n] by

ay..ay by
4 ) by, Q1 O "€ NN e, RFE,

(43)
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where

8a1~~am11m12n+3 Pb]iliz . Pb Pz

on1i2n4202043 *

(44)

nion—1i2n

ETEY

Notice that (Kb""hyar--an b,..», 1S totally antisymmetric in its
upper, and symmetric in its lower, indices.

The ranks of the linear maps defined above are SLOCC
invariants because a SLOCC transformation on them simply
means an invertible change of basis in the domain and the
range and a multiplication by some power of the SLOCC de-
terminant. However, these ranks are not continuous invariants
in the amplitudes P; ;,;,. We can also use the above-defined
linear maps to define continuous relative SLOCC invariants.
The idea is to utilize the trace and determinant defined on linear
automorphisms of vector spaces. In order to do this, we need
to construct square matrices. This can be done by composing
maps with each other to have the same dimensional range and
domain. As we will see, the simplest case arises when the
above-defined maps are square matrices themselves.

It is also worth noting that a system of k qudits with Hilbert
space H=C?®...® C¢ can be embedded in this special
fermionic system [44] in the following way:

d
Y Vi) ® .. ® ) € H,

e =1

V) =
(45)

d
I d+pu (k—1Dd+p
Z Ve NeTTTA L Ne £,

My =1

Py

Obviously, a SLOCC transformation on H of the form g; ®
... ® gt € GL(d,C)®F acting on  like

Vi = @D (@O Vs (46)
can be embedded in the SLOCC group GL(V') of our fermionic
system via
81

€ GL(dk,C) = GL(V).
8k

g = 47)

As a consequence, embedded states on different GL(V) orbits
must be in different GL(d,C)®* orbits as well. However,
the converse is not generally true: entanglement classes of
the fermionic system may split into different classes when
just the embedded system is considered. However, when we
consider the generalized SLOCC group, i.e., the SLOCC group
combined with permutations, some important exceptions arise.
In the case of three-qubits, the embedding into three-fermions
with six single-particle states is bijective between the SLOCC
classes of the two systems. As was shown in the case of
four-qubits embedded into the system of four-fermions with
eight single-particle states, two inequivalent four-qubit states
remain inequivalent under the fermionic SLOCC group [45].
As pointed out in Sec. IV D 1, splitting does not occur
between families of entanglement classes for the embedding
of three-qutrits into the system of three-fermions with nine
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single-particle states. Most likely this is true for the entan-
glement classes too. In the cases when splitting of fermionic
entanglement classes does occur, one can still use the ranks
of the maps Kg/‘l'"l”) in order to obtain a coarse graining of the
entanglement classes of H.

Finally, note that one can see from the isomorphism (27)
that the anticommutation relations (25) are invariant under
invertible SLOCC transformations. Based on this property,
one can extend the group GL(V') acting on fermionic states
to a bigger one which also enables the implementation of
Bogoliubov transformations. This way, one can obtain a
classification of states on the whole fermionic Fock space,
not just on the fixed-particle-number subspaces. For details on
this subject, see our recent work [46].

IV. ENTANGLEMENT OF THREE-FERMIONS

A. Six single-particle states

The entanglement classification of three-fermions with
six single-particle states is already well known and has a
broad connection with several mathematical and physical
structures [9-11,25] in the literature. It was first recognized as
a quantum information theory problem in Ref. [30], where also
the connection to Freudenthal triple systems has been revealed.
Later, it has been realized that the corresponding mathematical
problem has already been solved long ago [14] and that
the generic SLOCC orbit is precisely the one which shows
up in the theory of prehomogeneous vector spaces [31,32].
Moreover, within such three-fermionic systems, three-qubit
systems can be embedded [25,30,44,45] in this case this
generic SLOCC class corresponds to the famous Greenberger-
Horne-Zeilinger (GHZ) class [23] of three-qubit entanglement.
Furthermore, recently it has been shown that the problem
is even connected to string theory via the so-called Hitchin
functionals [26,33,34].

Let V be a the six-dimensional complex vector space C°.
Then, an unnormalized three-fermion state can be represented
as

1
T3l
The P;,;,;, are the 20 complex amplitudes describing the three-

fermion state. The SLOCC transformations act with the same
GL(V*) = GL(6,C) map on each slot as

P Piine Ae? net e APVE (48)

Piiyiy g;fllg;2]2g1{3]3 Pjijois (49)
just as defined in Eqgs. (22) and (20).

In the following, we show that the SLOCC orbits of
this system are completely characterized by the ranks of the
degree one P® [Eq. (31)] and the degree two Kg]:U =il
[Eq. (35)] covariants. In order to see this, let us consider the
latter one. According to Eq. (36), its underlying 6 x 6 matrix
has the explicit form

1
(KEJI‘”)Z = ﬁg‘”umuu Pbi1iz Pizi4i5’ (50)

where we also used the notation introduced in Eq. (44). By
construction, K E,l’ Y transforms under SLOCC transformations
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as

c

(K", = Det(ghgi g, (Kp)y,
According to Eq. (20), the matrix g’ is just the inverse
transpose of the one g, hence, this transformation rule is of
the form KE,I’” > [Det(g)] ! gKI[Dl’l]g’l. It follows that any
power of the trace of KI[DI’” is a relative invariant. One can
immediately check that TrK E}’l] = 0, hence, the next item in
line to experiment with is Tr(K 1[1,1’1])2.

It is well known that this quantity suitably normalized

g €GL(V). (51

D(P) = LTr(kIM)? (52)

is indeed a relative invariant and its magnitude defines a
good measure of entanglement. That D is a relative invariant
transforming as

D(P) + [Det(g")]*D(P) (53)

can immediately be seen from the transformation property of
Eq. (51) and the definition of Eq. (52). In order to see the
last property, namely, that its magnitude provides a measure
of entanglement, let us give this relative invariant another
look [30]. First, we reorganize the 20 independent complex
amplitudes P;;,;, into two complex numbers 7,& and two
complex 3 x 3 matrices X and Y as follows. As a first step,
we change our labeling convention by using the symbols 1,2,3
instead of 4,5, 6, respectively; hence, we have

1,2,3,4,5,6) < (1,2,3,1,2,3). (54)

Hence, for example, we can alternatively refer to Pyse as Pjs3
or to Pyps as Pj,;. Now, we define

n= P, &= Py, (55)
X X Xi Py Pisi Pris
X = X21 X22 X23 = P223 P23l P2i2 N (56)
X311 Xn X Pys Pisi Pij
Y Y Yi Piy; P31 Pip
Y=|Yn Yo Yu|=|Py Py Pl G7)
Y3 Y Y33 Py Py Py

With this notation, the quartic polynomial of Eq. (52) is
D(P) = [nE — Tr(XY)]* — 4 Tr(X*Y¥)
+ 4n Det(X) + 4& Det(Y), (58)

where X and Y* correspond to the regular adjoint matrices for
X and Y, hence, for example, XX* = X*X = Det(X)I with I
the 3 x 3 identity matrix.

Now, according to Eq. (45), we can embed a three-qubit
state i into our system of three-fermions with six single-
particle states as the state Py. However, for convenience we
chose another form of this embedding [30] which amounts
to a permutation (3245) of the basis vectors e!, ...e°. One
can show that under this permutation, the matrix of embedded
SLOCC transformations familiar from Eq. (47) takes a form
of a 6 x 6 matrix consisting of four blocks of 3 x 3 diagonal
matrices. Via this embedding, we keep merely eight complex
amplitudes from the 20 ones of P which transform according to
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the restricted SLOCC group as the amplitudes of a three-qubit
system. Let us label the eight amplitudes of Py as

(P123, P23, P133, Pios, Piss, Piss, Piog, Pra3)
= (Y000, Y001, V010, V100, V111, ¥110, Y101, Yoi1),  (59)

where unlike in Eq. (45), now we switched to the use of the
conventional labeling 1,12, 13 = 0,1 of basis states. Then,
D(Py) = D() takes the following form:

D) = [Yoy7 — Y1ve — Vs — Y3yul’
— 4[(Y1¥6) (W2 ¥rs) + (Yars) (W3 ipa)
+ (Y3yra)(Yr16)] + 4 sty + 4o s,
(60)

where (Yo, Y1, ..., ¥7) = (Wooo, Yoot - - - ¥i11). DY) gives
rise to a famous entanglement measure [47] called the three-
tangle T3 which for normalized states satisfies

0< i3 =4DW)| < 1. (61)

Hence, D(P) with the normalization as given by Eq. (52) is
a natural generalization of the three-tangle for three-fermions
with six single-particle states. For normalized fermionic states,
it can be shown [30] that an analogous quantity 7;,3 formed
from D(P) satisfies

0< T3 =4/D(P)| < 1 (62)

just like the three-tangle does for three-qubits. We note that
the expression for D as given by Eq. (58) is just the quartic
invariant of the Freudenthal triple system over the cubic Jordan
algebra M (3,C) of 3 x 3 complex matrices [30,48].

Let us give yet another form [26,49] of the quartic invariant
D(P). Define a symplectic form on A3V*,

{..,.. AV x A’V > C,
(63)

1 ..
(P,0) ﬁe”’“'"" Pijk Qumn,s

and a three-form P dual to the original three-form P € A3V*
as

P = ;f’abce“ Ael A el
Pope = CIEN] RIS Py Py Pisis
d
= Prea(K}p "), (64)
Then, the new form of the quartic invariant is
D(P) = {P,P}. (65)

In the theory of Freudenthal triple systems, the quantity P
which is cubic in the original amplitudes of P is usually defined
via the so-called trilinear form [48]. With the help of P fora
state with D s 0, one can define a dual fermionic state as

P

——.

VD
With our convention of defining a factor of —i, the expression
of P boils down to the expression of the so-called Freudenthal
dual of P defined only for real states in the paper [49] of

p

(66)
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TABLEI Entanglement classes of three-fermions with six single-
particle states, and the ranks of the simplest covariants.

Type  Canonical formof P Rank P® Rank«}’ Rank k%’
Null 0 0 0 0
Sep e!? 3 0 0
Bisep e!B + ! 5 1 4
W 126 4 423 4 153 6 3 6
GHZ e %0 6 6 6

Borsten et al. One can check that the dual state satisfies the
identities

D(P)=D(P), P =—P. (67)

Notice also that according to Egs. (53) and (66) (unlike the
quantity P) the one P does not pick up a determinant factor
under SLOCC transformations.

The classification problem for three-forms in V = C°®
under the group action GL(V) has been solved long ago by
Reichel [14]. In the context of fermionic entanglement, it has
recently been rediscovered by physicists [30]. According to
this result, the GL(V') orbits of three-forms correspond to the
SLOCC orbits of three-fermions with six single-particle states.
We have five SLOCC classes. Using the notation

e =l Aol AeF, (68)
the representatives of these classes taken together with the
ranks of the basic covariants can be seen in Table I.

The four nontrivial classes are labeled by the states
familiar from the classification of three-qubits [23]. Namely,
we have the totally separable, biseparable, W, and GHZ
(Greenberger-Horne-Zeilinger) classes. Using the language of
embedded systems, the notation of Eq. (54), and the mapping
of Eq. (59), one obtains the normalized representatives of these
classes as |000) for the separable, (|000) + |011))/+/2 for
the biseparable, (|001) + |010) + |100))/\/§ for the W, and
(|000) + |111))/+/2 for the GHZ class.

An alternative description of the nontrivial SLOCC classes
in terms of normalized representatives can also be given using
the invariant D and the covariant P as follows:

1
Pouz = E(e123 + 04 24 L ) D(P)£0 (69)

1
(!B 4 €% 4 264,

Pw = 7 D(P)=0, P #0 (70)
1 .

Poisep = ﬁ(e‘23 +eP%, D(P)=0, P=0 (71)

P, =€'®, D(P)=0, P =0. (72)

Here, we have given the representatives of the GHZ and W
classes in a form different from those appearing in Table I.
In this new form, the number of terms appearing in the
representatives is increasing as we proceed from the separable
class to the maximally entangled GHZ one. Notice that the
difference from the representatives of the GHZ and W classes
of Table I and Egs. (69) and (70) amounts to a SLOCC
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transformation. The meaning of these transformations can
easily be clarified if we reinterpret these states as three-qubit
ones according to the prescription of Eq. (59). Indeed, using the
new labeling of Eq. (54), the three-qubit states corresponding
to those of Egs. (69)—(72) are

%(|000) +1011) + ]101) + [110)), (73)
1
—(|000) + |011) + 101)), 74
ﬁ(l ) +1011) + [101)) (74)
1
E(IOOO) +(011)), (75)
|000). (76)

Now, it is easy to show that

1
§(|OOO) +1011) + [101) 4 [110))

= (H®H® H)%(IOOO) +[111))

=H® H Q® H| GHZ) (77)

and
1
V3

1
=(I®I® X)ﬁ(|001) + (010) + [100))

= ®1QX)W), (78)

(1000) + [011) + 101))

where H and X are the usual Hadamard and bit flip gates

1 /1 1 0 1
TN

Hence, these states are local unitary (hence also SLOCC)
equivalent to the usual GHZ and W states [23]. Notice also
that since

Dl(g1 ® g2 ® g3)¥] = Det(g1)*Det*(g2)Det*(g3) D(y),
g1,82,83 € GL(2,0) (80)

none of these transformations change the value of Cayley’s
hyperdeterminant D(yr). Moreover, since D(Py) = D(¥r)
after reinterpreting again our three-qubit states as three-
fermionic ones via the correspondence ¥ — Py, the SLOCC
transformations acting on the corresponding fermionic states
can be obtained from those of Egs. (77) and (78) using Egs. (46)
and (47) and the permutation (3245).

Notice also that in order to separate the last two classes
with representatives of Egs. (71) and (72), one has to use
the Pliicker relations of Egs. (38) and (39). In our special
case, these relations can be described in the following elegant
form [50]:

nX =Y* E£Y =X nEl = XY, (81)

where for the connection between the amplitudes of P and the
quantities (n,X,Y,£), see Egs. (55)—(57). These relations hold
if and only if the corresponding fermionic state is separable,
i.e., can be written in the form of a single Slater determinant.

PHYSICAL REVIEW A 89, 042310 (2014)

The GHZ and W classes are the two inequivalent classes for
tripartite entangled fermionic systems with six modes. These
classes are completely characterized by the relative invariant
D(P) and the dual state P (a covariant). Note that the GHZ
class corresponds to a stable SLOCC orbit [32]. Stability
means that states in a neighborhood (with respect to the
Zariski topology) of a particular one are all SLOCC equivalent
ones. More precisely, states of the GHZ class form an open
dense orbit within the state space of three-fermions with six
single-particle states. This fact is related to the result that our
state space of such fermions corresponds to a prehomogeneous
vector space which is the class No. 5 in the Sato-Kimura
classification [32] of such spaces.

Let us elaborate on this stable class of GHZ states. As we
know, the canonical form of a representative from the genuine
entangled (GHZ) class is

Py=e'? 4% (82)

For this representative, one can easily check that the matrix of
K },10’” is of the form

(k") = 4 . ®3)

-1
-1

Now, D(Py) = 1, hence, for the dual state of Eq. (66) we have

A

Py = —i(e' — ). (84)

Now, the states Py + i ﬁo and Py — if’o are clearly separable
ones. Moreover, since P and P both transform covariantly
under SLOCC transformations, separability is preserved;
hence, for any state P with D(P) # 0 (i.e., one in the GHZ
class) the states

U.=P+iP (85)

are separable ones. In other words, for any state in the GHZ
class the expression

P=YU+U) (86)

provides a canonical decomposition in terms of two Slater
determinants.

Let us also discuss the structure of the SLOCC classes
for real states. In this case, the vector space underlying our
three-fermion state space is V = R® and the SLOCC group
is GL(6,R). In contrast to the five classes of Table I, now
we have six entanglement classes. The extra class is coming
from a splitting of the usual GHZ class into two classes.
The two classes are having D(P) > 0 and D(P) < 0 are
called GHZ, and GHZ_ classes, respectively. The normalized
representatives are

Porz, = L&' + 15 4 2 4 ¢35),
(87)

L(e!23 _ (156

264 _ 345
Ponz. = 3 — e — ™).
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Of course, Pgpz, is just the state known from Eq. (69) which
is real SLOCC equivalent to the GHZ representative of Table I.
Let us illustrate this result in the language of embedded three-
qubit systems. These fermionic states correspond to the ones

IGHZ.,) = 1(]000) + [011) + [101) + [110)),

(83)
|IGHZ_) = %(|OOO) —1011) — [101) — |110)).
We already know from Eq. (77) that
|IGHZ,) = H @ H ® H|GHZ). (89)

On the other hand, we have

1 /1 i
S0 e

These expressions illustrate the fact that although the states
|GHZ.) are complex SLOCC equivalent, however, they are
real SLOCC inequivalent. One can also write these states as

|IGHZ_) =U QU QU|GHZ), U =

1
IGHZ,) = E(IFH Q|Fp) @ |Fy) + |F-) ® [F-) @ |F_)),

1
|Fy) = —2(|0) = (1), oD

i
1
V2
1
V2

where the overline means complex conjugation. These ex-
pressions illustrate our result of Eq. (86) for decomposing
an arbitrary state from the GHZ class into two separable
states. According to the definition of the dual state P of
Eq. (66), we see that for real states with D(P) > O the
separable components are remaining real; on the other hand,
for D(P) < 0 they are complex-conjugate states. In this latter
case, one can define the 6 x 6 matrix [33]

IGHZ_) = —(|E)® |E)® |E) + |E) ® |E) ® |E)),

|E) = —=(10) +i]1)), 92)

93)

One can prove that (KE,,I"I])2 = D(P)I, where I is the 6 x 6
identity matrix. Hence, for D(P) < 0 we have

Jh=—1. (94)

This means that if we start with a real three-fermion state
P satisfying D(P) < 0, then on its single-particle space V =
RS this P defines a complex structure. For the special state
Pcuz_ of Eq. (87), the complex structure in question is just the
canonical one giving rise on V to the complex coordinates

El,2,3 — 61’2’3 4,5,6'

El,2,3 — el,2,3 + ie4,5,6’ (95)

—ie
Since

E' 4 ET5 = (!B — 156 _ (426 _ ,345)

(96)
in the three-qubit reinterpretation, these complex coordinates
correspond to our writing |GHZ_) in the (92) form. Notice
also that with respect to the complex structure Jp,,, , the

components E'>* and E™ are giving rise to the (3,0)
holomorphic and (0,3) antiholomorphic parts of Pgyz_.

PHYSICAL REVIEW A 89, 042310 (2014)

We note in closing that there is an interesting physical
application of these complex structures as defined by real
three-fermion states. For this one takes a closed oriented six-
dimensional real manifold M equipped with a real differential
three-form P with D(P) < 0 everywhere. Notice that locally
at each point of M the tangent space and its dual gives rise to
copiesofaV = R®, hence, we can regard the differential three-
form P as a collection of three-fermion states parametrized by
the points of M. Now, such a P defines an almost complex
structure Jp on M. One can then show [33] that when P is
closed and belonging to a fixed cohomology class, then the
critical points of the functional

Vi = / V=D(P)d’x (97)
M
are satisfying the equation
dP =0, (98)

meaning that the dual form P is also closed. Hence, the sep-
arable differential form Q = P + i P is of type (3,0), closed,
and the almost complex structure Jp is integrable. In this way,
one can generate a complex structure to a six-dimensional
manifold M rendering it to a threefold. Calabi-Yau threefolds
are particularly important actors in string theory. Such spaces
describe the structure of extra dimensions. The shapes and
volumes of such spaces are subject to quantum fluctuations. It
can be shown that the fluctuations in shapes preserving volume
correspond to fluctuations in the complex structure of M.
Hence, the result briefly discussed above means that the critical
points of certain action functionals of three-forms belonging
to a fixed cohomology class single out special complex
structures. Fixing a cohomology class physically means that
we fix the wrapping configurations of three-dimensional
extended objects, membranes, around the noncontractible
three-cycles of the extra dimensions. Under certain conditions,
the projections of these higher-dimensional configurations to
our four-dimensional space-time look like charged black holes.
For an application of these ideas within the interesting field
of the so-called black-hole and qubit correspondence [51], see
our recent paper on Hitchin functionals related to measures of
entanglement [26].

B. Seven single-particle states

In the case of three-fermions with seven single-particle
states, an arbitrary unnormalized state is described by the
element P € A3V* where V = C’. Such an element can be
written as

1 I I Iz
P = 573]1[2]36 Ne-Ner 99)
with {e/}]_, abasis of V*. Now, the SLOCC group is GL(V) =
GL(7,C) with the same kind of action as in (22).

Let us first consider the covariants /c;,l) = KE,Z’ " and K;l' D=
KE?’Z]. For simplicity, we introduce the notation
A\B 2,1\AB
MHE = (kM) (100)
0,2
Nap = (K5?) 5 (101)
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where their explicit form according to Eq. (44) is

1
A\B ABL LI I,L
(MP)e = =205 Pey 1, Pris

o (102)

Nap = %81'121314151"1773/41,12733131473151617-
Note that for later use we have regarded M as a collection
of seven 7 x 7 matrices. Also note that in the real case
V =R’ used in the literature on manifolds of special holon-
omy [33,35,52], a suitable scalar multiple of the latter covariant
shows up as

(103)

Bas = —#Nagp. (104)

It is arising from the map Bp : V ® V — A’V* which gives
rise to a seven-form when acting on the pair of vectors v and
u as

Bp(v,u) = —%LUP AP AP (105)

The transformation properties of these covariants are
(M™ME — (Detg)gp g1 8¢ (MP)E, (106)
Nag > (Detgg g’ Nep. (107)

It is convenient to study the case of three-fermions with seven
single-particle states as the case of adding an extra mode to the
six original ones of three-fermions discussed in the previous
section. For this purpose, we split our seven-dimensional
vector space V to the direct sum of a six- and a one-dimensional
vector space spanned by the extra basis vector ¢’. Then, we
write

P=P+wne, (108)
where P is given by Eq. (48) and w is a two-form
o= lwje nel. (109)

In the following, we adopt the convention for the indices such
as A,B,...1I,J,...running from 1 to 7, and on the other hand
indices suchasa,b, ...1i,J, ... arerunning from 1 to 6. Hence,
we have

Pubc = Pubca

Pav1 = Wap- (110)

Now, for the components of our covariants, a straightforward
calculation yields the following results:

M"); =0, (M) =0,
(M"Y = 5" My Py, (MT)2 = K?2, (111)
(M) = =556 @y Pa, (M) = —K{,
(M) = e Moo, (112)
(M), = 3" (Puijon — Fwci Pju) » (113)
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N77 = 6Pf(w),
1 .ijkl 2
Na7 = N7, = _ﬁsu m (waia)jkplmn + §Paija)klwmn) s

(114)

N,y = %Sijklmn Paij PoiiWmn + Kja)cb + Kga)ac. (115)

Here, by an abuse of notation for the covariant of Eq. (50)
we have used the shorthand K and Pf(w) is the Pfaffian of @
defined as

ijkimn

Pf(w) = € (116)

23_3! Wi j Wi] W -

These expressions can be further simplified in the special case
when

PArw=0. (117)

The meaning of this condition is as follows. Due to the
split of Eq. (108), one can understand the structure of three-
fermions with seven single-particle states with 35 amplitudes
via looking at the simpler structure of three-fermions with
six single-particle states having merely 20 ones. In this
perspective, the two-form @ giving rise to the extra 15
amplitudes can be regarded as an extra structure living on
the six-dimensional vector space: a symplectic form. The
condition P A w = 0 encapsulates a compatibility condition
between the symplectic form  and the three-form P. In the
mathematical literature, this condition means that the three-
form P is primitive with respect to w. When P is primitive,
using the identity (,i(P A ) = (i P A w — P A t.i® one can
show that

(Paija)kl + %a)ai ijl)ei Ael AefF A =0. (118)

For our covariants, this result yields the much simpler looking
expressions

M =M =M =0, (M), =Kb, (119
My =0, (M) =-K, (MD]= 36" 04,
(M), = 1PN P, (120)

N77 = 6Pf(®w), Ng7 = N7, =0,
(121)

Nab = 3K§a)cb = 3Kga)ca.

Notice that by virtue of Eq. (121), the 7 x 7 matrix N can be
written in the factorized form

(3| 0 K |0
N—( 0 |6Pf(w)>(0|1>’

where @ and K are the 6 x 6 matrices corresponding to
the coefficient matrix of the two-form w and the matrix of

(122)
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Eq. (50). We see that if the first matrix has full rank, then
rank N =rankK + 1. Also, because the matrix N has to be
symmetric, ® and K must anticommute.

It is convenient to define another symmetric 7 x 7 matrix

LA8 = (MHGMP)2. (123)

This matrix is a covariant quartic in the original amplitudes
and under SLOCC transformations transforms as

L8 s (Detg')gigbLcP. (124)

The 7 x 7 matrix L can be regarded as the dual of the one N.
In Appendix A, it is shown that for P A @ = 0, this matrix can
also be written in the factorized form

<—12(§)|0)(K| 0 )
L= :
0 |6/\"0[DP

il = 1
@’ = ge

(125)

where

ijklmn

(126)

Wk W -

From the covariants N and L one can form a relative invariant
J (P) homogeneous of degree 7:

JP) = ;Tr(LN) LABN 43,

24327 T 04327
where the normalization was chosen for future convenience.
Under SLOCC transformations we have

J(P) > (Detg )’ T (P).

Clearly, when written in terms of the components of P and
w, the relative invariant J(P) has a complicated expression.
However, by virtue of Egs. (122) and (125) in the special case
when P A w = 0, it has a factorized form

J(P) = ;Pf(@)D(P).

(127)

(128)

(129)

As a useful relative invariant, one can also define either Det(V)
or Det(L). However, it is easy to see that none of them are
independent from J(P). Indeed, using, e.g., Eq. (122) for
calculating Det(/V), one obtains

Det(N) = —6 x [9Pf(w)D(P)]>. (130)

Here, we have used Det(K) = —D? which follows from K2 =
D1, Tr(K) = 0, and the Newton identities, moreover, we have
also used that Det(w) = [Pf(w)]>. The case of real states is
important in the string theory literature where the determinant
of the matrix Bp of Eq. (104) isused [35] as arelative invariant.
With our normalization as used in Eq. (127), we have

DetBp = [J(P)]°. (131)

In order to present the SLOCC classification of three-fermions
with seven single-particle states, let us consider again our
seven-dimensional complex vector space V with its canonical
basis vectors by e4. Let us denote as usual the basis vectors
of its six-dimensional subspace by e,,a=1,...,6. As a
complex basis of the dual of this subspace we define

E23 _ 123 + ie4,5,6, ET,EE — 23 it BT 7

bl

(132)
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FIG. 1. The oriented Fano plane. The points of the plane corre-
spond to the basis vectors of the seven-dimensional single-particle
space. The lines of the plane represent three-fermion basis vectors
with the arrows indicating the order of single-particle states in them
to get a plus sign.

Then, a GHZ-type state in the six-dimensional subspace can
be written as

E'B 4 BT = (12 — 156 1 026 _ 345)  (133)

With the usual relabeling 4,5,6 +— 1,2,3 and up to normaliza-
tion, the state on the right-hand side is just the one of Eq. (96).
Let us add to this state the one (E'' + E?? + E33) A E7. This
contains a full rank symplectic form of that six-dimensional
subspace in complex form. Then, as our basic three-fermion
state with seven single-particle states we chose

Po = %[E123+Em+(E1T+E2§+E3§)/\E7]
— I _6156+6246 _ +el47 +e257 +e367. (134)

Notice that the structure of our tripartite state Py is encoded in
the incidence structure of the /ines of the oriented Fano plane
which is also encoding the multiplication table of the octonions
(see Fig. 1). As a complex three-form it can be shown [15,52]
that the subgroup Stab(Py) of the SLOCC group GL(7,C) that
fixes Py is the exceptional group Géc x {wl|w® = 1} where 1is
the 7 x 7 identity matrix. From the theory of prehomogeneous
vector spaces [31,32] it is known that the three-form P can be
regarded as the representative of the Zariski-open SLOCC orbit
of the prehomogeneous vector space [A3V,GL(7,C),0]. Here,
o refers to the representation of G = GL(7,C) on W = A%V
of the (22) form, i.e., the one induced by the canonical
representation of G on V. The orbit determined by Py is
dense, meaning its Zariski closure gives the full space A3V.
Notice that dim A? V = 35, dimG = 49, and dimStab(Py) =
dimG, = 14, hence, dimG = dimW + dimStab(7).

A comment here is in order. Rather than using Py as an
entangled state, in string theory it is used as a real differential
form on a seven-dimensional real manifold. In this context,
instead of the complex SLOCC group, the real one, i.e.,
GL(7,R), is used. The stabilizer of Py as a real three-form
is the compact real form G, which is the automorphism group
of the octonions. In the theory of special holonomy manifolds,
invariant forms such as P, are called calibrations. Note that
after the permutation e’ <> ¢’ we obtain the form for P,
usually used in the literature on such manifolds [52,53].

The orbit structure of three-fermions with seven single-
particle states is available in the mathematical literature [14,41]
and summarized in Table II with the ranks of the basic
covariants computed. Here, we would like to point out an
important fact not mentioned in the literature that the structure
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TABLE II. Entanglement classes of three-fermions with seven single-particle states.

Name Type Canonical form of P Rank i}y " Rank P® Rank «}’
I Null 0 0 0 0
II Sep E2 0 3 0
I Bisep E' A(E® + EP) 0 5 1
v W EIZE 4 Eli} 4 ETZS 0 6 3
\% GHZ E™ 4 E™ 0 6 6
VI Sympl3-null (E"+ E2 + E¥)AET 1 7 1
Al Sympl3-sep (EV+ E2 4 E¥)YAET + E'B 1 7 4
VIII Sympl3-bisep (EM+ E2 + E¥YANET + E' A(E® + EP) 2 7 6
IX Sympl3-W (EM+ E2 4 EBYAET+ EB L EB L EIB 4 7 7
X Sympl3-GHZ (EM+ E2 4 ESYAE"+ EB 4 EIB 7 7 7

of these SLOCC classes can elegantly be described using the
Fano plane as follows (see Fig. 2).

Class I (null). This is the null class consisting of the trivial
Zero state.

Class II (sep). This is the class of separable states consisting
of a single Slater determinant. As a representative of this class
we choose the €37 part of the state Py of Eq. (134). We can
choose a graphical representation for this state as an oriented
circle with three distinguished points 3, 6, and 7. Alternatively,
after remembering that the numbers 367 can be cyclically
permuted without introducing a sign, we can represent this
state as an oriented line (673) of the Fano plane starting from
the point 6 and ending at the point 3.

Class III (bisep). This is the class of biseparable states.
As a representative of this class, we choose the BT 4 307
part of the state Py. Graphically, we can refer to this class
as two oriented circles touching each other at the point 7.
Alternatively, using a cyclic rearrangement, one can depict

6 1 5 6 1 5 6 1 5
X: sympl3-GHZ IX: sympl3-W VIII: sympl3-bisep
4 ’
3
6 1 5 6 1 5
VIIL: sympl3-sep VI: sympl3 V: GHZ
3
s 7
6 1 56 5 6
IV: W 1II: bisep 1I: sep

FIG. 2. Graphical representation of the nine entanglement classes
of three-fermions with seven single-particle states with the use of the
Fano plane.

this class as the two oriented lines 572 and 673 of the Fano
plane intersecting at the point 7.

Class 1V (W). This is the SLOCC class of W states
with representative taken to be the e?*¢ — ¢35 — ¢!56 part of
Py. Notice that in the notation of Eq. (54) using a cyclic
rearrangement, this state is of the —e!? — ¢! — ¢!?? form
which is the negative of a state reminiscent of the three-qubit
W state, hence the name. For a graphical representation, one
can imagine three oriented circles touching each other in the
points 4, 5, and 6. Alternatively, one can take the three oriented
lines (435), (516), and (624) of the Fano plane forming a
clockwise-oriented triangle with its vertices taken as the points
4,5, and 6.

Class V (GHZ). This is the SLOCC class of GHZ states
with representative taken to be the e!'?® — 130 4 246 — ¢34
part of the state Py. To see that this state is SLOCC equivalent
to the usual two-term GHZ state, just refer to Eq. (133). For
a graphical representation, one can envisage the equilateral
triangle of class IV with a clockwise-oriented circle inserted
in the middle touching the triangle in the three points: 1, 2,
and 3. Clearly, the resulting picture is just that part of the Fano
plane that we obtain after omitting the three lines intersecting
in the point 7.

Class VI (sympl3-null). This class is the one whose repre-
sentative is based on a symplectic form with rank 3 defined on a
six-dimensional subspace of V. The representative we chose is
just the one based on the symplectic form e'* + ¢ + 3. This
gives rise to the ! + ¢?7 + €367 part of Py. As a graphical
representation for this class we chose the three lines 572, 673,
and 471 of the Fano plane intersecting in the point 7. Notice
that the arising diagram is just the complement of that part of
the Fano plane which represents the GHZ class.

Class VII (sympl3-sep). This class is represented by a full
rank symplectic form plus a separable state. The corresponding
representative is the e'?® + ¢'47 4 €27 4 367 part of Py. The
graphical picture we can attach to this case is that part
of the Fano plane which consists of three lines intersecting in
the point 7 and a circle 123. This picture is just the complement
of the triangle part of the Fano plane corresponding to the W
class.

Class VIII (sympll-GHZ). This class is represented by
the four-term GHZ state plus a term containing a rank-one
part from the symplectic form. This means that we keep
the following five terms from Py: e!?? — !5 4 246 — 345
e'%7. The resulting diagram is containing five lines of the Fano
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plane. These are the ones that are the complements of the two
lines that show up in the class of biseparable states.

Class IX (sympl2-GHZ). This class is represented by the
four-term GHZ state plus two terms containing the rank-two
part of the symplectic form. In this case, we keep the following
six terms from Py: e'2 — 30 4 o246 — 345 | o147 4 257,
The corresponding diagram contains six lines of the Fano
plane. These are the ones that form the complement of the
single line (673) showing up in the separable class.

Class X (sympl3-GHZ). This is the class which corresponds
to the Zariski dense orbit in the space of three-forms. It is
represented by the state Py itself. Clearly, since now we keep
all seven Slater determinants: the four comprising the GHZ
state and the three giving rise to the full rank symplectic form.
The graphical representation of this class is just the Fano plane
itself. For the sake of completeness, we mention that this case
can be regarded as the complement of the null class represented
by the zero state.

Using this graphical representation based on the Fano
plane, one can obtain an alternative description of the SLOCC
classes. First, observe that one can organize the 10 classes
into dual pairs [41]. These pairs are as follows (I,X), (ILIX),
(ILVII), (IV,VID), (V,VI). The pairs exhibit complementary
sets of lines of the Fano plane. The five dual pairs can be
labeled by the classes I-V that are just the well-known five
classes of three-fermions with six single-particle states. Some
of the remaining five classes, namely classes VI, VII, and
X, can be labeled by a full rank symplectic form (sympl3)
plus representatives from the classes I-V (null, sep, GHZ).
However, using the finite geometry of the Fano plane, one
can easily see that even the exceptional classes, i.e., VIII
and IX, can be given this interpretation based on a full rank
symplectic form. Indeed, class VIII which is sympl1-GHZ can
be reinterpreted as sympl3-bisep; on the other hand, class IX
which is sympl2-GHZ can be reinterpreted as sympl3-W. In
order to see this, just look at the diagram representing class
IX with a representative state having six Slater determinants.
Take the triple of lines (624), (354), and (714). Taken together,
they form a three-term state (€% 4+ €3 + e’!) A ¢* which is
based on a the full rank symplectic form €% + 3 + ¢’ in
the six-dimensional subspace spanned by {e!,e?,e3,e,e%,e7).
Take now the remaining three oriented lines (231), (165),
and (572). It is easy to see that in our new six-dimensional
subspace, the corresponding states form a W state. Indeed,
the oriented triangle graphically representing such a W
state has now vertices the points 1, 5, and 2. Taking the
permutation (16) (2473), this new W state and symplectic form
is transformed back to the one familiar from classes IV and
VI. Similar reasoning gives the desired reinterpretation for
the class VIII. Now, in this new interpretation apart from the
presence of a full rank symplectic form, the extra five classes
VI-X are having the same structure as the classes I-V. The
upshot of these considerations is summarized in Table II.

C. Eight single-particle states

As usual, define the three-fermion state P € A3V*, V =
C3 as

1 . ) )
P = ;Pilizise" VAN e’z A 813, (135)
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with {e"}?:l being a basis of V*. We have GL(V) = GL(8,C)
as the SLOCC group with action identical as of Eq. (49).

According to Egs. (43) and (44) for three-fermions with
eight single-particle states, one can define the covariants
kp" " with3 4+ 2n +m = N = 8 with the corresponding ma-
trix elements (K pl™)ai--an b,..b,- Weneed two such covariants
based on

a — [1,2]\a _ 1 aiyizizigisigiy
(F )b]bz - (KP ) biby — —¢€ Pb]ilizpbzi3i4p

24 isigl7
(136)
and
(Ealazas)h = (KE,I])‘““Z‘”b — 1_128111112113i1i2i3i4i5 Py, Pi3i4i5~
(137)

From one of these one can form the 8 x 8 symmetric matrix
G which is of degree six in P and transforming just as N4p of
Eq. (107):

Gap = (F)aa(F)pe.

Alternatively, one can define an 8 x 8 symmetric matrix of
degree 10 in P as follows:

(138)

HY = (F)q(E) j(F")ar (E“ ). (139)
This quantity transforms as
H > (Detg)*g®.g" ,H. (140)

Now, using the matrices G and H, one can form the relative
invariant of degree 16

Z(P) = TH(GH) (141)

transforming as

TI(P) — [Det(gN1°Z(P). (142)

The orbit structure of A3V* is available in the mathematical
literature [41]. It turns out that in addition to the 10 classes of
the previous section, we have 13 more classes. From the above
and considerations of Sec. III, we have the noncontinuous
independent invariants: rankG, rankF :rank/cgl), rank/cg),
and rank PV so far to classify these. It turns out that this is not
sufficient for full classification, we need to use the degree five
map (F e E):?jkl = (F%);(E");. The rank of this map is now
sufficient for the full SLOCC classification.

The entanglement classes and the corresponding ranks are
shown in Table III. The representative states are encoded as

A = (XE123 +,3E567 4+ VE154 +8E264 +€E374

+A.E278 + ME368, (143)

where as usual EV% = e/ A e/ A €. The continuous invariant
of Eq. (141) is only nonzero for the class XXIII which is a
Zariski-open orbit of the prehomogeneous vector space [31,32]
A3 V,GL(8,C),0]. Here, again o is the representation (22) of
GL(8,C) on A3V.

D. Nine single-particle states

Again, write a three-fermion state as

I o
P = §Pi1izise" Ae2 A€ e APVE, (144)
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TABLE III. Entanglement classes of three-fermions with eight
single-particle states. The classes L....,X of Table II are omitted here.

[}
m

Name o B y n Rank G Rank F' Rank K;,l) Rank F e E

XI 0
Xl 0
Xl 1
XIV 1
XV 1
XVI 0
XVII 0
XvII 0
0
0
1
1
1

o
(O8]
@)}

XIX
XX
XXI
XXII
XXIII

—_—_—m, O R =m0 0000 | >

S o S o B S S S SR S
Pkttt k)
O = T Sy Sy S T o T T S S o S SRS
—_ OO =, OO O~ OO~~~
k" — o — p— o p—
O N WNN M~ = =000
0 0 00 0 00 00 00 00 ON L K~
OO0 OO0 OO 00 00 00 00 OO 00 OO OO0
0NN RN —=ND—=OOO

where {e"}?=1 is a basis of V* and now V = C°. The SLOCC
group is GL(V) = GL(9,C) and the action is still the one
of (49).

The orbit structure is available due to the work of Vinberg
and Elashvili [21]. It turned out that there are a total of 164
entanglement classes. The classification is based on the unique
decomposition of P:

P =Q+R, (145)
where Q is semisimple and R is nilpotent. States which have
closed orbits under the unimodular group SL(V) are called
semisimple and states that have SL(V') orbits whose closure
contains the zero vector are called nilpotent. The 164 orbits
can be grouped into seven families according to the type of
their semisimple part.

The case of nine dimensions is a bit different from the
previously discussed ones. Recall that in the cases discussed
so far we had only one relative invariant nonvanishing only on
one particular orbit. It follows that these orbits were dense open
subsets of the whole three-fermion state space. We call these
kinds of orbits stable. The vector spaces admitting a stable orbit
when considered as a representation of a particular algebraic
group are called prehomogeneous vector spaces [31,32]. In
the case of nine dimensions, we have dim A°V* = 84 and
dim GL(9) = 81. It follows that the highest value of the local
dimension of an orbit can be at most 81, thus there are no
stable orbits. It turns out [21] that there are seven orbits with
a zero-dimensional stabilizer subgroup, thus with a maximal
local dimension of 81, and there is precisely one in every

family.
Now recall two standard textbook results:
(1) If ¢;, i =1, ...,m, are differentiable functions on a

vector space W, then the existence of a nontrivial relation
Q(¢1, .. .,¢m) = 0holding on an open subset U of W implies
that the system of gradients {grad¢,, ...,grad¢,,} is linearly
dependent. Equivalently, if this system is linearly independent,
such a relation does not exist. In this latter case, we say these
functions are algebraically independent on U (see Proposition
4 of Appendix A).

PHYSICAL REVIEW A 89, 042310 (2014)

(2) If a Lie group G acts on W, then there are at most
dim W — dim G — dim Stab(v) algebraically independent in-
variant differentiable functions satisfying ¢(v) = ¢(gv), v €
W,V g € G on W. Here, Stab(v) is the stabilizer of v € W
(see Proposition 5 of Appendix A).

We apply this to W = A3V* and G = SL(9,C). The 80
dimensional orbits obviously have dim Stab = 0, thus we have
84 — 80 = 4 independent invariants w.r.t. the action of the
unimodular group SL(9,C). These are relative invariants w.r.t.
the SLOCC group GL(9,C) picking up determinant factors.
Indeed, as shown previously by Vinberg [54] for this particular
group and representation, the algebra of invariants is freely
generated by four polynomial invariants. They were first found
by Egorov [55] with a different method from the one described
here. Now, we construct these invariants with the methods
described in Sec. III. It turned out that this method was first
used by Katanova [56]. Consider the covariant I(E)z’l) with
matrix elements

(K;ZJ))“bC — Tabc _ 1 Eabcpqrslup

def = Ldef — 2131 deprqustu-

(146)

Now, because T has three upper and three lower indices, one
can take its powers which will have the same index structure:

2\arbier _ qaibicy rashrc
(T )01317363 - Tazbzfz azbscs
(147)
(Tm)alblcl __ qaibic A by O
py1bmyiCmyr — T @by T App1bpyiCnr

More strictly speaking, by antisymmetrization of its lower
indices, T can be regarded as a linear map T : A’V — A3V,
hence one can compose 7 with itself and form 72 =T o
T,.,T™ =T o...oT.Now,define a set of relative invariants
by

¢3n = TrT" = (Tn)abc

abc*

(148)

The subscript 3n denotes the homogeneous degree of ¢3, in
the amplitudes P;jx. Note that ¢3, = 0 for n odd and n = 2.
Let us introduce the notation

1 1
Jp=—— ¢, Sy = — s,
2= 7 37?12 I8 T T 313

1 (149)
Joy= oy, Jrp = — ,
%= 3 Tx 1972 0 T T gs X137

for later convenience. Before proceeding with the review of the
seven families and describing the properties of these invariants
in each class, we make an important observation.

Proposition 2. The value of any continuous SL(V) invariant
function is independent of the nilpotent part.

Proof. A nilpotent state by definition has the zero state in
the closure of its SL(V) orbit, hence for R nilpotent there
exists a sequence {s,} in SL(V) such thats; R — 0.Let¢ be a
continuous SL(V) invariantand P = Q + R an arbitrary state.
We have

#(P)=¢(Q + R) = ¢(s,Q + 5, R).

Taking the limit and using continuity of ¢ gives ¢(P) =
(). [ |

(150)

042310-14



ENTANGLEMENT CLASSIFICATION OF THREE FERMIONS ...

Now, any semisimple state Q can be brought by an SL(V)
transformation to the following form [21]:

Qo =aqi +bgy + cq3 + dqa,
where for simplicity we use the notation
gr = EW 4 E¥8 4 3
gs = E'® 4 E¥ 4 37,
(152)

(151)

g = E123 + E456+E789
g3 = E159 + E267 + E348

We give explicit expressions for the invariants Ji,, Jig, J24,
J3o evaluated at Qg in Appendix B. Define the matrix

0aJi2 OaJis 0aJos 0430
opJ apJ opJ. opJ
= | %2 Olis Bas Bp T30 (153)
0:J12 0cJig OcJaa OcJ30
0gJ12 0418 0adaa 0aJ30

Now, one can check with any computer algebra system that
the determinant of M is a not identically zero-degree 80
polynomial expression in the coefficients a,b,c,d:

1
2143457112 x 6 x 199
= a’b*Pd*(@® + b — ) + Babe)’P(a® — b + d°)
+ Babd*PI(c + b* + d*)* — (3cbd)*1?

x [(¢* 4+ a® — d*)® + (3cad)*1*.

det M

(154)

As a consequence, the invariants Jyp, Jig, Ja4, J3o are alge-
braically independent on any open subset of semisimple states
and hence by Proposition 2 on any open subset of A3V. We
note here that the rank of the linear map T : A’V — A3V is
also a SLOCC invariant, but it is not continuous so Proposition
2 does not apply to it. We now review the seven families of
states based on where their semisimple part belongs to.

PHYSICAL REVIEW A 89, 042310 (2014)

First family. This family contains only semisimple states
with no possible nilpotent part. According to the work of
Vinberg and Elashvili [21], the coefficients of the canonical
form (151) satisfy

abced # 0,
B + S +d*)?® — (Bbcd)® # 0,

@+ =% + Bacd)® £ 0,
(155)
(@® — b* 4+ d*)® + Babd)® # 0,

(@ + b = ) + Babe)® # 0.

Notice that this is equivalent with det M # 0. Indeed, this is
the only orbit with rankM = 4. This orbit has a discrete thus
zero-dimensional stabilizer.

Second family. The semisimple part has the canonical form

aqy — bqy + dqa. (156)

Formally, we can obtain this by setting c =0 and b — —b
in (151). The amplitudes satisfy [21]

abd(a® — b*)(a® — d*)B* — dP)[(@® + b* + d°)® — Babd)*]

# 0. 157
Now, one can check that this is equivalent to dropping the third
row of M, setting c = 0 and b — —b in it and requiring any
of the 3 x 3 subdeterminant of the resulting 3 x 4 matrix to
be nonzero. Indeed, we have rank M = 3 for these semisimple
states. The vanishing of det M means that it is possible that
a function of the four invariants exists which equals zero. It
turns out that indeed there exists an invariant of degree 132
which vanishes for this family:

Ao _ i 44940218765172270463 4 ,  113325967730636958495085217 5 ,

B2 =12 T 7503019999424 8855116 12718 T 7100918096 569989 877 1226274 12718
11518845901768651039 , , 188875 , +20955843759677134000J6 Y
320340982758027804 2718 7 1526823 12°* T 150673499 61179772033 127187
480987578 99275092625 5 , N 156259946875,
15067349961179772033 " 1271872 ™ 579742 616799 48 ~ 12724
433810987242 94271875 327783 664 656 25

- T3 — T2 Jis T3,
244091069371 112306 9346 485912925380 696 76
37339826093750 . 198339 133437500, 1, 4
327991224631970313 712724 741 017211205562 559 12718724
N 351718750000 5 125 000 0000 13
327991224631970313" 12724 327991 224631970313 12"

| 522717082571600510 , .  4631798176278228432974860 ,
5022449987059924011 12718730 ™ 454131434 564954 447051 8233 12718730
45691574382263590 | 5 | 951504557840795000 5
741017 211205562559 271873 7 135606 149 650 617 948 297 ~ 12718724730
213381 6827644645000 1, 5 140973248590625000 3 o
135606 149 650 617 948 297~ 1271872430 T 155045 534 685 556 153 4673 12718724730

1089027500000 5, 8007699664851700 s
200 074 647 025 501 890 93 24307 452020498 835393 16099 12730
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668 635746252714792 5300
151377144 854984 815 6839411
237196 179 1512500
135606 149 650 617 948 297
144 455405710417 12000
151377 144854984 8156839411

We have A3, = 0 for the second and Aj3; # 0 for the first
family. There are three types of possible nilpotent parts in
this family. These can be found in the work of Vinberg [21].
Semisimple states of this family have a two-dimensional
T,-type stabilizer subgroup. We note here that the second
family contains general three-qutrit states via the embedding
of Eq. (45). We will discuss this in more detail in Sec. IVD 1.

Third family. The canonical form of the semisimple part is

(159)

We can obtain this by setting » = 0 in the canonical form of
the second family. The coefficients satisfy ad(a® — d®) # 0.
There are nine types of possible semisimple parts. Semisimple
states in this family have four-dimensional stabilizer subgroups
of type T4. We have A3, = 0 in this family. The rank of the
matrix M is 2 and as one expects there exists one more function
of the invariants which is identically zero in this family. Define
an invariant of homogeneous degree 48 by

13 x 232 x 293 ,

aq; + dqy.

Agg = J3 +

2254 12
32 x 11 x 127 x 1992
2354 % 61 12718
257 x 32 11 x 1992
TSy P e e 160

As we will explain soon, Aug is the generalization of the
hyperdeterminant for 3 x 3 x 3 arrays. We have Asg = 0 for
states in the third family but Asg # O for the first and the
second families.

Fourth family. The canonical form of the semisimple part
is
(161)

Formally, one obtains this by setting d =0 and ¢ = —b
in (151). The coefficients must satisfy ab(a® — b*)(a® +
8b3) # 0. The matrix M has rank 2. We have

Aus =22 x 5 x 112 x 199° x b°(a® — b*)°(a* + 8ab?)’
(162)

aq) + bgy — bgs.

for this family. The condition A4g # 0 is obviously equivalent
with the previous one. Of course, we have A3, = 0 but we
have another invariant of degree 48 which vanishes here:

11 x 199% x 21347

Ay = 113 x 19374 — e T T
2 x5 %257 ,
+ — 12024
2454 ) 23 x5 x 11 x 1992
— Iy + JigJz0. (163)

36 35 x 61

T i3 +
12J1g /24030 —

JE Tl
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139240333 5812500
135606 149 650 617 948 297
216716472 500 000 s s s
J2J2 0
122045 534 685 556 153 4673 ~ 12724730
s L 343287561 098 900 00
307454131434 564 954 447 051 8233

T D T3

Jia 3. (158)

(

We have A, = 0 for the fourth family, but Ajg # O for the
first, second, and third families. There are six types of possible
nilpotent parts. The stabilizer subgroup of semisimple states
is of type A, and has dimension 8.

Fifth family. The canonical form of the semisimple part is

—cqo + cqs. (164)

This is just the canonical form of the fourth family with
a =0. We require ¢ # 0. The matrix M has rank 1. We
have A3 = Ayg = Ay = 0. There are 18 different types
of possible nilpotent parts. The stabilizer subgroup is 10
dimensional and of type A, + T, for semisimple states.

Sixth family. The canonical form of the semisimple part is

aq, (165)

with a # 0. This is just the state (151) with b=c=d =
0. The matrix M has rank 1 and A3 = A = Ajg =0.
Moreover, it is easy to see that the degree 24 invariant

_ 72 1
Aoy = Jjh — m124

(166)

is zero for this family while it is nonzero for families 1-
5. There are 25 different types of possible nilpotent parts.
The semisimple states in this family have a 24-dimensional
stabilizer subgroup of type 3A,.

Seventh family. The semisimple part is zero here, thus
this family is the family of nilpotent states. By Proposition
2, all the continuous invariants are zero here. There are
102 different types of nilpotent states listed in the work of
Vinberg and Elashvili [21]. When considered as states of the
nine-dimensional system, all states with a lower-dimensional
single-particle Hilbert space discussed in the previous sections
are in this family.

A summary of the families and their resolution with the
invariants A3y, Agg, Alg, Ary can be found in Table IV.

Recall that every previously discussed case had a sta-
ble, “GHZ-type” orbit with nonzero value of an invariant.

TABLEIV. Values of the new continuous invariants on families of
three-fermions with nine single-particle states. The last column is the
rank of the map T = k" on semisimple states with zero nilpotent
part.

Famlly A132 A4g ALS A24 Rank T
First #£0 #£0 £0 #0 80
Second 0 #0 #0 #0 78
Third 0 0 £0 £0 76
Fourth 0 £0 0 £0 7
Fifth 0 0 0 £0 70
Sixth 0 0 0 0 56
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Intuitively speaking, we have more than one “GHZ-type” orbit
in the present case. These are families 1-6 which have at least
one invariant with a nonzero value. The nilpotent orbits of
the seventh family can be thought of as non-GHZ-type orbits
where all invariants vanish. In the first family, there is no
possible way of combining zero out of the four invariants. By
this property, one can think of the first family as the “most
GHZ-type” orbit of the “GHZ-type” orbits.

Before moving on to the discussion of the embedded
three-qutrit system, we would like to make an interesting
observation. The rank of the linear map T : A3V — A3V
defined in (146) is just

rankT = 80 — dim stab(Q) (167)

for semisimple states Q with zero nilpotent part.

1. Entanglement of three-qutrits

A qutrit is a three-state quantum system with Hilbert space
H = C3. The Hilbert space of three distinguishable qutrits is
just H®3 = C°. With {|1),]2),|3)} being a basis of H a general
three-quitrit state can be written as

3
W)= D Y 1 243).

i, papz=1

The SLOCC group is GL(3,C)*? and it acts on the nine
complex amplitudes as

Yoy > (SO (S22 (53)2 Yoy,
$I®8®S8; € GL(3,C0)°.

(168)

(169)

The mathematical problem of finding the SLOCC classes was
solved by Nurmiev [57,58]. Explicit expressions for the three
continuous invariants generating the invariant algebra of this
system was found by Briand et al. [59] where the problem was
also recognized as the problem of SLOCC classification of
three-qutrits. Later, Bremner and Hu managed to express the
hyperdeterminant [29] of a 3 x 3 x 3 array with these three
invariants [60,61]. In the following, we identify the problem of
three-qutrit entanglement as a special case of entanglement of
three-fermions with nine single-particle states. We relate the
invariants Ig, Iy, I}, and the hyperdeterminant A333 of Bremner
and Hu with the invariants of Eq. (149).

According to Nurmiev [57,58], any 3 x 3 x 3 array can be
uniquely written as the sum of a semisimple and a nilpotent
part. Just like in the case of three-fermions, a semisimple state
is defined to have a closed SL(3,C)*? orbit while a nilpotent
state has the zero vector in the closure of its orbit. Now, any
semisimple state can be brought to a so-called normal form

[Yo) = alX1) — DI X2) + c|X3), (170)
where
[X1) = [111) + |222) 4 |333),
|X2) = 1123) 4 1231) + [312), (171)

1X3) = [132) + [213) + [321).

There are a total of 43 orbits under the action of GL(3,C)*3
and these can be grouped into five families according to the
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type of their semisimple part. The three fundamental invariants
evaluated at the normal form |vr) are [61]

Ie = a® + 10a°h> + b° — 10a° + 10633 + ¢°,
Iy = (a + b)(a — c)(b + ¢)(a® — ab + b*)(@® + ac + )
x (b* = bc + ),

112 — _a9b3 _4a6b6 —a3b9 +a9c3 _ 2a6b3c3 +2a3b6c3
— b2 —4a°% — 2a°b3c® — 4b°c0 + aPc® — B3P,
(172)

The hyperdeterminant for 3 x 3 x 3 arrays has degree 36 and
expressed with these invariants as [61]

Aszz = I3 — I517 — 321 4 361121613 + 10815, (173)

It has the property that it is zero for all families except the first
one. Now, consider the map defined in (45) ford = k = 3 and
denoteitby x : C3 @ C3 @ C3 — A3(CY)*:

3
X ) P,/, — Z wmmmem N NP Y
s pa, 3=l

(174)
Now, it is very easy to check that

x(X1) = Px, = q2,  x(1X2)) = Px, = g3,
x(1X3)) = Px; = qa,
where q1, . ..,q4 are defined in Eq. (152).
Proposition 3. On Imy C A3V, the invariants of (149) can

be expressed with the fundamental invariants of three-qutrits
as

(175)

Jia = 12 + 201,

Jig = I3 + 301215 + 10015,

Jog = 111IE 4 444012115 + 2 x 3* x 19317,
+22 x 11 x 1991612,

J30 =2 x 3% x 5% x 252113115 + 3° x 5 x 25211617,
+2x5x 17 x 3831213
+2* x 52 x 73131 +2° x 731,

(176)

Moreover, the invariant Ayg is expressed with the hyperdeter-
minant as

5 x 112 x 1992

Agg = 5 A3l 77)
For the other A invariants, we have
Apg =0,
Al = w (23112 + %162) Iy, (178)
2x11x199 (5, 2,
Aoy = ———— (112 — §1619> .

Proof. The relations can be checked with any computer algebra
system for the image of the normal form Py, which is actually
the canonical form (156) of the second family. By invariance,
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Families of three qutrits Families of three fermions

X
First family

First family — /\
-
Second family 1 ’/\
Third family
Fourth family

Third family L
Fourth family - ; Fifth famil

[ Sixth famill
Fifth famil
ifth family F\/ P Seventh fathily
e C e C? A3C?

FIG. 3. A sketch showing how the embedding x : C° @ C* ®
C? — A*(C®)* defined in (174) works. The gray rectangles on the
right side represent the image of the three-qutrit families under x.
Different families are mapped into different families.

they are true for any semisimple state. By Proposition 2, they
remain true by adding any nilpotent state. |
Define

Dy = Aszz, Doy = I}, — 215,
3 i (179)
Dy = (I + 315 Is.

As a consequence of Proposition 3, the invariants Dsg, D24, D21
completely separate the five families of three-qutrits. One
can find representatives of these five families, e.g., in the
work of Bremner et al. [61]. We followed the enumeration
of the families used there. The first family has Dsg 7 0, the
second family has D3g = 0, Dy4 # 0, D5 # 0, the third family
has D3¢ = Dyy = Dy = 0, and finally the fourth family has
D36 = Dy = 0,D,4 # 0. For the nilpotent orbits of the fifth
family, every fundamental invariant vanishes. On Fig. 3, we
sketched how the embedding x works. The images of different
families are disjoint.

V. PINNING OF OCCUPATION NUMBERS

As apossibly relevant physical application we would like to
comment on a connection of the above SLOCC classification
of fermionic quantum states with the Klyachko constraints [13]
on the eigenvalues of the one-particle reduced density matrix
(or one-matrix). These constraints define a polytope in the
space of possible eigenvalues of the one-matrix. An important
concept is the so-called pinning of occupation numbers which
is the saturation of these Klyachko constraints [11,62]. It is
widely believed that energy minima of many fermion systems
usually do not lie in the Klyachko polytope, thus, the ground
state will be on the boundary of the polytope and hence it
will be pinned. Indeed, there are both analytical [11] and
numerical [63] results that such a pinning occurs in ground
states of realistic systems. As shown by Klyachko [62], pinning
of a state imposes selection rules on it reducing the number of
separable states or Slater determinants that it contains. This is
particulary useful in molecular physics since it simplifies the
form of the ansatz one must use in variational methods to find
the ground state.
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Consider first the case of three-fermions with six single-
particle states discussed in Sec. IV A. The classical Borland-
Dennis result [9] is that if one orders the eigenvalues of the
one-matrix as A; | > A;, then one has a nontrivial inequality

As 4 Ag = Aa. (180)

Note that this inequality is independent of the normalization
of the original pure state. Now, if (180) is saturated for a state
P then it must have the form [11,62]

P=ae're?rne+Be' Ae* A&’ +ye® net ne®  (181)

in the basis of natural orbitals. Natural orbitals are the
eigenvectors of the one-particle reduced density matrix pp,
thus, we have ppe’ = A;e'. It is clear that transforming an
arbitrary state to its natural orbital form amounts to a local
unitary transformation, hence, it does not change the SLOCC
class of it. Now, if we calculate our covariant K E,l’” for the
state (181) we get

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 —28y 0 0
0 0 0 0 0 0 (182)
0 22y 0 0 0 O

—2up 0 0 0 0 O

This matrix has rank 3, 1, or O depending on the value of
the coefficients. Looking at Table I, we already conclude
that pinning is impossible for states in the GHZ class or
otherwise stated pinning is impossible for states with D(P) =
%Tr(KE}’”)2 # 0 [see Eq. (52)]. One might think that this
means that all states with D(P) = 0 are pinned, but this is not
the case since the spectrum of the one-matrix is not invariant
under general SLOCC transformations, thus, pinning is not a
SLOCC invariant concept. Indeed, one can easily find both
pinned and unpinned states in the W class. Note that these
observations are in perfect agreement with the numerical work
done by Benavides-Riveros et al. [63] where pinning was
studied in finite-rank variational approximations of the ground
state of lithium. It was observed there that pinning in the
rank-six approximation can only occur if the invariant D(P)
is zero.

Consider now the case of seven single-particle states
of Sec. IVB. Pinning for this system is investigated by
Klyachko as it is important in studying the first excited state
of beryllium [62]. Moreover, it is used as the rank-seven
approximation of lithium orbitals where pinning was also
observed [63]. For seven single-particle states we have four
nontrivial Klyachko constraints:

At Ao+ Ag+ Ay
A+ A+ As+ Ag

g 2’
< 27

(183)
A+ A3+ Ay + As

AL+ A3+ Ag+Ag

NN

2,
2.

Suppose we saturate the first one: A} + A, + A4 + A7 = 2fora
normalized state P. Then, the arising selection rules imply [62]
that P € A2C* ® C3 ¢ A3C’. In particular, in the basis of
natural orbitals P must be a linear combination of separable
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states with two indices from the set {1,2,4,7} and one index
from the set {3,5,6}. One can easily calculate the covariants
NAB and (M48)¢ of Egs. (103) and (102) for such states and
conclude that rank /cg‘l) =4 and rank K;;l ) =1. Looking at
Table II, we already deduce that there is no pinning for states
in class X or equivalently for states with a nonvanishing 7 (P)
invariant [see Eq. (127)].

Now suppose we saturate three [the first two and the last
one in Eq. (183)] of the constraints. In this case, P must have
the form [62]

P=ae' Ne* N>+ Be' net Ae® +yel A Ae’
+8e* Aet A, (184)

when expanded on its natural orbitals. Calculating the relevant
ranks for this state gives rank K;)l '=1 and rank K7(31 ) =4
which identifies class VII of Table II. Moreover, one can check
that one can not increase the rank of K;,l ) by setting any of the
coefficients to zero. This means that states of the form (184)
can not be in class V. However, they do cross classes VII,
VI, IV, 111, 11, and I of Table II so we deduce that pinning of
three Klyachko constraints is only possible for states in these
classes and impossible in classes V, VIII, IX, and X. If we
require the saturation of all four constraints, then we have to
set y = 01in (184) and we get back to a state of the form (181).
Thus, pinning of all four constraints is only possible in a six
single-particle subspace and only in the classes I-IV.

VI. CONCLUSIONS

In this work, we presented a method to generate SLOCC
covariants and invariants for multifermion systems. Based
on results taken from the mathematical literature, we have
presented the SLOCC classification of three fermions with six,
seven, eight, and nine single-particle states. We also discussed
how this classification can be understood with the help of
covariants and invariants. In the special cases of six and
seven dimensions, we managed to characterize the SLOCC
entanglement classes geometrically via mapping the canonical
forms of the classes to special subconfigurations of the Fano
plane. We have also revealed that in the six-, seven-, and
eight-dimensional cases the classes giving rise to stable orbits
are examples of prehomogeneous vector spaces [31,32]. For
these classes, there is a characteristic relative invariant which
is nonvanishing. In all of these cases, these classes are giving
rise to dense, Zariski-open orbits with representatives playing
a role similar to the classical three-qubit GHZ state. In the
cases of six and seven single-particle states, we outlined some
connections between the discussed SLOCC classification and
the celebrated Klyachko constraints on the spectra of one-
particle reduced density matrices. In particular, we observed
that saturation (or pinning) of the constraints is not possible in
every SLOCC class.

In the case of nine dimensions, there is no stable orbit and
there are four algebraically independent polynomial invariants.
The SLOCC orbits can be organized into seven families. The
seventh family contains nilpotent orbits where all of the four
invariants vanish. These can be considered as a generalization
of the non-GHZ classes. The rest of the families have at
least one invariant with a nonzero value, thus, these can
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be thought of as a generalization of GHZ-type orbits. We
have shown that these families can be distinguished via a
calculation of an order 132, two order 48, and an order 24
combination of the fundamental invariants. We have also
shown that the entanglement classification of three-qutrits
and the corresponding invariant algebra can be recovered
from the embedding of the system into the one of three
fermions with nine single-particle states. In particular, the
3 x 3 x 3 hyperdeterminant arises as a factorization of one
of the invariants of order 48.
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APPENDIX A: PROOF OF SOME THEOREMS

Here, we present some textbook theorems for Sec. IVD
and some explicit calculations leading to some of the results
of Sec. IVB.

Proposition 4. Let M be an n-dimensional manifold. There
are at most n algebraically independent functions on V.

Proof. Let ¢; : M — C, i =1,...,m, functions on M.
Suppose that there exists €2 : C" — C such that

Q(P1(x), ... .Pu(x)) =0 (AL)

on every point x € U of an open subset U C M. Taking the

exterior derivative with coordinates x4, a = 1, ... ,n, yields
Q2 0 02 ¢y,
do = (2290w o 9RO a6 (a2)
d¢p; ox¢ d¢p,, J9x¢

hence if 2 has nonvanishing derivatives at ¢;(x), then the
system of n component vectors {%, ...,%} is linearly
dependent. The negation of the above result reads as if the
system {gf;, ...,‘;%} is linearly independent on U, then
Q(¢1, ...,¢m) = 0 possible only if € is constant zero on
U. |

Proposition 5. Let M be an n-dimensional manifold, G
a Lie group with a group action p on M, and ¢ : M — C
a differentiable G-invariant function, i.e., ¢(x) = ¢(p(g)x),
VxeM)NYgeG. There are at most n — dim G + dim H,
algebraically independent such functions at a point x € M,
where H, is the stabilizer of x.

Proof. Take g = exp(et), t € g in ¢p(x) = ¢(p(g)x). Then,
take the derivative w.r.t € and set € = 0 to obtain

0p(x)
dx?

do(x)(Vy) = (V)" =0, (A3)

where (V;)* are the components of the tangent vector V, =
% plexp(et)]x|c=o € TyM. Now, since H, is a subgroup its
Lie algebra b, is a linear subspace in g, hence g = b, & m,

as vector spaces. If ¢ € b, then the above is automatically
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satisfied, but if ¢ € m,, then (V;)* # 0 and the above means
that ags)gx ) is in the orthogonal complement of the space M, =
Span{V;|t e m,} C T, M. It is easy to see that dim M, =
dimm, = dim G — dim H,. Taken together with Proposition
4, the claim follows. |

Some detailed calculations for Sec. IV B.:

Proposition 6. Let P = %Kchjke" Ael A ek Then, P A
w = 0 implies P A w = 0.

Proof. We know that Tr(K) = 0, hence K is an element of
the Lie algebra of SL(6,C). The action of K on the five-form
P A wis [64]

K(P Aw)=—1Tr(K)P Aw+ K€" A te,(P A o)

= K%e" A le, P N — Ke%e* AP A le,®. (A4)

Now,
te, PNw = %Paijwklei INCNCA N le,@ = a)agel (AS5)
hence,
0=K(P Aw)
= (3K} Puijon — (Kfwa) Pjr)e” ne' Ael ne el
(A6)

According to Eq. (121), K%pw, = %Nb, = %N;b. Since Ny is

symmetric and e” A e is antisymmetric, the second term gives

zero. Hence, the first term which is proportional to P A w

vanishes as claimed. ]
Proposition 7. If P A w = 0, then

(Pabiwjk + %wubpijk + Pyijopr — Pbijwak)eijk =0. (A7)

Proof. The result immediately follows from the identity

Lesley, (P AW) = Lele, PN+ 1o, P Nleyw — Lo, P N Lo,

+ P At e, = 0. (A8)
|
Proposition 8. Let LAB = (M4)¢ ,(MB)P. and P A 0 =

0. Then, we have L7’ = 6D(P) and L’ = L7 = 0.
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Proof. By virtue of Egs. (119) and (52), we have
L7 = MNHGMHE = MMy

= K;K? = 6D(P). (A9)
On the other hand, using Eq. (120) one gets
L7a — L(l7 — (M7)2(Ma)cd — Kg%gadl]klpuja)kl
= %Sadijkl ISdijwkl. (AIO)
Using Proposition 6, the latter expression is zero. ]
Propo;ition 9. If P Aw =0, then L =
%Kacgcbl]klwijwkl — %Kbcgcal]klwijwkl'
Proof:
L = (M) (M")] + (M5(M") + (M)g(M),
(A11)
(MM = LK5e™ M o500,
b b .daijkl (A12)
(M*5(M")] = }thS W wp
(MOGMOY, = e e ™ Py Py (A13)
Now using Proposition 7, in the last term one can write
gbmndrs Pijda)rs
= (_%wij Pdrs + Pidrsz - derwis)gbmnd”~ (A14)
Using this, one can write
(MM = KbeiM w500y
+ %8acijk18bmndrswkles Pc'mn Pidr~ (AIS)

Now, since in the first Levi-Civitd symbol we have antisym-
metry in the indices (c,i) and in the second Levi-Civitd symbol
we have symmetry in the pair of indices (mn,dr), the last term
is zero. Using the symmetry of G, the three different terms
of Eq. (A11) give the same type of terms with a prefactor of %
Notice that using the definition of & of Eq. (126) one can write

LY = —12&“K! = —12&" K. (A16)

This result, taken together with the ones of Proposition 8,
yields the factorized form for L of Eq. (125). ]

APPENDIX B: EXPLICIT EXPRESSIONS FOR THE FOUR INDEPENDENT INVARIANTS OF THREE-FERMIONS WITH
NINE SINGLE-PARTICLE STATES

Here, we list explicit expressions for the invariants of Eq. (149) of Sec. IV D evaluated on the canonical form (151) of

semisimple states

Jip = a? + b2 4+ 2 +22¢%° + d'? — 22043 (0 — B — PP — dP) + 2200333 (P + dP) + 22b%(c® + 1033 + d©)

+22a8[b° + ¢® — 10c*d® + d° — 1063 (S + d*)),

(BI)

Jig =a® + b8+ —17¢2d° — 17¢%4"% + d"® +1870a°(b* — )b — &) — d¥)
—18700°3d3 (S + d*) — 176" (8 + 103d® + d%)
—170033d3(® + 118d° + 113d8 + d°) — 176%(c'? + 110°d® + 462¢%d° + 1103 d° + d'?)
—17a"[b® + b — 103d> + d — 106° (¢ + d®)] — 17a°[b'? + 12
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—110c%d® + 462¢%d® — 110°d° + d'? — 1106°(c* + d*) + 462b5(c®
+d% — 11063 (° + d°)] + 170a°[b'2(* — d®) — 116°(c® — d°)
+1165(° — d°) + Ad3(® — 118d° + 113d° — d°) + b3 (—c'? + d'?)), (B2)

Doy = 111a** + 1116** 4+ 111 + 506¢'3d° + 10166¢'2d"? + 5065413
+111d** — 2064484 (b* — ) (B> — d*)(P — dP) + 206448b° 33 (3 + dP)
+506b"8(c® + 103 d> 4 d®) + 11182600°3d>(¢® + 11c%d° + 11c3d° + d°)
+10166b"(c'? 4+ 110°d> 4 462¢°d® + 110c*d° + d'?) + 10126° 3 d> (5¢
+204¢"2d® + 1105¢%d° 4 1105¢%d° + 204c3d"? + 5d") + 5066°%(c'®
+408c¢3d? 4 9282¢'2d% + 24310c°d° + 9282¢%d'? + 408c3d"S + d'?)
+506a"8[b° + ¢ — 10c*d® + d® — 1063 (c® + d®)] + 10166a'[b'* + ¢! — 110°4d°
+462c%d® — 110c3d° + d' — 110b°(c® + d°) + 462b°(c® 4 d®) — 1106°(° + d°))
— 1118260a°[b"2(c* — d®) — 116°(c® — d®) + 116°(c° — d°) + A3 — 11c8d% + 113d°
—d°) + b}(—c"? + d")] + 506a°[b'® + ¥ — 408c5d° + 9282¢2d® — 24310¢°d°
+9282¢%d"? — 408c3d"S + d'® — 408515 (c* + d*) + 92825'2(c® + d°)
—243106°(c® + d°) + 9282b°%(c'? + d'?) — 408b°(c"® + d'%)]
—10124°[5b"8(c® — d®) — 204b"(c® — d®) + 1105b2(c° — d°) — 11056°(c'? — d'?)
+Ad3(5¢ —204¢d? 4+ 1105¢%d® — 1105¢8d° + 204c3d"? — 541)
+204b5(c5 — d) — 563 ('8 — a'®)), (B3)

Jao = 584a’0 4 584b% 4 584¢%° — 435¢%4d° — 63365¢'8d"% — 63365¢'%d"®
—435¢%d%* + 5844 + 4402200 (b* — ) (B — dP)(P - dP)
— 4402200 P d3 (¢ + d®) — 435b**(® + 107 d> + d°)
— 2585292063 d3 (? + 11c%d° + 11¢%d® + d°) — 63365b'8(¢!? + 110¢%d°
+462¢°d° + 1103d° + d'?) — 13940300° A d3 (5¢" + 204¢"%d> + 1105°d°
+ 1105¢%d° + 204c%d"? 4 5d"5) — 633656"%(c!® 4 408¢9d> + 92821248
+24310c°d° + 9282¢%d'? + 408c3d"S + d'¥) — 2906° a3 (15¢%
+1518¢8d3 + 24035¢5d° + 89148¢2d° + 89148¢°d'? + 24035¢41
+1518%d"® + 15d%") — 435b%(c** 4+ 1012¢2' d® + 67298¢'3d°
+653752¢Pd° + 1352078¢2d"? + 653752c°d"5 + 67298c°4"8
+1012¢3d* + d*) — 43504 [B® + ¢® — 10c3d> + d® — 106°(* + d°)]
—63365a'8[b'? + ¢!? — 110¢%d> + 462¢°d° — 110°d° + d'? — 1100°(c + d%)
+4620°(c® + d°) — 11063 (c° + d*)] + 258529200 [0 (3 — d*) — 116°(c® — d%)
+1165(° — d°) + Ad3(® — 118d° + 113d° — &%) + b (—c? + d'?)]
—63365a"2[b"® + '8 — 408c"3d° 4 9282¢'2d® — 24310c°d° + 92825412
—408c%d" 4 d"® — 408b"3(c® 4 d°) 4 9282b'2(c8 + d°) — 243100°(c° + d°)
+92820%(c'? + d'?) — 408b3 (¢ + d')] + 1394030a°[5b'8(c — d*) — 204b"(® — d%)
+11056"2(c® — d°) — 11056° (c'? — d'?) + A d>(5¢ — 204¢'2d? + 1105°d°
—1105¢%d° + 204c3d"? — 5d"5) + 204b5(c"S — d'5) — 563 (! — a'®))
—435a°[p** + ** — 1012¢H d® + 67298¢'8d°® — 653752¢%4°
+ 1352078¢"2d"? — 653752c%d"5 + 67298¢%d"® — 1012¢%d*! + d** — 10126°1(* + d°)
+67298b'8(c® 4 d°) — 653752613 (c” + d°) + 1352078b"(c'? + d'?)
—6537520°(c" 4 d"%) + 67298b°(c'® + d'®) — 101263 (! + d*Y)]
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+290a°[156%(* — d*) — 1518021 (c® — d%) + 24035b'3(¢° — d°)

—89148b"(c'? — d'?) 4 89148b'%(c"> — d'd) — 24035p°(c'® — d'®)

+Ad3(15¢* — 1518¢'8d° + 24035¢153d° — 89148¢'%d° + 89148742

—24035¢%d" + 1518¢3d'® — 154" + 1518b°(c?! — d?') — 153 (** — d*Y)). (B4)

[1] M. A. Nielsen and I. L. Chuang, Quantum Information
and Quantum Computation (Cambridge University Press,
Cambridge, UK, 2000).

[2] J. Schliemann, D. Loss, and A. H. MacDonald, Phys. Rev. B 63,
085311 (2001).

[3] J. Schliemann, J. I. Cirac, M. Kus, M. Lewenstein, and D. Loss,
Phys. Rev. A 64, 022303 (2001).

[4] K. Eckert, J. Schliemann, D. Brus, and M. Lewenstein, Ann.
Phys. (NY) 299, 88 (2002).

[5] R. Paskauskas and L. You, Phys. Rev. A 64, 042310 (2001).

[6] Y. S. Li, B. Zeng, X. S. Liu, and G. L. Long, Phys. Rev. A 64,
054302 (2001).

[7] G.C. Ghirardi and L. Marinatto, Phys. Rev. A70,012109 (2004).

[8] A.J. Coleman, Rev. Mod. Phys. 35, 668 (1963).

[9] R. E. Borland and K. Dennis, J. Phys. B: At., Mol. Opt. Phys. 5,
7 (1972).

[10] M. Walter, B. Doran, D. Gross, and M. Christandl, Science 340,
1205 (2013).

[11] C. Schilling, D. Gross, and M. Christandl, Phys. Rev. Lett. 110,
040404 (2013).

[12] A. Sawicki, M. Oszmaniec, and M. Kus, arXiv:1208.0556;
arXiv:1208.0557.

[13] A. A. Klyachko, J. Phys.: Conf. Ser. 36, 72 (2006).

[14] W. Reichel, Ph.D. dissertation, Greifswald, 1907.

[15] J. A. Schouten, Rend. Circ. Matemat. (Palermo) 55, 137 (1931).

[16] G. B. Gurevich, Dokl. Akad. Nauk SSSR 2, 353 (1935).

[17] G. B. Gurevich, Trudy Sem. Vektor. Tenzor. Anal. 6, 28 (1948).

[18] A. M. Cohen and A. G. Helminck, Commun. Algebra 16, 1
(1988).

[19] R. Westwick, Lin. Multilin. Algebra 10, 183 (1981).

[20] D. Z. Djokovic, Lin. Multilin. Algebra 13, 3 (1983).

[21] E. B. Vinberg and A. G. Elashvili, Trudy Sem. Vektor. Tenzor.
Anal. 18, 197 (1978) [B. A. Datskovsky, Sel. Math. Sov.
Birkhaeuser Verlag, Basel. v7, N1 (1988)].

[22] C. H. Bennett, S. Popescu, D. Rohrlich, J. A. Smolin, and A. V.
Thapliyal, Phys. Rev. A 63, 012307 (2000).

[23] W. Diir, G. Vidal, and J. I. Cirac, Phys. Rev. A 62, 062314
(2000).

[24] A. A. Klyachko, arXiv:0802.4008.

[25] L. Chen, D. Z. Djokovic, M. Grassl, and B. Zeng,
arXiv:1306.2570.

[26] P. Lévay and G. Sérosi, Phys. Rev. D 86, 105038 (2012).

[27] C. Le Paige, Comput. Acad. Sci. 92, 1103 (1881).

[28] E. Schwartz, Math. Z. 12, 18 (1922).

[29] I. M. Gel’fand, M. M. Kapranov, and A. V. Zelevinsky,
Discriminants, Resultants and Multidimensional Determinants
(Birkhauser, Boston, 1994).

[30] P. Lévay and P. Vrana, Phys. Rev. A 78, 022329 (2008).

[31] T. Kimura, Introduction to Prehomogeneous Vector Spaces,
Translations of Mathematical Monographs, Vol. 215 (American
Mathematical Society, Providence, RI, 2003).

[32] T. Kimura and M. Sato, Nagoya Math. J. 65, 1 (1977).

[33] N. Hitchin, J. Differr Geom. 55, 547
arXiv:math/0010054.

[34] N. Hitchin, in Global Differential Geometry: The Mathematical
Legacy of Alfred Gray, edited by M. Fernandez and J. A.
Wolf, Contemporary Mathematics 288 (American Mathematical
Society, Providence, RI, 2001).

[35] R. Dijkgraaf, S. Gukov, A. Neitzke, and C. Vafa, Adv. Theor.
Math. Phys. 9, 603 (2005).

[36] P. Zanardi, Phys. Rev. A 65, 042101 (2002).

[37] M. C. Banuls, J. I. Cirac, and M. M. Wolf, Phys. Rev. A 76,
022311 (2007).

[38] L. Heaney and V. Vedral, Phys. Rev. Lett. 103, 200502 (2009).

[39] L. A. Takhtajan, Quantum Mechanics for Mathematicians,
Graduate Studies in Mathematics (American Mathematical
Society, Providence, RI, 2008), Vol. 95.

[40] M. B. Plenio and S. Virmani, Quantum Inf. Comput. 7, 1
(2007).

[41] G. B. Gurevich, Foundation of the Theory of Algebraic Invari-
ants (P. Nordhoof Ltd, Groningen, The Netherlands, 1964).

[42] R. Penrose and W. Rindler, Spinors and Space-Time Vol 1.,
Cambridge Monographs on Mathematical Physics (Cambridge
University Press, Cambridge, UK, 1984).

[43] A. Kasman, T. Shiota, K. Pedings, and A. Reiszl, Proc. Am.
Math. Soc. 136, 77 (2008).

[44] P. Vrana and P. Lévay, J. Phys. A: Math. Theor. 42, 285303
(2009).

[45] L. Chen, D. 7. Dokovi¢, M. Grassl, and B. Zeng, Phys. Rev. A
88, 052309 (2013).

[46] G. Sérosi and P. Lévay, J. Phys. A: Math. Theor. 47, 115304
(2014).

[47] V. Coftman, J. Kundu, and W. K. Wootters, Phys. Rev. A 61,
052306 (2000).

[48] S. Krutelevich, J. Algebra 314, 924 (2007).

[49] L. Borsten, D. Dahanayake, M. J. Duff, and W. Rubens, Phys.
Rev. D 80, 026003 (2009).

[50] J. L. Clerc, J. Algebra 264, 98 (2003).

[51] L. Borsten, M. J. Duff, and P. Lévay, Classical Quantum Gravity
29, 224008 (2012).

[52] R. Bryant, in Proceedings of the 12th Gdkova Geometry-
Topology Conference (International Press, Boston, 2006),
pp- 75-109.

[53] K. Becker, M. Becker, and J. Schwartz, String Theory and M-
Theory, A Modern Introduction (Cambridge University Press,
Cambridge, England, 2007).

(2000,

042310-22


http://dx.doi.org/10.1103/PhysRevB.63.085311
http://dx.doi.org/10.1103/PhysRevB.63.085311
http://dx.doi.org/10.1103/PhysRevB.63.085311
http://dx.doi.org/10.1103/PhysRevB.63.085311
http://dx.doi.org/10.1103/PhysRevA.64.022303
http://dx.doi.org/10.1103/PhysRevA.64.022303
http://dx.doi.org/10.1103/PhysRevA.64.022303
http://dx.doi.org/10.1103/PhysRevA.64.022303
http://dx.doi.org/10.1006/aphy.2002.6268
http://dx.doi.org/10.1006/aphy.2002.6268
http://dx.doi.org/10.1006/aphy.2002.6268
http://dx.doi.org/10.1006/aphy.2002.6268
http://dx.doi.org/10.1103/PhysRevA.64.042310
http://dx.doi.org/10.1103/PhysRevA.64.042310
http://dx.doi.org/10.1103/PhysRevA.64.042310
http://dx.doi.org/10.1103/PhysRevA.64.042310
http://dx.doi.org/10.1103/PhysRevA.64.054302
http://dx.doi.org/10.1103/PhysRevA.64.054302
http://dx.doi.org/10.1103/PhysRevA.64.054302
http://dx.doi.org/10.1103/PhysRevA.64.054302
http://dx.doi.org/10.1103/PhysRevA.70.012109
http://dx.doi.org/10.1103/PhysRevA.70.012109
http://dx.doi.org/10.1103/PhysRevA.70.012109
http://dx.doi.org/10.1103/PhysRevA.70.012109
http://dx.doi.org/10.1103/RevModPhys.35.668
http://dx.doi.org/10.1103/RevModPhys.35.668
http://dx.doi.org/10.1103/RevModPhys.35.668
http://dx.doi.org/10.1103/RevModPhys.35.668
http://dx.doi.org/10.1088/0022-3700/5/1/009
http://dx.doi.org/10.1088/0022-3700/5/1/009
http://dx.doi.org/10.1088/0022-3700/5/1/009
http://dx.doi.org/10.1088/0022-3700/5/1/009
http://dx.doi.org/10.1126/science.1232957
http://dx.doi.org/10.1126/science.1232957
http://dx.doi.org/10.1126/science.1232957
http://dx.doi.org/10.1126/science.1232957
http://dx.doi.org/10.1103/PhysRevLett.110.040404
http://dx.doi.org/10.1103/PhysRevLett.110.040404
http://dx.doi.org/10.1103/PhysRevLett.110.040404
http://dx.doi.org/10.1103/PhysRevLett.110.040404
http://arxiv.org/abs/arXiv:1208.0556
http://arxiv.org/abs/arXiv:1208.0557
http://dx.doi.org/10.1088/1742-6596/36/1/014
http://dx.doi.org/10.1088/1742-6596/36/1/014
http://dx.doi.org/10.1088/1742-6596/36/1/014
http://dx.doi.org/10.1088/1742-6596/36/1/014
http://dx.doi.org/10.1007/BF03016791
http://dx.doi.org/10.1007/BF03016791
http://dx.doi.org/10.1007/BF03016791
http://dx.doi.org/10.1007/BF03016791
http://dx.doi.org/10.1080/00927878808823558
http://dx.doi.org/10.1080/00927878808823558
http://dx.doi.org/10.1080/00927878808823558
http://dx.doi.org/10.1080/00927878808823558
http://dx.doi.org/10.1080/03081088108817411
http://dx.doi.org/10.1080/03081088108817411
http://dx.doi.org/10.1080/03081088108817411
http://dx.doi.org/10.1080/03081088108817411
http://dx.doi.org/10.1080/03081088308817501
http://dx.doi.org/10.1080/03081088308817501
http://dx.doi.org/10.1080/03081088308817501
http://dx.doi.org/10.1080/03081088308817501
http://dx.doi.org/10.1103/PhysRevA.63.012307
http://dx.doi.org/10.1103/PhysRevA.63.012307
http://dx.doi.org/10.1103/PhysRevA.63.012307
http://dx.doi.org/10.1103/PhysRevA.63.012307
http://dx.doi.org/10.1103/PhysRevA.62.062314
http://dx.doi.org/10.1103/PhysRevA.62.062314
http://dx.doi.org/10.1103/PhysRevA.62.062314
http://dx.doi.org/10.1103/PhysRevA.62.062314
http://arxiv.org/abs/arXiv:0802.4008
http://arxiv.org/abs/arXiv:1306.2570
http://dx.doi.org/10.1103/PhysRevD.86.105038
http://dx.doi.org/10.1103/PhysRevD.86.105038
http://dx.doi.org/10.1103/PhysRevD.86.105038
http://dx.doi.org/10.1103/PhysRevD.86.105038
http://dx.doi.org/10.1007/BF01482067
http://dx.doi.org/10.1007/BF01482067
http://dx.doi.org/10.1007/BF01482067
http://dx.doi.org/10.1007/BF01482067
http://dx.doi.org/10.1103/PhysRevA.78.022329
http://dx.doi.org/10.1103/PhysRevA.78.022329
http://dx.doi.org/10.1103/PhysRevA.78.022329
http://dx.doi.org/10.1103/PhysRevA.78.022329
http://arxiv.org/abs/arXiv:math/0010054
http://dx.doi.org/10.4310/ATMP.2005.v9.n4.a5
http://dx.doi.org/10.4310/ATMP.2005.v9.n4.a5
http://dx.doi.org/10.4310/ATMP.2005.v9.n4.a5
http://dx.doi.org/10.4310/ATMP.2005.v9.n4.a5
http://dx.doi.org/10.1103/PhysRevA.65.042101
http://dx.doi.org/10.1103/PhysRevA.65.042101
http://dx.doi.org/10.1103/PhysRevA.65.042101
http://dx.doi.org/10.1103/PhysRevA.65.042101
http://dx.doi.org/10.1103/PhysRevA.76.022311
http://dx.doi.org/10.1103/PhysRevA.76.022311
http://dx.doi.org/10.1103/PhysRevA.76.022311
http://dx.doi.org/10.1103/PhysRevA.76.022311
http://dx.doi.org/10.1103/PhysRevLett.103.200502
http://dx.doi.org/10.1103/PhysRevLett.103.200502
http://dx.doi.org/10.1103/PhysRevLett.103.200502
http://dx.doi.org/10.1103/PhysRevLett.103.200502
http://dx.doi.org/10.1090/S0002-9939-07-09122-8
http://dx.doi.org/10.1090/S0002-9939-07-09122-8
http://dx.doi.org/10.1090/S0002-9939-07-09122-8
http://dx.doi.org/10.1090/S0002-9939-07-09122-8
http://dx.doi.org/10.1088/1751-8113/42/28/285303
http://dx.doi.org/10.1088/1751-8113/42/28/285303
http://dx.doi.org/10.1088/1751-8113/42/28/285303
http://dx.doi.org/10.1088/1751-8113/42/28/285303
http://dx.doi.org/10.1103/PhysRevA.88.052309
http://dx.doi.org/10.1103/PhysRevA.88.052309
http://dx.doi.org/10.1103/PhysRevA.88.052309
http://dx.doi.org/10.1103/PhysRevA.88.052309
http://dx.doi.org/10.1088/1751-8113/47/11/115304
http://dx.doi.org/10.1088/1751-8113/47/11/115304
http://dx.doi.org/10.1088/1751-8113/47/11/115304
http://dx.doi.org/10.1088/1751-8113/47/11/115304
http://dx.doi.org/10.1103/PhysRevA.61.052306
http://dx.doi.org/10.1103/PhysRevA.61.052306
http://dx.doi.org/10.1103/PhysRevA.61.052306
http://dx.doi.org/10.1103/PhysRevA.61.052306
http://dx.doi.org/10.1016/j.jalgebra.2007.02.060
http://dx.doi.org/10.1016/j.jalgebra.2007.02.060
http://dx.doi.org/10.1016/j.jalgebra.2007.02.060
http://dx.doi.org/10.1016/j.jalgebra.2007.02.060
http://dx.doi.org/10.1103/PhysRevD.80.026003
http://dx.doi.org/10.1103/PhysRevD.80.026003
http://dx.doi.org/10.1103/PhysRevD.80.026003
http://dx.doi.org/10.1103/PhysRevD.80.026003
http://dx.doi.org/10.1016/S0021-8693(03)00115-7
http://dx.doi.org/10.1016/S0021-8693(03)00115-7
http://dx.doi.org/10.1016/S0021-8693(03)00115-7
http://dx.doi.org/10.1016/S0021-8693(03)00115-7
http://dx.doi.org/10.1088/0264-9381/29/22/224008
http://dx.doi.org/10.1088/0264-9381/29/22/224008
http://dx.doi.org/10.1088/0264-9381/29/22/224008
http://dx.doi.org/10.1088/0264-9381/29/22/224008

ENTANGLEMENT CLASSIFICATION OF THREE FERMIONS ...

[54] E. B. Vinberg, Izv. Akad. Nauk SSSR Ser. Mat. 40, 488 (1976)
[Math. USSR Izv. 10, 463 (1976)].

[55] G. V. Egorov, Problems in Group Theory and Homol-
ogy Algebra (Yaroslav. Gos. University, Yaroslavl, 1981),
pp. 123-132.

[56] A. A. Katanova, Adv. Sov. Math. 8, 87 (1992).

[57] A. B. Nurmiev, Sb. Math. 191, 717 (2000).

[58] A. G. Nurmiev, Usp. Mat. Nauk 55, 143 (2000) [Russian
Mathematical Surveys 55, 347 (2000)].

PHYSICAL REVIEW A 89, 042310 (2014)

[59] E. Briand, J.-G. Luque, J.-Y. Thibon, and F. Verstraete, J. Math.
Phys. 45, 4855 (2004).

[60] M. R. Bremner and J. Hu, arXiv:1112.2949.

[61] M. Bremner, J. Hu, and L. Oeding, arXiv:1310.3257.

[62] A. A. Klyachko, arXiv:0904.2009.

[63] C. L. Benavides-Riveros, J. M. Gracia-Bondia, and M. Spring-
borg, Phys. Rev. A 88, 022508 (2013).

[64] M. Gualtieri, Ph.D. thesis,
arXiv:math/0401221.

Oxford  University,

042310-23


http://dx.doi.org/10.1070/IM1976v010n03ABEH001711
http://dx.doi.org/10.1070/IM1976v010n03ABEH001711
http://dx.doi.org/10.1070/IM1976v010n03ABEH001711
http://dx.doi.org/10.1070/IM1976v010n03ABEH001711
http://dx.doi.org/10.1070/SM2000v191n05ABEH000478
http://dx.doi.org/10.1070/SM2000v191n05ABEH000478
http://dx.doi.org/10.1070/SM2000v191n05ABEH000478
http://dx.doi.org/10.1070/SM2000v191n05ABEH000478
http://dx.doi.org/10.4213/rm279
http://dx.doi.org/10.4213/rm279
http://dx.doi.org/10.4213/rm279
http://dx.doi.org/10.4213/rm279
http://dx.doi.org/10.1070/RM2000v055n02ABEH000279
http://dx.doi.org/10.1070/RM2000v055n02ABEH000279
http://dx.doi.org/10.1070/RM2000v055n02ABEH000279
http://dx.doi.org/10.1070/RM2000v055n02ABEH000279
http://dx.doi.org/10.1063/1.1809255
http://dx.doi.org/10.1063/1.1809255
http://dx.doi.org/10.1063/1.1809255
http://dx.doi.org/10.1063/1.1809255
http://arxiv.org/abs/arXiv:1112.2949
http://arxiv.org/abs/arXiv:1310.3257
http://arxiv.org/abs/arXiv:0904.2009
http://dx.doi.org/10.1103/PhysRevA.88.022508
http://dx.doi.org/10.1103/PhysRevA.88.022508
http://dx.doi.org/10.1103/PhysRevA.88.022508
http://dx.doi.org/10.1103/PhysRevA.88.022508
http://arxiv.org/abs/arXiv:math/0401221



