Chapter 2 )
Algebras with Ternary Composition Law | ¢
Combining Z, and Z3 Gradings

Viktor Abramov, Richard Kerner and Olga Liivapuu

Abstract We investigate the possibility of combining the usual Grassmann algebras
with their ternary Z3-graded counterparts, thus creating a more general algebra with
quadratic and cubic constitutive relations coexisting together. We recall the classifi-
cation of ternary and cubic algebras according to the symmetry properties of ternary
products under the action of the S3 permutation group. Instead of only two kinds of
binary algebras, symmetric or antisymmetric, here we get four different generaliza-
tions of each of those cases. Then we study a particular case of algebras generated
by two types of variables, £&* and %, satisfying quadratic and cubic relations respec-
tively, €969 = —£P¢® and 0A0BHC = jOPYCHA, j = ¢ . Differential calculus of the
first order is defined on these algebras, and its fundamental properties investigated.
The invariance properties of the generalized algebras are also considered.

Keywords Grassmann algebra - Clifford algebra - Ternary algebra -+ Cubic
algebra - Minkowskian space-time metric + Lorentz group - Cubic matrices
2.1 Classification of Ternary and Cubic Algebras

In [1, 9, 10, 13] certain types of Z3-graded ternary and cubic algebras have been
introduced and investigated. In [19] a general classification of n-ary algebras was
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given. Ternary generalizations of Banach algebras and their derivations have been
studied in [2, 7, 14, 15, 17]. Our aim in this section is to find relations between triple
products of generators of an associative unital algebra, which can be considered as
analogs of (binary) commutativity or anti-commutativity. Since we consider triple
products of generators these analogs of commutativity and anti-commutativity will
be referred to as ternary analogs.

2.1.1 Algebras and Superalgebras with Binary Law of
Composition

The usual definition of an algebra involves a linear space A (over real or complex
numbers) endowed with a binary constitutive relations

AxA > A 2.1)

In a finite-dimensional case, dim A =N, in a chosen basis ey, e,, ..., ey, the con-
stitutive relations (2.1) can be encoded in structure constants i’; as follows:

ee; = f,’; e. (2.2)

With the help of these structure constants all essential properties of a given algebra
can be expressed, e.g. they will define a Lie algebra if they are antisymmetric and
satisfy the Jacobi identity:
i];' =- ]{(i’ i];n ]{7 + ]{(m Ilin + fl]r(n i;(l =0, (23)

whereas an abelian algebra will have its structure constants symmetric, fl’j =f ]kl

Usually, when we speak of algebras, we mean binary algebras, understanding
that they are defined via quadratic constitutive relations (2.2). On such algebras the
notion of Z,-grading can be naturally introduced. The Z,-graded algebraic structures
were abundantly exploited in physics, both in the supersymmetric field theories as
well as in models based on the non-commutative geometry [5, 20]. We recall that
an algebra A is called a Z,-graded algebra if it is a direct sum of two parts, with
symmetric (abelian) and anti-symmetric product respectively,

A=A ® A, 2.4
with grade of an element being 0 if it belongs to Ay, and 1 if it belongs to A;.
Under the multiplication in a Z,-graded algebra the grades add up reproducing the

composition law of the Z, permutation group: if the grade of an element A is a, and
that of the element B is b, then the grade of their product will be a + b modulo 2:

grade(AB) = grade(A) + grade(B). (2.5)
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A Z,-graded algebra is called a Z,-graded commutative if for any two homogeneous
elements A, B we have
AB = (-1)*BA. (2.6)

It is worthwhile to notice at this point that the above relationship can be written in
an alternative form, with all the expressions on the left side as follows:

B—(—=1D)*BA =0, or AB+ (—D)“@*YBA =0 2.7)

The equivalence between these two alternative definitions of commutation (anticom-
mutation) relations inside a Z,-graded algebra is no more possible if by analogy we
want to impose cubic relations on algebras with Z3-symmetry properties, in which
the non-trivial cubic root of unity, j = e 5 plays the role similar to that of —1 in the
binary relations displaying a Z,-symmetry.

2.1.2 Ternary Analog of Commutativity

The Z3 cyclic group is an abelian subgroup of the S3 symmetry group of permutations
of three objects. The S3 group contains six elements, including the group unit e (the
identity permutation, leaving all objects in place: (abc) — (abc)), the two cyclic
permutations

(abc) — (bca) and (abc) — (cab),

and three odd permutations,
(abc) — (cba), (abc) — (bac) and (abc) — (ach).

The group Z, has the representation Z, — {1, —1}. Just like the group Z,, the
group of cyclic permutations Z3 also has the faithful representation Z3 — {1, j, j?}
by cubic roots of unity and this representation is an important tool that we use to find
ternary analogs of commutativity and anti-commutativity.

Let an algebra be generated by the finite set of commutative variables x", yu =
1,2,...,n. The quadratic relations of commutativity of generators given in two
equivalent forms,

My + (=Dy"x* =0 or xFy” = y"x". (2.8)

lead in the case of algebras with cubic relations [19] to the following four general-
izations of the notion of commutativity:
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(a) Generalizing the first form of the commutativity relation (2.8), which amounts
to replacing the —1 generator of Z, by j-generator of Z3 and binary products
by products of three elements, we get

S oxPxVxM 4 j xRV =0, (2.9)

where j = e isa primitive third root of unity.

(b) Another primitive third root, j> = e %' canbe usedin place of the former one; this
will define the conjugate algebra S, satisfying the following cubic constitutive
relations:

S xFxVx 4 jE xVxMxt 4 j PP xY = 0. (2.10)

Clearly enough, both algebras are infinitely-dimensional and have the same struc-
ture. Each of them is a possible generalization of infinitely-dimensional algebra
of usual commuting variables with a finite number of generators. In the usual
Z,-graded case such algebras are just polynomials in variables x', x2,...x";
the algebras S and S defined above are also spanned by polynomials, but with
different symmetry properties, and as a consequence, with different dimensions
corresponding to a given power.

(c) Then we can impose the following “weak” commutation, valid only for cyclic

permutations of factors:
Sp: xfxVx = xVxtx! # xVxlx?, 2.11)

(d) Finally, we can impose the following “strong” commutation, valid for arbitrary
(even or odd) permutations of three factors:

At = xVxtx? (2.12)

So: xMxVx)=x"x
The four different associative algebras with cubic commutation relations can be
represented in the following diagram, in which all arrows correspond to surjective
homomorphisms. The commuting generators can be given the common grade O.

S S

2.1.3 Ternary Analogs of Anti-commutativity

Let us now turn to a cubic generalization of the notion of anti-commutativity. We
recall that an algebra generated by anti-commuting variables ¢*, a = 1,2, ..., n,
which obey the following quadratic relations
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g1’ 4 €76 =0 or €¢" = —¢g", @.13)

is referred to as a Grassmann algebra. Here, too, we have four different choices.
Indeed let 4, A =1,2,..., N be generators of an associative unital algebra over
C. We get four different cubic analogs of the relations (2.13) as follows:

(a) Generalizing the first relation in (2.13), we get the following “strong” cubic
analog of anti-commutativity relation

Ay Tpes, TVIENO =0, (2.14)

i.e. the sum of all permutations of three factors, even and odd ones, must vanish.

(b) We can get another cubic analog of the first relation in (2.13) if we take the sub-
group of cyclic permutations Z3. In this case we get somewhat weaker “cyclic”
cubic analog of anti-commutation relation

Ar: 04080C + 08004 +9C040% =0, (2.15)

i.e. the sum of cyclic permutations of three elements must vanish. The same
independent relation for the odd combination #€ 6204 holds separately.

(c) Generalizing the second relation in (2.13) by means of the representation Z3 —
{1, j, j?}, we get the following cubic analog of anti-commutativity relation:

A 04086 = j 98902, (2.16)

and its conjugate algebra A, isomorphic with A, which we distinguish by putting
a bar on the generators and using dotted indices:

(d) The conjugate relations A, which we distinguish by putting a bar on the gener-
ators and using dotted indices, are the following ones:

A 6AGBRC = j20B4CHA 2.17)
Both these algebras are finite-dimensional. For j or j2-skew-symmetric algebras

with N generators the dimensions of their subspaces of given polynomial order
are given by the following generating function:

NV = DN +1)

H(t) =14 Nt + N*> + 3 ,

(2.18)

where we include pure numbers (dimension 1), the N generators #* (or 9_3), the
N? independent quadratic combinations 468 and N(N — 1)(N + 1)/3 prod-
ucts of three generators §4086C.



18 V. Abramov et al.

The above four cubic generalizations of Grassmann algebra are represented in the
following diagram, in which all the arrows are surjective homomorphisms.

A
1
Ay

J N\
A A

2.2 Examples of 7Z3-Graded Ternary Algebras

2.2.1 The Z3-Graded Analogue of Grassman Algebra

Let us introduce N generators spanning a linear space over complex numbers, satis-
fying the following cubic relations [9, 10]:

64080 = j 029 9" = 200105, (2.19)
with j = €%7/3, the primitive root of 1. We have 1 + j 4+ j> =0and j = j>.
Let us denote the algebra spanned by the 64 generators by A [9, 10].

We shall also introduce a similar set of conjugate generators, 04, A, B, .
1,2,..., N, satisfying similar condition with j? replacing j:

04980¢ = j2 02004 = j 90708, (2.20)

Let us denote this algebra by A. B

We shall endow the algebra A @ A with a natural Z3 grading, considering the
generators 6 as grade 1 elements, their conjugates 6 being of grade 2.

The grades add up modulo 3, so that the products 8462 span a linear subspace
of grade 2, and the cubic products §4620¢ being of grade 0. Similarly, all quadratic
expressions in conjugate generators, 0405 are of grade 2 + 2 = 4,,,43 = 1, whereas
their cubic products are again of grade 0, like the cubic products of #4’s [12].

Combined with the associativity, these cubic relations impose finite dimension on
the algebra generated by the Z3 graded generators. As a matter of fact, cubic expres-
sions are the highest order that does not vanish identically. The proof is immediate:

HAGBHCHD — jeBHCGAeD — j2 GBGAHDHC J HAHDHBGC ,] HAHBGCHD

2.21)
and because j* = j # 1, the only solution is #4020€9° =0



2 Algebras with Ternary Composition Law Combining Z, and Z3 Gradings 19

2.2.2 Ternary Clifford Algebra

Let us consider the algebra M3(C) of complex 3rd order square matrices. In accor-
dance with our approach to ternary analog of anti-commutativity we define the ternary
j-and j%-commutator of three matrices as follows

[A,B,Clj = ABC+ j BCA+ j* CAB, [A,B,Clp =ABC+ j2 BCA+jCAB, A,B.C e M3(C).

(2.22)
It is easy to see that the ternary j-commutator is j-skew symmetric and the ternary
j2-commutator is j2-skew-symmetric, i.e.

[A’ B’ C]j =j [Bs Cs A]jv [A’ Bs C]jz =j2 [B,C, A]jZ,

and from these symmetries it follows that both ternary commutators satisfy the rela-
tion A; (sum of cyclic permutations is zero) as well as more general relation Ay
(sum of all permutations is zero).

Itis useful to stress a difference between the commutators (2.22) and a ternary Lie
bracket used in a theory of 3-Lie algebras initiated by Filippov [6] and Nambu [16].
A ternary Lie bracket of a theory of 3-Lie algebras is totally skew-symmetric, i.e. the
permutation of any two elements in a ternary Lie bracket implies the change of sign
from plus to minus. Obviously a ternary Lie bracket satisfies the relation Ay, but it
does not satisfy the relation A;. Hence if there are at least two equal elements in a
ternary Lie bracket of a theory of 3-Lie algebras then ternary Lie bracket identically
vanishes while the ternary j-commutator (or j2-commutator) may not be zero. The
ternary j-commutator (or j2-commutator) (2.22) vanishes identically only when all
three elements are equal.

The matrix algebra M3(C) has the natural structure of Z3-graded algebra which
can be defined by attaching the degrees 0, 1, 2 to the following matrices respectively

x00 0x0 00x
0y0], 00y, y00
00z z00 0z0

Let us introduce the following three 3 x 3 matrices:

010 0 jO 010
01=|100j)], Q=[001), O3=(001], (2.23)
j2 00 j> 00 100
and their hermitian conjugates
, 00y 0 0y 001
oi=[1o00], ol=[j200], 0i=[100]. (2.24)
0 j%20 010 010
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We have
degree(Qy) =1, degree(QZ) =2, (2.25)

The above matrices span a very interesting ternary algebra. Out of three independent
Z3-graded ternary combinations, only one leads to a non-vanishing result. One can
check without much effort that both ternary j- and j?-commutators do vanish:

[Q1, 02, 03]j = 010203+ j 020301 + j* 030102 =0,
[Q1, 02, Q3]2 = 010203+ j° 020301 + j03010, =0,

and similarly for the odd permutation, Q,Q; Q3. On the contrary, the totally
symmetric combination does not vanish; it is proportional to the 3 x 3 identity
matrix 1:

Qu0pQc+ 0p0cQu+ QcQuQb =3nNapc 1, a,b,...=1,2,3.  (2.26)

with 7,5, given by the following non-zero components:

ni =12 =333 = 1,
N3 = M31 =112 = 1, (2.27)
13 = 1321 = Ni32 = j2.

all other components vanishing. The relation (2.26) may serve as the definition of
ternary Clifford algebra.

Let us denote Q; = QZ. Then analogously to (2.26) the matrices Q, satisfy the
conjugate identities

0i0;0: + 0;0:04+ 0:040; =3n5:1, a,b,...=1,2,3. (2.28)

with 7,4 = Tabe-

It is obvious that any similarity transformation of the generators Q, will keep
the ternary anti-commutator (2.26) invariant. As a matter of fact, if we define Qb =
P~'Q, P, with P anon-singular 3 x 3 matrix, the new set of generators will satisfy
the same ternary relations, because

0.0,0.=P'Q,PPT'Q,PP'Q.P = P (Q.0,00)P,

and on the right-hand side we have the unit matrix which commutes with all other
matrices, so that P~' 1 P = 1.

It is also worthwhile to note that the six matrices displayed in (2.23), (2.24)
together with two traceless diagonal matrices
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1 100
B=|0j0], B'=|0j%0
00 ;2 00 j

form the basis for certain representation of the SU(3), which was shown in the
nineties by Kac [8].

2.3 Generalized 7, x Z3-Graded Ternary Algebra

Let us suppose that we have binary and ternary skew-symmetric products defined by
corresponding structure constants:

gl = —¢ee (2.29)
64686¢ = j #PH 0" (2.30)

The unifying ternary relation is of the type Ay, i.e.
XXX+ XXX+ XFXTXT + XXX+ XIXT X+ XX XT =0. (2.31)

It is obviously satisfied by both types of variables; the #4’s by definition of the
product, for which at this stage the associativity property can be not decided yet; the
product of grassmannian £ variables (2.29) on the contrary, should be associative
in order to make the formula (2.31) applicable.

It can be added that the cubic constitutive relation (2.30) satisfies a simpler con-
dition with cyclic permutations only,

04680 + 080C04 + 6€940% =0,

but the cubic products of grassmannian variables are invariant under even (cyclic)
permutations, so that only the combination of all six permutations of £*£%¢7, like in
(2.31) will vanish.

Now, if we want to merge the two algebras into a common one, we must impose
the general condition (2.31) to the mixed cubic products. These are of two types:
64£208 and £*0B¢P, with two €’s and one &, or with two &’s and one 6. These
identities, all like (2.31) should follow from binary constitutive relations imposed
on the associative products between one 6 and one £ variable.

Let us suppose that one has

€08 = w B¢ and consequently 04¢” = w! €794, (2.32)

A simple exercise leads to the conclusion that in order to satisfy the general con-
dition (2.31), the unknown factor w must verify the equation w +w™' +1 =0, or
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equivalently, w + w? 4+ w? = 0. Indeed, we have, assuming the associativity:
PAE0B = ! £99A9P = AYB e,
989t = w7l 20804 = w HBHAEe.

From this we get, by transforming all the six products so that £* should appear always
in front of the monomials:

PAL0B = W1 £90A0B, 9AOBEY = w2 £20A08,
PEEapr — 1 £gBYA, GBPALT = w2 £apBPA
Adding up all permutations, even (cyclic) and odd alike, we get the following result:
PACgB 1 cogBer 4 gBgAce 1 gBeogh 4 coprgP 4 prgBee =
(I+w+w™) 0 + (1 +w+w) 0807, (2.33)

The expression in (2.33) will identically vanishifw = j = e = (or j%, which satisfies
the same relation j + j2 + 1 = 0).
The second type of cubic monomials, £208¢7, satisfies the identity

5@9355_’_985560_’_555&03 +§603§a+93§-a£(5+£a5503 =0 (234)

no matter what the value of w is chosen in the constitutive relation (2.32), the anti-
symmetry of the product of two {’s suffices. As a matter of fact, because we have
£0¢0 = —£9¢e in the formula (2.34) the second term cancels the fifth term, and the
third term is canceled by the sixth one. What remains is the sum of the first and the
fourth terms:

é-aeBé-(S + 5668511.
Now we can transform both terms so as to put the factor 6 in front; this will give
faeBgﬁ +€5935a — web’ga&-& +w03§5£a =0 (235)

because of the anti-symmetry of the product between the two £’s.

This completes the construction of the Z3 x Z,-graded extension of Grassman
algebra.

The existence of two cubic roots of unity, j and j2, suggests that one can extend the
above algebraic construction by introducing a set of conjugate generators, denoted
for convenience with a bar and with dotted indices, satisfying conjugate ternary
constitutive relation (2.20). The unifying condition of vanishing of the sum of all
permutations (algebra of Ap-type) will be automatically satisfied.
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But now we have to extend this condition to the triple products of the type 04050
and 04080C. This will be achieved if we impose the obvious condition, similar to
the one proposed already for binary combinations £6:

0405 = j9Bor, (2o = j2 9498 (2.36)

The proof of the validity of the condition (2.31) for the above combinations is exactly
the same as for the triple products £*0%¢7 and #4£295.
We have also to impose commutation relations on the mixed products of the type

g(yél'? Eﬁ and 9‘3539‘0"

It is easy to see that like in the former case, it is enough to impose the commutation
rule similar to the former one with ’s, namely

€298 = j? gB¢e (2.37)

Although we could stop at this point the extension of our algebra, for the sake of
symmetry it seems useful to introduce the new set of conjugate variables £ of the
Z,-graded type. We shall suppose that they anti-commute, like the £*’s, and not only
between themselves, but also with their conjugates, which means that we assume

§080 = _gUE,  godh = —ghee. (2.38)

This ensures that the condition (2.31) will be satisfied by any ternary combination
of the Z,-graded generators, including the mixed ones like

EeE or .

The dimensions of classical Grassmann algebras with n generators are well known:
they are equal to 2", with subspaces spanned by the products of k generators having
the dimension C}; = n!/(n — k)'k!. With 2n anticommuting generators, {* and v
we shall have the dimension of the corresponding Grassmann algebra equal to 2%".

It is also quite easy to determine the dimension of the Z3-graded generalizations
of Grassmann algebras constructed above (see, e.g. in [1, 10, 11]). The Z3-graded
algebra with N generators #* has the total dimension N + N? + (N° — N)/3 =
(N3 4+ N? +2N)/3. The conjugate algebra, with the same number of generators, has
the identical dimension. However, the dimension of the extended algebra unifying
both these algebras is not equal to the square of the dimension of one of them
because of the extra conditions on the mixed products between the generators and
their conjugates, #4605 = 954,
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2.4 Two Distinct Gradings: 73 x 7, Versus Zg

In the previous section we combined a Grassmann algebra and a ternary Grassmann
algebra into a single algebra called the ternary extension of Grassmann algebra. But
a ternary Grassmann algebra can be endowed with the Z3 grading and a Grassmann
algebra with the Z, grading. In this section we show that these gradings can be
combined into a single Z4 grading of ternary extension of Grassmann algebra.

The Z,-grading of ordinary (binary) algebras is well known and widely studied
and applied (e.g. in the super-symmetric field theories in Physics). The Grassmann
algebra is perhaps the oldest and the best known example of a Z,-graded structure.
Other gradings are much less popular. The Z3-grading was introduced and studied in
the paper [9]; the Zy grading was discussed in [4]. An approach to ternary Clifford
algebra based on ternary triples and a successive process of ternary Galois extensions
is proposed in [18].

In the case of ternary algebras of type A or A,, the grade 1 is attributed to the
generators #* and the grade 2 to the conjugate generators 6. Consequently, their
products acquire the grade which is the sum of grades of the factors modulo 3.
When we consider an algebra including a ternary Z3-graded subalgebra and a binary
Z,-graded one, we can quite naturally introduce a combination of the two gradings
considered as a pair of two numbers, say (a, A), with a = 0, 1, 2 representing the
Z3-grade, and A = 0, 1 representing the Z, grade, A = 0, 1. The first grades add up
modulo 3, the second grades add up modulo 2. The six possible combined grades
are then

©0,0, (1,00, 2,00, (O, 1, (1,1) and (2,1). (2.39)

To add up two of the combined grades amounts to adding up their first entries modulo
3, and their second entries modulo 2. Thus, we have

2,H+1,1)=(@3,2)=(0,0), or (2,1)+(,0)=(@3,1)~=(0,1), and so forth.

It is well known that the cartesian product of two cyclic groups Zy x Z,, N and
n being two prime numbers, is the cyclic group Zy, corresponding to the prod-
uct of those prime numbers. This means that there is an isomorphism between the
cyclic group Zs, generated by the sixth primitive root of unity, ¢® = 1, satisfying the
equation

4+ +¢+4q" +¢ +4¢°=0.

This group can be represented on the complex plane, with g = e’ as shown on the
diagram (Fig.2.1):

The elements of the group Zg represented by complex numbers multiply modulo
6,e.2.q* - q° = q° ~ ¢, etc. The six elements of Z4 can be put in the one-to-one
correspondence with the pairs defining six elements of Z3 x Z, according to the
following scheme:
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2
Z

q' T 4 5

Fig. 2.1 Representation of the cyclic group Zg in the complex plane with three colors and three
“anti-colors” attributed to even and odd powers of g, accordingly with colors attributed in quantum
chromodynamics to quarks and to anti-quarks

0,0~¢"=1, @, 1) ~gq, (1,00~g% O, Dxqg> 2,0xq* (1,1)xq. (2.40)

The same result can be obtained directly using the representations of Z3 and Z, in
the complex plane. Taken separately, each of these cyclic groups is generated by one
non-trivial element, the third root of unity j = e for Zzand —1 = ¢™ for Z,. It is
enough to multiply these complex numbers and take their different powers in order
to get all the six elements of the cyclic group Z¢. One easily identifies then

The colors attributed to the powers of the complex generator g can be used to modelize
the exclusion principle used in Quantum Chromodynamics, where exclusively the
“white” combinations of three quarks and three anti-quarks, as well as the “white”
quark-anti-quark pairs are declared observable. Replacing the word “white” by 0,
we see that there are rwo vanishing linear combinations of three powers of ¢, and
three pairs of powers of ¢ that are also equal to zero. Indeed, we have:

At +q®=j+j24+1=0, and g+¢°+¢°=—j>—1—j =0, (241)

as well as
a+4¢*=0. ¢’+4¢°=0, ¢ +¢°=0. (2.42)

The Z¢-grading should unite both Z, and Z3 gradings, reproducing their essential
properties. Obviously, the Z3 subgroup is formed by the elements 1, ¢ and g*, while
the Z, subgroup is formed by the elements 1 and ¢g*> = —1. In what follows, we shall
see that the associativity imposes many restrictions which can be postponed in the
case of non-associative ternary structures.
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The natural choice for the Z3-graded algebra with cubic relations was to attribute
the grade 1 to the generators 0%, and grade 2 to their conjugates 6. All other expres-
sions formed by products and powers of those got the well defined grade, the sum
of the grades of factors modulo 3. In a simple Cartesian product of two algebras, a
Z3-graded with a Z,-graded one, the generators of the latter will be given grade 1,
and their products will get automatically the grade which is the sum of the grades
of factors modulo 2, which means that the all products and powers of generators £
will acquire grade 1 or 0 according to the number and character of factors involved.
The mixed products of the type #4¢7, £°986€, etc. can be given the double Z3 x Z,
grade according to (2.39). According to the isomorphism defined by (2.40), this is
equivalent to a Zg-grading of the product algebra.

As long as the algebra is supposed to be homogeneous in the sense that all the
constitutive relations contain exclusively terms of one and the same type, like in the
extension of Grassmann algebra discussed above, the supposed associativity does
not impose any particular restrictions. However, this is not the case if we consider
the possibility of non-homogeneous constitutive equations, including terms of dif-
ferent nature, but with the same Zg-grade. The grading defined by (2.40) suggests
a possibility of extending the constitutive relations by comparing terms of the type
64680C, whose Zg-grade is 3, to the generators £ having the same Z4-grade. This
will lead to the following constitutive relations:

QAHBHC — pABCa g()/ and e_Ae_BéC — p—ABCu e (243)
with the coefficients (structure constants) pA8€  and 45, displaying obvious sym-
metry properties mimicking the properties of ternary products of f-generators with
respect to cyclic permutations:

pABCa — ] PBCAa — j2 pCABa and IEABC(Zy — j2 ﬁBCA(}g — ] _CABd' (244)

If all products are supposed to be associative, then we see immediately that the
products between 6 and £ generators, as well as those between 6 and & generators
must vanish identically, because of the vanishing of quadric products #6066 = 0 and

06060 = 0. This means that we must set

94 % =0, €797 =0, aswellas 0°&% =0, €498 =o. (2.45)
But now we want to unite the two gradings into a unique common one. Let us
start by defining a ternary product of generators, not necessarily derived from an
ordinary associative algebra. We shall just suppose the existence of ternary product
of generators, displaying the j-skew symmetry property:

{64,605, 6°) = j{6%, 6, 0%} = j>(6°, 6%, 0P). (2.46)

and similarly, for the conjugate generators,
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(0%,6%,6°) = j2 (0,0, 0%) = j 0°, 0%, 0%). (247)

Let us attribute the Z¢-grade 1 to the generators 64. Then it is logical to attribute the
Z grade 5 to the conjugate generators A%, so that mixed products 6468 would be of
Z¢ grade 0. Ternary products (2.46) are of grade 3, and ternary products of conjugate
generators (2.47) are also of grade 3, because 5 + 5 + 5 = 15, and 15 modulo 6 = 3.
But we have also g3 = —1, which is the generator of the Z,-subalgebra of Zs.
Therefore we should attribute the Z¢-grade 3 to both kinds of the anti-commuting
variables, £* and £, because we can write their constitutive relations using the root
q as follows:

€60 =~ = P g0, B = PR =P PR, 0P =P =P e,
. (248
On the other hand, the expressions containing products of 6 with £ and 8 with &:

04¢% and 0_356.

The first expression has the Zg-grade 1 + 3 = 4, and the second product has the
Zs-grade 5 + 3 = 8 modulo 6 = 2. Other products endowed with the same grade in
our associative Z¢-grade algebra are 04 9% (grade 4, because 5 + 5 = 10 modulo, 6
=4, and 646® of grade 2, because 1 + 1 = 2).
This suggests that the following non-homogeneous constitutive relations can be
proposed: o . ‘
0AEt = fA%; 090°, and 04¢ = fA, 0967, (2.49)

where the coefficients should display the symmetry properties contravariant to those
of the generators themselves, which means that we should have

fAdC'D =j’ fdAC'D and fA% ) =j f%p (2.50)

2.5 First Order Differential Calculus Over 7, and 73
Skew-Symmetric Algebras

Given an algebra generated by a finite number of generators, which are subjected
to relations, one can develop a first order differential calculus over this algebra. Our
aim in this section is to develop a first order differential calculus over Z, and Z3
skew-symmetric algebras. We will use a coordinate first order differential calculus
proposed in [3].

Let us briefly remind a notion of a coordinate first order differential calculus over
an algebra. A first order differential calculus over an algebra o7 is atriple (&7, 4, d),
where &7 is a unital associative algebra, .# is «/-bimodule and d : & — # is
a differential, i.e. linear mapping satisfying Leibniz rule. Let us denote by .#



28 V. Abramov et al.

the right o/-module of .. If algebra o7 is generated by a finite set of variables
x' x2, ..., x" which obey relations f“(x X2 ..., =0, a=1,2,...m and
My 1s freely generated by dx', dx?, ..., dx", then a first order differential calculus
(o, M ,d) is called a coordinate first order differential calculus over .27 In this case
one can introduce partial derivatives with respect to generators x', x2, ..., x" by
means of df = dx* % and prove that partial derivatives satisfy the twisted Leibniz

rule
af

(fg) o e+ APHE . fgew (2.51)

Ox k ’
where a homomorphism A : & — Mat, (<) from an algebra </ to the algebra of
square matrices of order n over < is defined by f dx* = dx™ Ak (f).

Assume that we have a first order differential calculus over an algebra generated
by variables x!, x2, ..., x" which are subjected to relations f(x', x2 x") =
0, where « =1,2,...m and f“(x ,xZ, ..., x") are homogeneous polynomlals of
variables x!, x2, x". Then differentiating the both sides of relations with the help
of a differential d, we get a consistency conditions of algebra relations with a first
order differential calculus. Hence df“ = 0, and applying the definition of partial
derivatives we can write the consistency condition as follows

=0, k=1,2,....,n, a=1,2,...,m. (2.52)

Let .2/ be a unital associative algebra over C generated by x!, x2, ..., x". For

any triple of integers i, j, k, where 1 <i < j < k < n, we denote the symmetric
polynomial of the third degree by

f(ijk)(x) — Z xixdxk, (2.53)
N

where at the right-hand side of the above formula we mean the sum of products

generated by all permutations of i, j, k in x'x/x*, i.e

E xixdxk = xixdxk 4 xIxFxt 4+ xFxixd + xfxixt 4 xix xR+ x xR
S3

By analogy with the binary anti-commutator {a, b} =a-b+ b -a it is useful in
ternary case to introduce a notion of ternary anti-commutator, but in this case for a
structure of ternary anti-commutator we have a choice between the whole group S3
of all permutations and its subgroup Z3 of cyclic permutations. Hence it is useful to
introduce two ternary anti-commutators
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{xi, x/, xk}s3 = Z xixjxk, (2.54)
S3

{xi, x/, xk}23 = Z xixlx* = xixdxF + 2 xFxt + xFaixd, (2.55)
Z3

Making use of these notations we can write
- .
FUP@) = (a2 s,

Obviously the polynomial f@* (x) is invariant under any permutation of integers

i, j, k. An algebra <7, whose generators xbox2 . & obey the relations

j'(ijk)(x) = Z xixdxk = xixdxk +xjxkxi +xkxixj +xkxjxi +xjxixk +xixkxj =0,
83

(2.56)
will be referred to as a 3-Grassmann algebra. Now our aim is to construct a coordinate
first order differential calculus (<7, .#, d) over 3-Grassmann algebra <7 . To this end,
we assume that a differential d maps each generator x' to its differential dx’, the
right 7 -module .#y is freely generated by the differentials dx', dx?, ..., dx" and
for any element f € </ we have fdx' = dx/ A'(f), where A, are the entries of
a matrix of homomorphism of algebras A : &/ — Mat, (). Making use of twisted
Leibniz rule for partial derivatives we compute

 fi o o o

T = Dot Y A+ ) A X, (2.57)
S3 S3 S3

It is worth to mention that A : &/ — Mat, (<) is a homomorphism of algebras and

the last term of the right-hand side of the above formula can be written as

Al(xd xFy = AP (D) AL (x5,

where at the right-hand side we take a sum over m. Hence the entries of matrix of a
homomorphism A of first order differential calculus over 3-Grassmann algebra must
satisfy the condition

Z ol xd xk 4 Z Al(x7) x4 Z Al(x/ x¥y = 0. (2.58)
S3 S3 S3

In this section we will consider first order noncommutative differential calculuses
over algebras, which are particular cases of 3-Grassmann algebra. Firstly we will
assume that for any pair of integers i, j there is a homogeneous polynomial g/ (x)
of second degree of generators x', x2, ..., x" such that

FUP@) = NG g @) a® () + iy b0 () g7 (), (2.59)

Irs Irs
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where a® (x), b (x) are linear polynomials of generators and A%, uﬂf are complex
numbers. If for any pair of integers i, j we impose the condition g@)(x) =0 on
generators of algebra, we get a particular case of 3-Grassmann algebra because from
(2.59) it follows directly that f/* (x) = 0. Obviously in this case we get an algebra
with quadratic relations because polynomials g/ (x) are of second degree. A first
order differential calculus over an algebra with quadratic relations g@’ (x) = 0 must
satisfy the conditions

) g ()] (x)

— =0, 2.60

which give the equations for the entries Az. of a matrix of homomorphism A, when
we know an exact form of polynomials g/’ (x). Differentiating (2.59) we get

A f R (x) ijk g (x) ) ) 9a® (x)
Oxm = )\lrs( 8x_’" a”(x)+ Ay (g7 (%) W)
.. ab(l)(_x) . ag(rs)(x)
ijk R AN (7)) P )
tirs (o 870 + AL () =)

The quadratic relations of algebra g/ (x) = 0 implies A(g*’(x)) = 0, and together
with (2.60) it shows that the right-hand side of the above formula vanishes, which
means that calculus of partial derivatives over an algebra with quadratic relations
g (x) = 0 is consistent with a calculus of partial derivatives over a 3-Grassmann
algebra.

Secondly we will consider a particular case of 3-Grassmann algebra, where for
any triple of integers i, j, k there is a homogeneous polynomial g® (x) of third
degree of generators x', x2, ..., x" such that the basic polynomial of 3-Grassmann
algebra f@"® (x) can be represented as

f(ijk)(x) — Z g(i.fk)(x). (2.61)
S3

Then requiring g@/%)(x) = 0 (and assuming no quadratic relations between genera-
tors) we get a particular case of 3-Grassmann algebra whose generators are subjected
to cubic relations. Then 929 x)
g X
P 0, (2.62)
will yield equations for the entries A; of a homomorphism A, and, similarly to the
case of quadratic relations, guarantee a consistency of calculus of partial derivatives
over an algebra with cubic relations with a calculus of partial derivatives over a
3-Grassmann algebra.
Now we consider three particular cases of 3-Grassmann algebra and develop a
first order differential calculus over these algebras. We begin with a case of quadratic
relations. Let us denote the generators of algebra in the first case by &1, €2, ..., ",
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For any pair of integers i, j let
g©) =¢¢ +¢¢.

Obviously each polynomial is homogeneous second degree polynomial symmetric
with respect to permutations of superscripts g/ (&) = gU? (€). Next it is easy to see
that this is particular case of (2.59) because

FUPE© =) €.
Z3

Consequently if we require g (¢) = ¢/ + ¢/¢' = 0 then we get a particular case
of 3-Grassmann algebra, which is well known under the name of Grassmann algebra.
The Eq. (2.60), where unknowns are the entries A; of matrix of a homomorphism A,
takes on the form ‘ _

ALED) + AE) = —0L ¢l — ol €' (2.63)

It should be mentioned that (2.63) together with g/ (¢) = 0 implies (2.58). Indeed
the first sum can be written as

dYoggd =) "5eM© =0,
S3 Z3
the second by means of (2.63) can be put into the form

Yo AEHE == 6 g"M© =0,

S3 Z3

and finally the third sum is

YA =) AP =o.

S3 VA

It is natural for first order noncommutative differential calculus to seek a solution of
this equation in the form A% (£/) = p ! &/, where p is a complex number. Substitut-
ing this into the above equation we get immediately p = —1. This solution induces a
well known calculus of partial derivatives over a Grassmann algebra, where a deriva-
tive of a monomial £1¢%2 .. % (1 <ij <iy < --- < iy <n) can be calculated by
means of the formula

0

57 €€ € = D Ty e

and hat over a generator £'» means that this generator is omitted.
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In order to describe a next particular case of 3-Grassmann algebra with quadratic
relations we denote generators of algebra by n', 7%, ..., n". Let j be a primitive 3rd
order root of unity. We define homogeneous second degree polynomials by

gV =un —jn'n, i< (2.64)
§Pm = — i iy, Q> (2.65)

Then for any triple of integers 1 <i < j < k < n we have

IO =’ s, = g P+t g+ gy’ + 0’ g,

(2.66)

i.e. this is a particular case of (2.59), where

Nty = 61 6] 6\ + 6] 67 61, piy, = 6f 6] 6+ 6] 5 6,.

Let us mention that the polynomials (2.64), (2.65) do not solve the basic relation of

3-Grassmann algebra (2.56) in the particular case of i = j = k (if two of them are

equal, for instant i = j < k, then the group of all permutations S3 reduces to the

group of cyclic permutations Z3 and the basic relation (2.56) is satisfied). Hence for

every generator 77’ we have to add an additional relation (1')® = 0 which guaran-

tees that (2.56) holds for any combination of generators. An algebra generated by

771, 7)2, ..., n" with the relations

g =0, = 9y =jnin', (i <j). ) =0, (2.67)

is a generalized Grassmann algebra at cubic root of unity. Our aim is to show that
applying previously developed method of differential calculus over an algebra with
relations we can construct a differential calculus over a generalized Grassmann alge-
bra. We will do this in a most general form considering a generalized Grassmann
algebra generated by n', n, ..., ", which obey the relations

n'n =qnin, G <j), @)Y =0, (2.68)

where ¢ is a primitive Nth root of unity. First the entries of the matrix of a homo-
morphism of first order differential calculus over a generalized Grassmann algebra
are given by

Al =0 #h), Al =qx' (<)), Al)=q"x" (i >)). (269
Differentiating the left-hand side of the relation (') = 0, applying the Leibniz rule
and the definition of a homomorphism A we get

N-1 N-1

d ()Y =) oy dy @)Y= dn AL ()M

k=0 k=0
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Substituting this into d(n')Y = 0 we get for any integer m the equation

=

-1

AL (Y (HN T =0, (2.70)
0

~
Il

which becomes an identity
A t+g+q*+-+q")a0)"™" =0,

if we extend the solution for first order differential calculus (2.69) to equal values of
superscripts by

ALy = q 8in'. 2.71)

2.6 Graded Partial Derivatives

Analogously to the case of Grassmann algebra the solution (2.69) yields the calculus
of partial derivatives over a generalized Grassmann algebra, where a partial deriva-

tive of any monomial (/)% (n2)k ... (nim)*, 1 <iy <iy <--- < i, <n canby
calculated with the help of the formula

0 . . . m i . 4 4 i 4
87]_/‘ ((T]ll )kl (T)lz)kz N )km) - Z qlkrl[kr]q 5jr U )kl (7112)k2 N )k,- o (nlm)km 7
r=1

where [kr]q =(1 +q+---+ qk"_l), k| =k +hka+ -+ k.

Next we consider an algebra with cubic commutation relations. The generators of
this algebra we will denote by 6, #%, ..., 9" and for a superscript of a generator we
will use capital letters A, B, C, . ... For any triple of integers A, B, C letus introduce
the polynomials

g“BO ) = 02020 — j 6BC0A, (2.72)

where j is a primitive cubic root of unity. These polynomials have the property

> g0 = —j) Y 00”6 (2.73)

Z3 ZS
From this we directly get
1
FABO) (g) — ZQAHBGC = - .(Zg(ABC)(H) + Zg(CBA)(e)).
—J
S3 Z3 Z3

If for any triple of integers A, B, C we impose the cubic relations g8 (0) =0
then the previous relation implies 42 (9) = 0, and we conclude that our algebra
is a particular case of 3-Grassmann algebra. This algebra will be denoted by ¢, and
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it will be referred to as a 3-Grassmann algebra with cyclic commutation relations.
The explicit form of commutation relations of this algebra is

64680¢ = j 920 0". (2.74)
We remind that it can be proved by means of cyclic commutation relations of alge-

bra that any product of four (or more than four) generators vanishes. Hence a 3-
Grassmann algebra with cyclic commutation relations is spanned by the monomials

1, 64, 040®, (2.75)
04(0%)2, (0M%0% (A < B), (2.76)
64680, 60264 (A < B < O). 2.77)

Now our aim is to construct a first order differential calculus over this algebra.
To this end, we introduce the differentials of generators do*, A=1,2,...,N and
a bimodule 9T over a 3-Grassmann algebra with cyclic commutation relations. We
define 901 as a vector space spanned by all products f(#) d6° h(#), where f(8), h(6)
are two monomials from the set of linear independent monomials (2.75)—(2.77).
Obviously 97t can be considered as the bimodule over ¢. Next we define a differential
d:9 — Mbyd(1) =0,d(H*) = df* and extend it to any monomial with the help
of Leibniz rule.

A differential calculus (¢, 9, d) must be consistent with the cyclic commutation
relations (2.74). Differentiating these relations we get the consistency conditions

do* (026 + 04d6®0° + (940%)do”
= j doB0°0%) + j 62d0°0* + j (920°) do™. (2.78)
Assume that we wish to solve it by analogy with a differential calculus over an
algebra with quadratic relations supposing relations between generators and their

differentials
04 do® = doc ¢B(6™),

where ¢g (6%) are unknown entries of a matrix of homomorphism. Then the consis-
tency condition (2.78) takes on the form

5p0B0C — j o OP0%) + o800 — j 68001 + 65 (040%) — j 65 (0F )04 = 0.

A structure of differential calculus suggests that a general form for solution of this
equation should be ¢ (9%) = A28 0P, where AA% are complex numbers. Substituting
this into consistency condition we get the equation for unknowns A\A2

5p0B0C — j ARPADLOROK + AEROPOC — j 6F0C0N + ARPAGR 610K — j ACE0P 04 = 0.

If we could solve this equation, this would mean that there are quadratic relations
between generators of 3-Grassmann algebra with cyclic relations, but it is worth
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to remind that in order to construct a 3-Grassmann algebra with cyclic relations we
proceed from the assumption that there are no quadratic relations between generators
64. Thus in a case of differential calculus over 3-Grassmann algebra with cyclic
relations we have to use an approach different from the one used in a case of algebra
with quadratic relations.

The consistency condition (2.78) suggests that we have to assume ternary relations
between generators and their differentials analogous to the cyclic relations of algebra.
Indeed we can solve the consistency condition (2.78) by assuming the following
relations between the generators and their differentials

0468)doc = j2 do° (070®), (2.79)
04 doB 0¢ = j do® (6€61). (2.80)

We see that these relations are very similar to the cyclic relations of generators.
Shortly for any ternary product of two generators and one differential of generator
any cyclic permutation of the factors in this product is accompanied by appearance of
the coefficient j. From this it immediately follows that any product of three generators
and one differential of generator vanishes. This can be proved in the same way as in
the case of generators. This is consistent with the structure of 3-Grassmann algebra
with cyclic relations because the only way to get a product of three generators and
one differential of generator by means of d is to apply a differential d to a product
of four generators, but any such product is zero.

Taking all this into account we conclude that the vector space of bimodule ) is
spanned by the products

dot,
dot 0B, 04 do®,
do™ 08 0€, 0% do® €, 0465 d6°,

where there are no relations between binary products 404 08, 04 d9®, and ternary
products obey cyclic type relations (2.79), (2.80), which allow to choose a basis
for the vector space spanned by ternary products. It is important here that unlike a
coordinate differential calculus over an algebra with quadratic relations, in the case
of 3-Grassmann algebra with cyclic relations the right ¢-module of bimodule 9t
is not freely generated by differentials of generators. Hence the approach, which is
based on the assumption of freely generated right ¢-module, is not applicable in
the case of a 3-Grassmann algebra with cyclic commutation relations. But we can
slightly modify it in order to have partial derivatives over a 3-Grassmann algebra
with cyclic relations. Let f be an element of an algebra &. We say that the right (left)
partial derivatives of this element are defined if there exists an element g € ¢ such
that

df -g=d0% -Rx(f,g) (g-df = Rk (f.g)-db"), (2.81)
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where Rk (f, g) € 4. Then a right (left) partial derivative of an element f is defined

by
El 9
_ ok 9 _ Y9 K
df =do" =% (f) (df— gk ) 40 )
and it is given by the implicit equation
3 =R 3 =R 2.82
(%TK(f)'g— k(f.8) g'(%TK(f)— k(f,8)]- (2.82)

Particularly if g is invertible then one can solve the above equation by multiplying
both sides by g~ and get a derivative in an explicit form. Now we apply this
definition to the monomials (2.75)—(2.77) which form the basis for the vector space
of 4. Obviously

0 0
—_— = —_— A = A
e (D=0, = (0%) =67,

and the same for left partial derivatives. Next we consider a binary product §46%.
According to a peculiar property of 3-Grassmann algebra with cyclic relations, there
are no relations between generators and their differentials, thus one can not write the
differential of a binary product of two generators d(6408) = d6* - 68 + 04 . do®
in the form d0X - gx, gx € 4. But we can apply the above definition for partial
derivatives taking g = 0€, and, making use of cyclic relations (2.79), (2.80), we
obtain

d626%) .0 = do* - 086C + 01 . do® . 9¢ = do* - 686 + j d6B - 9C 6
=dok - (53 080° + j oF 0°0).
From (2.81) it follows that Rx (f, g) = 0% 686€ + j 68 6€64. Consequently the

right partial derivatives of any binary product of generators §46? are defined, and
they are given by the implicit equation

el
87K(eAeB) 0¢ =0 00 + j op 60, (2.83)

Analogously we find the left partial derivatives for binary products of generators

%
) .
0¢ 87,((49/*03) =68 007 + j2 54 0P0°. (2.84)
Thus - 3
6¢ i(af‘@f’) = j2 ——(0"0%) 6°. (2.85)

06k 06k
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Next we consider ternary products of generators. In this case we can take g = 1, and
this means that we will obtain the partial derivatives (right and left) in an explicit
form. Indeed

d(04080) = do* - 0P6€ + 04 . do® . 0 + 0268 . 4o
do - 080¢ + j doB . 9°04 + j% do° - 940°

= do%-(530%0° + j 620°0" + j* 55040P). (2.86)
Hence
K]
aTK(eAaBec) = 52080 + j 6500 + j* 60405, (2.87)
and analogously
(_
0% (eAeBec) =0C0%0% + j2 68007 + j 646806C. (2.88)

Similarly to (2.85) in this case we have

<— —>

(aAaBec Y= (9/‘9300 ). (2.89)

00K RI3

As in the case of Grassmann algebra and generalized Grassmann algebra, we see that
our calculus of partial derivatives is consistent with cyclic commutation relations of
a 3-Grassmann algebra. Indeed (2.87) and (2.88) show that in order to compute a
partial derivative of a triple product we put each generator of this product by means
of cyclic relations to the first position and then replace it with the corresponding
Kronecker symbol.

The relation (2.83) can be interpreted as an analog of j-twisted Leibniz rule for
right partial derivatives of binary product of generators. Indeed we can write it as

follows
3 K]

5% (0107 0° = =22 (067 6+ j 6° 6" =2 (0°), (2.90)

00k

We would like to point out an essential and active role of a generator € in differ-
entiation with respect to #X. Clearly #€ can not be removed from this analog of
Jj-twisted Leibniz rule because the second term in (2.90) is obtained not only by car-
rying a partial derivative (with respect to #X) through a generator 4 (accompanied
by appearance of ;) but also by moving a generator #€ from the last position to the
first. In order to stress this peculiar property of j-twisted Leibniz rule (2.90) we write
it in the form

—> —> —>

50 (9A93)0C (9*‘)939C+1 04— (93)90+1 SE16°,0%),  (291)

00K 06k
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where [0€, 4] = € 64 — 64 6€. The formula (2.91) clearly shows that an origin of
the peculiar form of Leibniz rule (which is not only j-twisted, but also involves in
non-trivial way in the orbit of its action a generator ) lies in our assumption about
absence of relations between binary products of generators.

Now making use of (2.83) we can write the formula for right partial derivative of
triple product (2.87) in a form of j2-twisted Leibniz rule

z 04020 = z 040%) 6¢ + j* 9/*9'3z 0%).

% ¢ )= gr 00" 0 + 5 @)

Itis worth to mention that there is no analog of Leibniz rule for right partial derivative
of a triple product #4086C if we split it into two parts as 84 and §20C. In this case
we have to use left partial derivatives. Indeed (2.84) and (2.88) give

<~ <~ <~

&%(GAHBQC) =04 80%(939% +j 8%((9*‘)9390.

2.7 Invariance Groups of 7, and 73 Skew-Symmetric
Algebras

Before discussing the merger of a Z,-graded algebra with a Z3-graded algebra, let
us explore the invariance properties of each type separately. First, let us ask what
kind of linear transformations preserves the ordinary Grassmann algebra spanned by
anti-commuting generators £ (o = 1,2, ...n). Any linearly independent n com-
binations of anti-commuting variables £“ will span another anti-commuting basis:

indeed, if 77“/ = ngﬂ, and take on purely numerical values, i.e. do commute with
all other generators, then we can write

’

nn’ =53 er S0 = 5 57 ved = —8o Y e = —sY 05y ¢ = P (2.92)

Let us consider the simplest case of a Z,-graded algebra spanned by two generators
&%, a, f =1, 2. The anti-commutation property can be encoded in the invariant 2-
form €,3. We can obviously write

€apEPEP = £5aP¢" = —£5a8¢P,
from which we conclude that €,53 = —€3,. We can choose the basis in which
en=0, €2=0, ep=—ey=1
After a change of basis, & CREN S;;/{ f = 77“/ the 2-form ¢4, as any tensor, also under-

goes the inverse transformation:
5285 Caps
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with S9, the inverse matrix of the matrix Sg . Whatever non-singular linear trans-

formation S ; is chosen, the new components €,/g remain anti-symmetric, but they
have not necessarily the same values as those of £,3 However, if we require that also
in new basis

err =0, ey =0, erp=-exr=1,

then it is easy to show that this imposes extra condition on the 2 x 2 matrix S,
namely that det § = 1. This defines the SL(2, C) group as the group of invariance
of the subalgebra spanned by two anti-commuting generators £, o, 3, ... =1, 2.

Now let us turn to the invariance properties of the ternary subalgebra spanned by
two generators 0!, 2, satisfying homogeneous cubic j-anticommutation relations
64080 = j 93 9C9A and their conjugate counterparts §', 6> satisfying homoge-
neous cubic j2 anti-commutation relations #A989¢ = j2 §BHCHA.

We shall also impose binary constitutive relations between the generators 64 and
their conjugate counterparts #”, making the choice consistent with the introduced
Z¢-grading . . . .

0408 = —j 0807, 0804 = — ;% 0465,

Consider a tri-linear form p¢ 5. We shall call this form Z3-invariant if we can
write:

1
Pipc 01070¢ = 3 [ Pinc 04070 + phe, 070°0" + pi ap QCHAHB} =

1
=3 [prC 02080C + phea (2 040P0°) + p2ap i (9/*9390)}, (2.93)

by virtue of the commutation relations (2.19).
From this it follows that we should have

(6% 1 (e% . (6% .
Pagc 01076 = 3 |:/0ABC + % Pheati pCABi| 040°6¢, (2.94)
from which we get the following properties of the p-cubic matrices:
Pasc =% Phca = J Pean- (2.95)

Even in this minimal and discrete case, there are covariant and contravariant
indices: the lower and the upper indices display the inverse transformation property.
If a given cyclic permutation is represented by a multiplication by j for the upper
indices, the same permutation performed on the lower indices is represented by
multiplication by the inverse, i.e. j2, so that they compensate each other.

Similar reasoning leads to the definition of the conjugate forms [)‘é 34 satisfying

the relations similar to (2.95) with j replaced be its conjugate, j*:
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Pabe = J Pyea =J° Peai (2.96)

In the simplest case of two generators, the j-skew-invariant forms have only two
independent components:

1 .1 2

P21 = J Po11 = J Pri2>
2 ) 2 2

P2 = J P12 = J P21»

and we can set
S BN I SN I
Pzt =L P =1J P2 =1J,

2 2 ) .
P =1, pin=1J% pn =J.

The constitutive cubic relations between the generators of the Z3 graded algebra
can be considered as intrinsic if they are conserved after linear transformations with
commuting (pure number) coefficients, i.e. if they are independent of the choice of
the basis.

Let U j,‘/ denote a non-singular N x N matrix, transforming the generators 6
into another set of generators, #% = U H "@®. In principle, the generators of the Z,-
graded subalgebra £* may or may not undergo a change of basis. Uniting the two
subalgebras in one Z¢-graded algebra suggests that a change of basis should concern
all generators at once, both £€* and 4, This means that under the simultaneous change
of basis,

s =8l 94 5 68 =UP oA, (2.97)

It seems natural to identify the upper indices «, § appearing in the p-tensors with
the indices appearing in the generators £“ of the Z,-graded subalgebra. Therefore,
we are looking for the solution of the simultaneous invariance condition for the £,
and p¢ - tensors:

Ewp =SSy €an S§ Pape = UL UE UE ppcr, (2.98)

so that in new basis the numerical values of both tensors remain the same as before,
just like the components of the Minkowskian space-time metric tensor g,, remain
unchanged under the Lorentz transformations. Notice that in the last formula above,
(2.98), the matrix S(‘j/ is the inverse matrix for S7, appearing in the transformation of
the basis ¢7.

Now, p}z | = 1, and we have two equations corresponding to the choice of values
of the index o/ equal to 1 or 2. For o/ = 1’ the p-matrix on the right-hand side is
P4 gc» Which has only three components,

o v _ 2 o
Py =1 pyyy =75 P =Js
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which leads to the following equation:
si=vl'vdul +j2viv)ul +jul v ol =u) w3l vt o)y, (299)

because j2 + j = —1. For the alternative choice o’ = 2’ the p-matrix on the right-
hand side is p? ., whose three non-vanishing components are

2’ 2 ) 2 .
Prvy =1 proy =J% Pyyy =]
The corresponding equation becomes now:
St =UF U3 UF + 700 U3 U + Ut U Ul = 0F @3 UF -0l ug), (2.100)

The two remaining equations are obtained in a similar manner. We choose now the
three lower indices on the left-hand side equal to another independent combination,
(212). Then the p-matrix on the left hand side must be p?> whose component p3, is
equal to 1. This leads to the following equation when o/ = 1":

sS=uvyv¥uy +j2viul oy +julul vy =u) Wi ul —ul'ud),  (2.101)
and the fourth equation corresponding to o/ = 2’ is:
ST =viulv} +Puf vty +jviviu) =ud wl'uy —uvtul).  (2.102)

The determinant of the 2 x 2 complex matrix U 1?/ appears everywhere on the right-
hand side
5% = U} [det(U)]. (2.103)

The remaining two equations are obtained in a similar manner, resulting in the fol-
lowing:
S, ==U, [det(U)], S5 =U; [det(U)]. (2.104)

The determinant of the 2 x 2 complex matrix U Q/ appears everywhere on the right-
hand side. Taking the determinant of the matrix S‘} one gets immediately

det (S) = [det (U)]*. (2.105)

However, the U -matrices on the right-hand side are defined only up to the phase,
which due to the cubic character of the covariance relations (2.99)—(2.104), and they
can take on three different values: 1, j or j2, i.e. the matrices j U5 or j2 U4 satisfy
the same relations as the matrices U 1?/ defined above. The determinant of U can take
on the values 1, j or j2 if det(S) = 1.

Another reason to impose the unitarity condition is as follows. It can be derived
if we require the same behavior for the duals, p2£. This extra condition amounts
to the invariance of the anti-symmetric tensor 42, and this is possible only if the
determinant of U-matrices is 1 (or j or j?), because only cubic combinations of these
matrices appear in the transformation law for p-forms.
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We have determined the invariance group for the simultaneous change of the basis
in our Zg-graded algebra. However, these transformations based on the SL(2, C)
groups combined with complex representation of the Z3 cyclic group keep invariant
the binary constitutive relations between the Z,-graded generators £ and the ternary
constitutive relations between the Z3-graded generators alone, without mentioning
their conjugates £* and 65 .

Let us put aside for the moment the conjugate Z,-graded variables, and concen-
trate our attention on the conjugate Z3-graded generators 64 and their commutation
relations with % generators, which we shall modify as:

A similar covariance requirement can be formulated with respect to the set of
2-forms mapping the quadratic §* 6% combinations into a four-dimensional linear
real space.

It is easy to see, by counting the independent combinations of dotted and undot-
ted indices, that the symmetry (2.106) imposed on these expressions reduces their
number to four: (1 i), (1, 2), 2 i), 2, 2), the conjugate combinations of the type
(A B) being dependent on the first four because of the imposed symmetry properties.

Let us define two quadratic forms, 7/, , and its conjugate 7, ,
L pApB —p pBpA
WABG 0® and 7TBA9 0. (2.107)

The Greek indices i, v . . . take on four values, and we shall label them 0, 1, 2, 3.
The four tensors 71'Z ; and their hermitian conjugates ﬁ’é , define a bi-linear map-
ping from the product of quark and anti-quark cubic algebras into a linear four-
dimensional vector space, whose structure is not yet defined.
Let us impose the following invariance condition:

0408 =74 GPoA. (2.108)
It follows immediately from (2.106) that
o= (2.109)

Such matrices are non-hermitian, and they can be realized by the following substi-

tution:
n

s =j%iol., # =—jioh (2.110)

AB BA BA
where ai j are the unit 2 matrix for 4 = 0, and the three hermitian Pauli matrices
forp=1,2,3.

Again, we want to get the same form of these four matrices in another basis.
Knowing that the lower indices A and B undergo the transformation with matrices
Ug and U g/, we demand that there exist some 4 x 4 matrices A" representing the



2 Algebras with Ternary Composition Law Combining Z, and Z3 Gradings 43

transformation of lower indices by the matrices U and U:

’ _ r- B/ #/
Ay Ty =U Ugm,, o Q2.111)
It is clear that we can replace the matrices 7, , by the corresponding matrices o, ;,
and this defines the vector (4 x 4) representation of the Lorentz group.
The first four equations relating the 4 x 4 real matrices A#, withthe2 x 2 complex

matrices Uy and U ;;' are as follows:
Ay - Ay =u)O) + Ui O
A+ Ay =Ul'O) + Ut OF
AY =iy =vul' Ol v Ut OF
AY +iny =ul Ol + Ui OF

The next four equations relating the 4 x 4 real matrices Aﬁ’ with the 2 x 2 com-
plex matrices U} and U} are as follows:

AY =AY =U) O] + Ui O
AV + A =U' O Ut O
Al —iAY =ul O + Ul O
A +iay =u) OF v u? O

We skip the next two groups of four equations corresponding to the “spatial” indices
2 and 3, reproducing the same scheme as the last four equations with the space index
equal to 1.

It can be checked that now det (A) = [detU]* [detU ]2 )

The group of transformations thus defined is SL(2, C), which is the covering
group of the Lorentz group. N

With the invariant “spinorial metric” in two complex dimensions, 4% and 48
such that ! = —?! = 1 and £'? = —¢?!, we can define the contravariant compo-
nents 7 48, It is easy to show that the Minkowskian space-time metric, invariant
under the Lorentz transformations, can be defined as

1 .
g/w — §|:7TZB v ABi| — dlag(+, - =, ) (2.112)
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Together with the anti-commuting spinors 1 the four real coefficients defining a
Lorentz vector, x,, wi > can generate now the supersymmetry via standard definitions
of super-derivations. Let us then choose the matrices Ag/ to be the usual spinor
representation of the SL(2, C) group, while the matrices U l‘,f" will be defined as

follows:
ul'=jAl, Ul =—jal, U¥=—jA¥, U¥=jA%, (2.113)

the determinant of U being equal to j2. Obviously, the same reasoning leads to
the conjugate cubic representation of SL(2, C) if we require the covariance of the
conjugate tensor

—/'7 . —/;3 2 —[.i
Ppeg = Peep =1 Pepp

by imposing the equation similar to (2.98)
& =B ~/ A 7B ¢

The matrix U is the complex conjugate of the matrix U, with determinant equal to j.

In conclusion, we have found the way to derive the covering group of the Lorentz
group acting on spinors via the usual spinorial representation, and on vectors via
the 4 x 4 real matrices. Spinors are obtained as a homomorphic image of tri-linear
combinations of three Z3-graded generators #* (or their conjugates 6%). The Z3-
graded generators transform with matrices U (or U for the conjugates), but these
matrices are not unitary: their determinants are equal to jZ or j, respectively.

In our forthcoming paper we shall investigate similar Z4-graded generalization
extended to the differential forms d¢® and d6®.
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