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Abstract. We show that the Lorentz and the SU(3) groups can be derived from the covari-
ance principle conserving a Zs-graded three-form on a Zs-graded cubic algebra representing
quarks endowed with non-standard commutation laws. The ternary commutation relations on
an algebra generated by two elements lead to cubic combinations of three quarks or antiquarks
that transform as Lorentz spinors, and binary quark-anti-quark combinations that transform as
Lorentz vectors.

1. Introduction. Many fundamental properties of matter at the quantum level can be
stated without mentioning the space-time realm. The Pauli exclusion principle, symmetry
between particles and anti-particles, electric charge and baryonic number conservation
belong to this category. Quantum mechanics itself can be formulated without any men-
tion of space, as was shown by Born, Jordan and Heisenberg [I] in their version of matrix
mechanics, or in J. von Neumann’s [2] formulation of quantum theory in terms of C* al-
gebras. The non-commutative geometry [4] gives another example of interpreting the
space-time relationships in pure algebraic terms.

FEinstein’s dream was to be able to derive the properties of matter, and perhaps its very
existence, from the singularities of fields defined on the space-time, and if possible, from
the geometry and topology of the space-time itself. A follower of Maxwell and Faraday,
he believed in the primary role of fields and tried to derive the equations of motion as
characteristic behavior of field singularities, or the singularities of the space-time (see
e.g. [B)).

But one can defend an alternative point of view supposing that the existence of
matter is primary with respect to that of the space-time. In this light, the idea to derive
the geometric properties of space-time, and perhaps its very existence, from fundamental
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symmetries and interactions proper to matter’s most fundamental building blocks seems
quite natural.

If the the space-time is to be derived from the interactions of fundamental constituents
of matter, then it seems reasonable to choose the strongest ineractions available, which
are the interactions between quarks. The difficulty resides in the fact that we should
define these “quarks” (or their states) without any mention of space-time.

The minimal requirements for the definition of quarks at the initial stage of model
building are the following:

i ) The mathematical entities representing quarks should form a linear space over
complex numbers, so that we could produce their linear combinations with complex
coefficients.

it ) They should also form an associative algebra, so that we could consider their
multilinear combinations;

it ) There should exist two isomorphic algebras of this type corresponding to
quarks and anti-quarks, and the conjugation transformation that maps one of these al-
gebras onto another, A — A.

iv ) The three quark (or three anti-quark) and the quark-anti-quark combinations
should be distinguished in a certain way, for example, they should form a subalgebra in
the algebra spanned by the generators.

With this in mind we can start to explore the algebraic properties of quarks that would
lead to more general symmetries, that of space and time, appearing as a consequence of
covariance requirements imposed on the discrete relations between the generators of the
quark algebra.

2. Algebraic properties of quark states. At present, the most successful theoretical
descriptions of fundamental interactions are based on the quark model, despite the fact
that isolated quarks cannot be observed. The only experimentally accessible states are
either three-quark or three-anti-quark combinations (fermions) or the quark-anti-quark
states (bosons). Whenever one has to do with a tri-linear combination of fields (or oper-
ators), one must investigate the behavior of such states under permutations.

Let us introduce N generators spanning a linear space over complex numbers, satis-
fying the following relations which are a cubic generalization of anti-commutation in the
ususal (binary) case (see e.g. [B], [0]):

QAGBHC :jeBHC’aA :j2 90914937 (1)
with j = €'™/3, the primitive cubic root of 1. We have j = j2 and 14 j + j2 = 0. We shall
also introduce a similar set of conjugate generators, 84, A, B, ... =1,2,..., N, satisfying
similar condition with j2 replacing j:

gAéBgC _ j2 ngégA :j§C§A§B7 (2)

Let us denote this algebra by .A. We shall endow this algebra with a natural Z3 grading,
considering the generators 84 as grade 1 elements, and their conjugates #4 being of grade
2. The grades add up modulo 3, so that the products #4687 span a linear subspace of grade
2, and the cubic products 84086 are of grade 0. Similarly, all quadratic expressions in
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conjugate generators, 0405 are of grade 242 = 4,,,q3 = 1, whereas their cubic products
are again of grade 0, like the cubic products od §4’s.

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 expressions are
the highest order that does not vanish identically. The proof is immediate:

9408900 — j9B0C 9400 — ;2 9B9AePC
— 3040P0B0C = j*A9BoCoP,
and because j* = j # 1, the only solution is
04656 0" = 0. (3)

Therefore the total dimension of the algebra defined via the cubic relations is equal
to N+ N2+ (N3 — N)/3: the N generators of grade 1, the N2 independent products of
two generators, and (N3 — N)/3 independent cubic expressions, because the cube of any
generator must be zero, and the remaining N3 — N ternary products are divided by 3,
by virtue of the constitutive relations .

The conjugate generators 08 span an algebra A isomorphic with A. Both algebras
split quite naturally into sums of linear subspaces with definite grades:

A=Ay ®d A1 d A, ./TZ./T()EB./EEB./TQ,

The subspaces Ay and Ay form zero-graded subalgebras. These algebras can be made
unital if we add to each of them the unit element 1 acting as identity and considered as
being of grade 0.

If we want the products between the generators 84 and the conjugate ones 5 to be
included into the greater algebra spanned by both types of generators, we should consider
all possible products, which will be included in the linear subspaces with a definite grade
of the resulting algebra A®.A. In order to decide which expressions are linearly dependent,
and what is the overall dimension of the enlarged algebra generated by 64’s and their
conjugate variables #°’s, we must impose on them some binary commutation relations.

The fact that the conjugate generators are of grade 2 may suggest that they behave
like products of two ordinary generators #4605, Such a choice was often made (see, e.g.,
[B], [9 and [6]). However, this does not enable one to make a distinction between the
conjugate generators and the products of two ordinary ones, and it would be better to
be able to make the difference. Due to the binary nature of “mixed” products, another
choice is possible, namely, to impose the following relations:

9A0_B =—j 0_39147 éBeA — 7‘7’2 9A§B7 (4)

In what follows, we shall deal with the first two simplest realizations of such algebras,
spanned by two or three generators. Consider the case when A, B,... = 1,2. The alge-
bra A contains numbers, two generators of grade 1, #' and 62, their four independent
products (of grade 2), and two independent cubic expressions, #6026 and 626'6*. Simi-
lar expressions can be produced with conjugate generators 6¢; finally, mixed expressions
appear, like four independent grade 0 terms 6101, 162, 626% and 6262.
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3. Zsz-symmetric cubic forms. Let us consider multilinear forms defined on the alge-
bra A ® A. Because only cubic relations are imposed on products in A and in A, and
the binary relations on the products of ordinary and conjugate elements, we shall fix our
attention on tri-linear and bi-linear forms, conceived as mappings of A ® A into certain
linear spaces over complex numbers.

Let us consider a tri-linear form p% . Obviously, as

PABC 64070 = PBCA 97004 = PEAB 096467,
by virtue of the commutation relations it follows that we must have
Pipc =3 Phoa = JpEas: (5)
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 pé‘c BA satisfying the relations with j replaced by j2:

—G . =G 2 _4

Pase =IPpea = I Péap (6)
In the case of two generators, there are only two independent sets of indices. Therefore
the upper indices «, § take on the values 1 or 2. We choose the following notation:

P%zl = jp%m = jQP%n? 0312 = jP%m = .7'20%227 (7)
all other components identically vanishing. The conjugate matrices ﬁ% G4 Are defined by
the same formulae, with j replaced by j2 and vice versa.

4. Covariance group of cubic forms. 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 2‘, denote a non-singular 2 x 2 matrix,
transforming the generators 4 into another set of generators, 6 = Ug "#B. The primed
indices run over the same range of values, i.e. from 1 to 2; the prime is there just to make
clear we are referring to a new basis.
We are looking for the solution of the covariance condition for the p-matrices:

3 szC =Uy Ug Us papcr- (8)

Let us write down the explicit expression, with fixed indices (ABC) on the left-hand side.
Let us choose one of the two available combinations of indices, (ABC') = (121); then the
upper index of the p-matrix is also fixed and equal to 1:

’ 1 A/ ’ ’ ’
1 pin =UL Uy Uy plarpior (9)
Now, ply; = 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 pX,B,C,, which
has only three components,

1’ _ 1’ 22 1’ o
pror =1, pyyr =7% prve =
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which leads to the following equation:

M =0l U Ut 4 2 Of O ot ol O -

=Ul (U3 Ul -U Uy = U [det(U)), (10)

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

2/ 2’ ) 2’ .
p2/1/2/ = 1, p1/2/2/ =17, p2/2/1/ =7
the corresponding equation gives:
Ay = U7 [det(D)), (11)

The remaining two equations are obtained in a similar manner, resulting in the following:

AY = —UY [det(U)],  AZ =UZ [det(U)]. (12)

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

det (A) = [det (U)]3. (13)

Taking into account that the inverse transformation should exist and have the same
properties, we arrive at the conclusion that det A =1,

det (AS) =AU A3 — AT AL =1 (14)
which defines the SL(2,C) group, the covering group of the Lorentz group.

However, the U-matrices on the right-hand side are defined only up to the phase,
which due to the cubic character of the relations - , and they can take on three
different values: 1, j or j2, i.e. the matrices jU‘g/ or 52 U‘g' satisfy the same relations as
the matrices U g/ defined above. The determinant of U can take on the values 1, j or 52
while det(A) =1

Let us then choose the matrices Ag/ to be the usual spinor representation of the
SL(2,C) group, while the matrices U ‘g, will be defined as follows:

Ulll = jA%,7 U21, = 7jA%,7 U12, = 7jA%,7 U22, = jA%l, (15)
the determinant of U being equal to ;2.

Obviously, the same reasoning leads to the conjugate cubic representation of SL(2, C)
if we require the covariance of the conjugate tensor
_f _ . p _ 2 p
Ppier =JPEpp =7 Prpiy
by imposing the equation similar to
2 _7@’ —A/ —B‘/—c',/
5 Page = Pape Ui Ug Ug - (16)
The matrix U is the complex conjugate of the matrix U, and its determinant is equal
to j.
Moreover, the two-component entities obtained as images of cubic combinations of

quarks, ¥ = p% 504056C and ¢ = ﬁﬁDEFéDéEéF should anti-commute, because their
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arguments do so, by virtue of :
(04056°) (6P 0761y = —(9P 607 (6465 0°)

We have found the way to derive the covering group of the Lorentz group acting
on spinors via the usual spinorial representation. The spinors are obtained as the ho-
momorphic image of tri-linear combination of three quarks (or anti-quarks). The quarks
transform with matrices U (or U for the anti-quarks), but these matrices are not unitary:
their determinants are equal to j2 or j, respectively. So, quarks cannot be put on the
same footing as classical spinors; they transform under a Zs-covering of the SL(2,C)
group.

A similar covariance requirement can be formulated with respect to the set of 2-forms
mapping the quadratic quark-anti-quark combinations into a four-dimensional linear real
space. As we already saw, the symmetry imposed on these expressions reduces their

#  and its conjugate 7’7% , With the

number to four. Let us define two quadratic forms, m B

following symmetry requirement

u ngApB _ —pn pBpA
T 0707 =7, 0707, (17)

The Greek indices p, v ... take on four values, and we shall label them 0, 1,2, 3. It follows

immediately from (4) that

L

2 —p
e jo T (18)

™ BA

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

B 2. T
Ty =JTi0k W =—jio, (19)
where 01’; p are the unit 2 matrix for 4 = 0, and the three hermitian Pauli matrices for

pw=123.

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 U‘g/ and U ‘B“/,
we demand that there exist some 4 x 4 matrices A¥ representing the transformation of
lower indices by the matrices U and U:

’ I = !
“w v _ A B _p
AV ﬂ—AB_UA UB WA’B”

' (20)
and this defines the vector (4 x 4) representation of the Lorentz group. Introducing
the invariant “spinorial metric” in two complex dimensions, e4® and 4® such that
g2 = —¢21 = 1 and €12 = fséi, we can define the contravariant components 7" 45,
It is easy to show that the Minkowskian space-time metric, invariant under the Lorentz
transformations, can be defined as
g = %[WZB m AB] = diag(+,—,—,—) (21)

Together with the anti-commuting spinors ¥ the four real coefficients defining a Lorentz
vector, T, wi 5> can generate now the supersymmetry via standard definitions of super-
derivations. .

Consider now three generators, Q%, a = 1,2,3, and their conjugates Q° satisfying
similar cubic commutation relations as in the two-dimensional case:
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Q'Q"Q° =7 Q"QQ" = j* Q°QQ",
PR = PR = Q.
Q Q"= —-jQ Q.
With the indices a,b,c,... ranging from 1 to 3 we get eight linearly independent

combinations of three undotted indices, and the same number of combinations of dotted
ones. They can be arranged as follows:

Q*Q*Q% Q*Q°Q% Q'Q*Q!
Q°Q'Q%, Q'Q*Q', Q*Q'Q?
QR'Q*Q% Q°Q*QY,
while the quadratic expressions of grade 0, Q¢ Qi) span a 9-dimensional subspace in the
finite algebra generaterd by @*’s. The invariant 3-form mapping these combinations onto

some eight-dimensional space must have also eight independent components (over real
numbers). The three-dimensional “cubic matrices” are then as follows:

K5y =1, Kiy =5 Ky =J;
K3 =1, Ky =3 Kipn=1j;
) K231—j ) K%;%:j;
Kin =1, Kip=3% K =7
) K2123—j ) K§;2:j§
K3 =1, Kgpp =35> Koz =J;
Kl =1, Kz =j° Kiip=J;
K§32 =1 K§21 = j27 K§13 =7

all other components being identically zero. Let the capital Greek indices @, ) take on the

values from 1 to 8. The covariance prlnClple applied to the cubic matrices K& obe underlinear
change of the basis from 6% to fa’ = Ul;‘ 6° means that we want to solve the following
equations:

SQ Kgif :K:Eb/c/Ug Ué) U;, (22)

It takes more time to prove, but the result is that the 8 x 8 matrices Sg;/ are the adjoint
representation of the SU(3) group, whereas the 3 x 3 matrices U (‘j/ are the fundamental
representation of the same group, up to the phase factor that can take on the values 1, j
or j2.

The nine independent two-forms P;i; = —j2 Pl-fa transform as the 3 ® 3 representation
of SU(3)

Finally, the elements of the tensor product of both types of j-anti-commuting enti-
ties, 64 and Q° can be formed, giving six quarks, QZ, transforming via Z3 coverings of
SL(2,C) and SU(3), which looks very much like the three flavors.

7. We have shown how the requirement of covariance of Z3-graded cubic generalization
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of anti-commutation relations leads to spinor and vector representations of the Lorentz
group and the fundamental and adjoint representations of the SU(3) group, thus giving
the cubic Z3-graded quark algebra primary role in determining the Lorentz and SU(3)
symmetries. However, these representations coincide with the usual ones only when ap-
plied to special combinations of quark variables, cubic (spinor) or quadratic (vector)
representations of the Lorentz group.

While acting on quark variables, the representations correspond to the Zs-covering
of groups. In this sense quarks are not like ordinary spinors or fermions, and as such,
do not obey the usual Dirac equation. If the sigma-matrices are to be replaced by the
non-hermitian matrices wz B instead of the usual wave-like solutions of Dirac’s equation
we shall get the exponentials of complex wave vectors, and such solutions cannot propa-
gate. Nevertheless, as argued in [9], certain tri-linear and bi-linear combinations of such
solutions behave as usual plane waves, with real wave vectors and frequencies, if there is
a convenient coupling of non-propagating solutions in the k-space.
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