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ABSTRACT. The simple 7-dimensional Malcev algebra M is isomorphic to the
irreducible s[(2, C)-module V(6) with binary product [z, y] = a(z A y) defined
by the 5[(2, C)-module morphism a: A2V (6) — V(6). Combining this with the
ternary product (z,y, z) = S(xAy)-z defined by the s(2, C)-module morphism
B: A2V (6) — V(2) =~ sl(2,C) gives M the structure of a generalized Lie triple
system, or Lie-Yamaguti algebra. We use computer algebra to determine the
polynomial identities of low degree satisfied by this binary-ternary structure.

1. INTRODUCTION

Moufang-Lie algebras were introduced by Malcev [18] in 1955 as the tangent
algebras of analytic Moufang loops. These structures were given the name Malcev
algebras by Sagle [20] in 1961; the basic theory was completed by Kuzmin [16] in
1968. Malcev algebras are related to alternative algebras in the same way that
Lie algebras are related to associative algebras: any subspace of an associative
(resp. alternative) algebra closed under the commutator [z,y] = zy — yx is a Lie
(resp. Malcev) algebra. An important recent development is the construction by
Pérez-Izquierdo and Shestakov [19] of universal nonassociative enveloping algebras
for Malcev algebras which share many of the properties of universal associative
enveloping algebras of Lie algebras; for a survey, see Bremner et al. [5].

Lie triple systems were introduced by Jacobson [14] in 1949; the basic theory was
completed by Lister [17] in 1952. A simultaneous generalization of Lie algebras and
Lie triple systems was introduced by Yamaguti [21] in 1958. These binary-ternary
structures were called Lie-Yamaguti algebras by Kinyon and Weinstein [15] in 2001;
the basic theory has recently been completed by Benito et al. [1, 2].

In this paper we consider polynomial identities for the 7-dimensional simple
Malcev algebra regarded as a Lie-Yamaguti algebra: we consider both the usual
binary product and an unusual ternary product. To define this structure we use
the representation theory of the simple Lie algebra sl(2,C). We start with the
irreducible 7-dimensional sl(2, C)-module V' (6) of highest weight 6, and consider
the decomposition of its exterior square into irreducible summands:

A2V (6) ~ V(10) & V(6) ® V(2).
Up to nonzero scalar multiples, there are unique s[(2, C)-module morphisms:
a: A*V(6) — V(6), B: A2V (6) — V(2).

If we define a bilinear operation on V(6) by the equation [z, y] = a(x Ay), then we

obtain a structure isomorphic to the 7-dimensional simple Malcev algebra. If we

also define a trilinear operation on V' (6) by the equation (z,y, z) = B(zAy)-z, where
1
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the dot denotes the action of s[(2, C) &~ V(2), then combining these operations gives
V(6) the structure of a Lie-Yamaguti algebra.

Our goal in this paper is to use computer algebra to determine the polynomial
identities of low degree satisfied by the operations [z, y] and (x, y, z), independently
and together. Our main results are as follows:

(1) For the bilinear operation [z, y|, apart from the obvious anticommutativity,
we recover a multilinear form of the Malcev identity in degree 4, an identity
equivalent to Filippov’s h-polynomial in degree 5, and we verify that every
identity of degree < 7 is a consequence of the identities of degree < 5.

(2) For the trilinear operation (z,y, z), apart from the obvious skew-symmetry
in the first two arguments, we recover the ternary derivation identity in
degree 5, and discover a 357-dimensional space of identities of degree 7
which are not consequences of the identities of lower degree; we present an
explicit 141-term identity of degree 7.

(3) For both operations together, in addition to the identities already men-
tioned, we recover the defining identities in degrees 3 and 4 for Lie-Yamaguti
algebras, together with a new 31-term identity of degree 5.

Section 2 recalls the definitions of Malcev and Lie-Yamaguti algebras, summarizes
the necessary background on representations of sl(2,C), and presents explicit con-
structions of the binary and ternary products on V(6). Section 3 recalls some basic
concepts in the combinatorics of free nonassociative algebras, and describes our
computational methods for studying polynomial identities. Sections 4, 5, and 6
present our original results for the bilinear operation [z,y], the trilinear operation
(z,y, z), and the two operations together.

2. PRELIMINARIES

2.1. Malcev algebras and Lie-Yamaguti algebras. We recall the definitions
of our main objects of study. We assume the base field has characteristic # 2.

Definition 2.1. (Malcev [18], Sagle [20], Kuzmin [16]) A Malcev algebra is a
vector space with a bilinear product [a, b] satisfying these multilinear identities:
[a,b] + [b,a] =0,
[[la, c], 0], d] + [[[d, al, ], 0] + [[[¢, b], d], a] + [[[b, d], a], ] — [[a, b], [c, d]] = O.
Every Lie algebra is a Malcev algebra. Over an algebraically closed field of

characteristic 0, there is a unique simple non-Lie Malcev algebra, isomorphic to the
commutator algebra of the 7-dimensional space of octonions with zero real part.

Definition 2.2. (Yamaguti [21], Kinyon and Weinstein [15], Benito et al. [1, 2]) A
Lie-Yamaguti algebra is a vector space with bilinear and trilinear products [a, b]
and (a, b, ¢) satisfying these multilinear identities:

a,b] + [b,a] =0,

(a,b,c) + (b,a,c) =0,

[[a, 6], ] + [[b: ¢, a] + [[¢, a], b] + (a, b, ¢) + (b, ¢, a) + (¢, 0,0) =
([a; b, ¢, d) + ([b,¢], @, d) + ([e, a],b,d) = 0

@by, d) ~ [(a, b, )] = (@b, [evd]) =0

(

b,
(a,b,¢),d,e) = ((a,b,d), ¢, e) = (a,b, (¢, d, €)) + (¢, d, (a, b, €)) = 0.
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Every Lie algebra is a Lie-Yamaguti algebra if we define (a,b,¢) = 0. Every Lie
triple system is a Lie-Yamaguti algebra if we define [a,b] = 0. These structures
arise naturally as follows; see Kinyon and Weinstein [15]: Let g be a reductive Lie
algebra with decomposition g = h & m such that [h,m] C m and [h,h] C h. Let
mp: g — b and 7y : g — m be the projections onto h and m. The subspace m is
a Lie-Yamaguti algebra with respect to the following operations:

[avb] - ﬂ—m([avb})v (a’ﬂb7c) - [Wh([aab])ﬂ C]'

2.2. Irreducible representations of sl(2,C). The 3-dimensional simple Lie al-
gebra sl(2,C) consists of the 2 x 2 complex matrices of trace zero with respect
to the commutator [A, B] = AB — BA. The standard basis of s[(2,C) and the
commutation relations among basis elements are as follows:

|H,E] = 2E,
ne[V 0] 50 ] we]0 0] (AR
[E,F]=H.
We recall the classification of irreducible finite-dimensional s[(2, C)-modules; see

Erdmann and Wildon [11] or Humphreys [13]. Any such module V' decomposes
into weight spaces according to the action of H:

V=@PW, Va={veV|H-v=X}
xeC

The commutation relations for s((2,C) imply F'- V) C Vy_o and E - V) C Vy4o.
Since V is finite-dimensional, there exists V) # {0} such that Vy;2 = {0}. Choose
vo € Vi, v9 # 0; then E - vy = 0. Define weight vectors (H-eigenvectors) as follows:

(].) V; = *Fl ) (’L 2 0)
For 7 > 0 we have
(2) H'Ui:()\—Qi)Ui, E'vi:()\—i—i-l)vi,h FUZ:(Z+1)UZ+1

The action of H implies that the nonzero v; are linearly independent. Since V is
finite-dimensional, there exists n > 0 such that v, # 0 and v,, = 0 for m > n.
Setting ¢ = n + 1 in the action of E gives 0 = (A — n)v,; hence A = n € Z. The
submodule with basis {vg, v1,...,v,} must equal V since V is irreducible.

Theorem 2.3. For every n > 0, there exists an irreducible sl(2,C)-module V (n)
of dimension n + 1, generated by a highest weight vector vy with H - vg = nvg, and
having a basis {vo,v1,...,v,} satisfying equations (2) with A = n. Conversely, any
irreducible finite-dimensional s1(2, C)-module is isomorphic to V(n) for some n.

It will be convenient to index the basis vectors for V(n) by their H-eigenvalues;
we obtain the basis {vy, Vn—2,...,V_pt2,v_,} with the following action of H, E, F:
H vy _9; = (n — 2i) vyp_2i,
(3) E-vp 9= n—i+1)v,_gi-1),
F vy o= (1 4+ 1) vp_ogi41)-
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For n = 2 we have the adjoint module V' (2) = sl(2, C). However, we must be careful
because equations (3) give the following action of s((2,C) on V(2):

H"U2:21}2, H'UOZO, H-U,2:—2U,2,
E"UQZO, E-UOZQ’UQ, E-U,QZU(),
F'UQZU(), F"UOZQU_Q, F"U_QZO.

If we replace vy by —vo then we obtain

H - (7’02) = 2(7'02), H - Vo — 0, H - V_9g = 72’1)_2,
E- (—’02) = 0, E - Vo = —2(—’02), E- V_9 = Vg,
F- (—Ug) = —7g, F- Vo = 27],2, F - V_g = 0.

Thus the isomorphism s[(2,C) ~ V(2) includes a sign change for E:

(4) E < —v,, H < vy, F < v_s.

2.3. Tensor products of modules. Every finite-dimensional sl(2, C)-module is
completely reducible. A classical result gives the decomposition of the tensor prod-
uct of two irreducible modules.

Theorem 2.4. (Clebsch-Gordan) If m > n > 0 then
V(m)@V(n) ~ @V (m+n—2i).
i=0
If m = n then the tensor product is the direct sum of symmetric and exterior
squares: V(n) ® V(n) ~ S?V(n) ® A2V (n).
Corollary 2.5. Ifn >0 then

ln/2] L(n=1)/2]
S’V(n) ~ @ V(en—4k), AV(n)= P V(2n—2-4k).
k=0 k=0

In this paper we are concerned primarily with V' (6); we have
S2V(6)=V(12)a V() e V@) e V(0),  AV(6)~V(10)oV(6)a V(2).

In particular, both V(6) and the adjoint module V(2) occur as summands of the ex-
terior square, providing the following s[(2, C)-module morphisms, which are unique
up to nonzero scalar multiples:

a: A’V (6) — V(6), B: A2V (6) — V(2).

Theorem 2.6. (Bremner and Hentzel [4]) The bilinear product [x,y] = a(z A y)
makes V (6) isomorphic to the 7-dimensional simple non-Lie Malcev algebra.

We consider this bilinear product and the trilinear product (z,y, z) = Sz Ay) -z
induced by the composition of the morphism S with the natural action of the
adjoint module V(2) ~ sl(2,C) on V(6). We use the representation theory of
5[(2,C) to calculate the structure constants; a more traditional approach using
classical invariant theory has been described by Dixmier [9].
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2.4. Bilinear and trilinear products on V(6). In order to calculate explicitly
the products on V' (6), we first determine a generating vector in each summand of the
exterior square. We then use the action of F' to determine a basis of H-eigenvectors
for each irreducible summand. From this we form the transition matrix from the
“module basis” of V(10) & V(6) ® V(2) to the “tensor basis” of A2V (6). Inverting
this matrix gives the transition matrix from the tensor basis to the module basis,
and from this we obtain explicit projections from A2V (6) onto V(6) and V (2).

Consider the standard basis {vg, v4, v2, vy, V_2,v_4,v_¢} of H-eigenvectors for
the irreducible s[(2, C)-module V (6). The action of H, E, F' is as follows:

‘ Ve V4 (%) Vo V_9 V_4 V_6

(5) H 6’()6 4’()4 2’02 0 —21},2 —4’1},4 —6 V_¢
) 0 6’()6 5’()4 4’02 31}0 211_2 V_4

F Vg 2’02 3’00 4’0_2 5U_4 6’1}_6 0

Definition 2.7. The tensor basis of A?V(6) consists of the 21 elements
viANv;  (i>7;14,5€{6,4,2,0,—2,—4,—6}),
where v; A v; precedes vy A vy if either (1) ¢ >4 or (2) i =4 and j > 7.

The summand V' (10) is generated by s19 = vg A v4; the other basis vectors are
found by applying F' using equation (1) and the derivation rule,

F-(zhny)=(F-z) Ny+aA(F-y).

A generator tg for the summand V(6) must be a linear combination of vg A vg and
v2 A v4; imposing the condition E - tg = 0 and proceeding as before we obtain the
other basis vectors. A similar calculation produces a basis for the summand V'(2).
All these basis vectors are displayed in Table 1.

Definition 2.8. The module basis for A2V (6) consists of the preceding vectors
in the order in which they were computed:

5105 S8y -+, 5-8, S-10, t67 t47 s 7t—47 t—S; Uz, U, U—2-

Let A be the 21 x 21 matrix in which the (7, j) entry is the coefficient of the i-th
tensor basis vector in the formula for the j-th module basis vector. The columns
of the inverse matrix express the tensor basis vectors as linear combinations of the
module basis vectors. In particular, rows 12-18, respectively 19-21, determine the
projections a: A2V (6) — V(6), respectively B: A2V (6) — V(2). From this we
obtain Tables 2 and 3 for the s[(2, C)-module morphisms « and 5. The entry cpq
in row v, and column v, indicates respectively that

a(vp A Vg) = Cpglps B(vp A vg) = Cpglip+q-

We have scaled the entries so that they are relatively prime integers.

2.5. Another construction of the morphisms o« and 3. If V is a vector space
of finite dimension N over a field F, then the endomorphism algebra Endg (V) is
naturally isomorphic to V* @ V. If we choose a basis for V' then we can identity
Endp (V) with the algebra My (F) of N x N matrices over F. We consider the
special case V' = V(n), the irreducible sl(2, C)-module of dimension N = n+1. We
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510 = Vg N V4,
sg = 2vg A\ v,
S¢ = 3vg N\ vg + Vg4 A\ V2,
S4 =4vg ANv_g + 2v4 A vy,
So =bvg Av_g +3vg Av_g + V3 A g,
So=6vs ANv_g+4dvg Av_g+2vs Nv_g,
S_o=Dbus Nv_g+3v2 ANv_y+v9 ANV_2,
S_qg=4va Nv_g+2v9 N V_4,
S_6 =3v0 ANv_g +V_o ANV_yq,
S_g=2v_9 ANv_g,

§_10 = V—4 N\ V_g;

te = 3vg AN vg — 204 N\ Vg,

ty =12v5 Nv_o — 3v4 Ay,

to = 30vg A v_yg — 3v2 Ay,

to =60vg Av_g+ 10wy Av_y — 4dvs Av_g,
t_o=30vgs ANv_g —3vg Av_g,
t_4=12v9 Nv_g —3v9 Av_yg,
t_6=3v9ANv_g— 20_9 ANV_yg;

Uy = 15vg Av_g —Hvg ANv_o + 303 A g,
ug =90vg Av_g —10vg ANv_yg4 +2v3 Av_3o,
U_o=15v4 ANv_g —Dva ANv_4+3vy A V_o.

TABLE 1. The module basis for A2V (6)

identify V'(n) with the space of homogeneous polynomials of degree n in = and y;
the action of s[(2,C) is given by these formulas:
0 0 0 0

H: _— = Yy— E— = .
e yay’ x@y7 Yor

We identify the basis vectors v,_o; of V(n) with monomials as follows:

n .
n—i,
Up—2i = (Z)CU Y.

This action of sl(2, C) satisfies equations (3). Since V(n) is isomorphic to its dual,
we obtain an embedding of sl(2,C) into the general linear Lie algebra gl(n+1,C),
which is an s[(2, C)-module if we define the action by A-B = [A, B] for A € s[(2,C)
and B € gl(n+1,C). Corollary 2.5 gives the decomposition of this s[(2, C)-module
into a direct sum of irreducible modules, and the divided powers E¥/i! (0 < i < n)
of the matrix representing F are the highest weight vectors of the summands.
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« Ve V4 V2 (%) V_2 V_4 UVU_g
vg o .20 10 4 1
V4 . . —60 =20 . 6 4
vy . 60 . =20 -15 .10
vo | =20 20 20 . =20 —20 20
v_o | —10 . 15 20 . —60
v_yg | —4 —6 . 20 60

v_g| —1 —4 =10 -20

TABLE 2. The s[(2, C)-module morphism a: A2V (6) — V(6)

B ‘ Vg V4 V2 Vo V-2 Vg UV-gp
Ve . . . . . 2 1
Uy . . . . —10 —4 2
Vg . . . 20 5 —10
(o0 . . =20 . 20

V_g .10 -5 =20
V_y | —2 4 10 . . .
V_¢ -1 -2 . . . .

TABLE 3. The sl(2, C)-module morphism 8: A2V (6) — V(2)

In the special case n = 4 we obtain this embedding of s[(2,C) into gl(5,C):
4 . . . .1
HEF-| . . . . || . 3 |.|. 3.
=2 . I L2
. —4 Lo A |
The decomposition of gl(5,C) as an s[(2,C)-module is given abstractly as follows,
V) eVd)=V0)eV(2)aeV(d) eV (6) e V(s),
where the symmetric and exterior squares are
SPV4)=V(O0)eVHE)eV(Es), AVH4)=V(2)aV(6).

A basis for V(0) is the identity matrix. A basis for V(2) consists of the images of
H,E, F given above. Highest weight vectors for V(4), V(6), V(8) are the matrices

1 . . R B |

—=1]. . . . 61, =|. . . . .|,==
6 24

The other basis matrices for these summands are obtained using equation (1).
Given two matrices A, B in the subspace corresponding to V(6), we calculate the
commutator [A, B] and its projections onto the summands V' (6) and V(2): this is
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another way to compute the morphisms « and 8. The direct sum V(2) ® V(6) is a
subspace of sl(5,C) isomorphic to the orthogonal simple Lie algebra o(5, C).

3. NONASSOCIATIVE POLYNOMIALS AND COMPUTATIONAL METHODS

We recall some definitions about the combinatorics of free nonassociative struc-
tures, and describe our computational methods for studying polynomial identities.

Definition 3.1. A binary association type in degree n is a placement of n—1
pairs of anticommutative brackets [—, —| in the word = xj25---2,. Each type
has a unique factorization = = [y, z] where n > deg(y) > deg(z) > 1. Types
have a standard order: [y,z] precedes [y, 2'] if (i) deg(y) > deg(y’), or (i7)
deg(y) = deg(y’) and y precedes v/, or (i7i) y = v’ and z precedes z’ where the bar
replaces Tpy1- - Tppq by T1--- x4 for p = deg(y) and ¢ = deg(z).

Definition 3.2. A binary monomial in degree n is a permutation 7w € S,, applied
to an association type: m(21---Tn) = Tx(1)- " Tr(n), brackets omitted. If x and
7' are two binary monomials with the same degree and association type, then x
and z’ are equivalent if anticommutativity implies 2 = +2’. A binary monomial
is in normal form if every submonomial [y,y’], where y and 3y’ have the same
association type and first symbols z; and x;, satisfies 7 < j.

Definition 3.3. The space P, of binary polynomials in degree n is the vector
space with basis consisting of the binary monomials in normal form. This space
is an Sj,-module: we apply a permutation 7w to the subscripts in x, preserving the
association type; we obtain the monomial ™, which in general is not in normal
form; we apply anticommutativity to obtain 7 - z = Zx’, where 2’ is the unique
monomial in normal form equivalent to x™.

Definition 3.4. Let I(x1,x2,...,x,) be a binary polynomial of degree n. From I
we obtain n+1 liftings to degree n+ 1; we introduce the symbol z,,+1 and perform
n internal brackets and one external bracket:

I([x1zpy1], 22, oy 2p), oy (1,20, [Xnnt1]),  [L(z1,22,...,Tn), Tnt)-
If I is a polynomial identity for an algebra A then each lifting is an identity for A.

Definition 3.5. Let (—, —, —) denote a ternary operation which is skew-symmetric
in the first and second arguments. A ternary association type in odd degree
n is a valid placement of (n—1)/2 pairs of parentheses in x = z125---x,. Each
type has a unique factorization z = (y, z,w) where n > deg(y) > deg(z) > 1. The
standard order on types is defined analogously to the binary case, and Definition
3.2 extends in the obvious way to ternary monomials.

Definition 3.6. The space @Q,, of ternary polynomials in odd degree n is the
vector space with basis consisting of the ternary monomials in normal form. Defi-
nition 3.3 extends in the obvious way to make @,, into an S,,-module.

Definition 3.7. Let I(x1,z2,...,2,) be a ternary polynomial of odd degree n.
From I we obtain n+2 liftings in degree n+2; we introduce the symbols x,,1,
T2 and perform n internal products and two external products:

I(1Zp41Tn42), T2y -y Zn)y ey L(T1,22, ..., (TnTnr1Tnt2)),
(I(xl7x27 ceey mn)7xn+laxn+2)7 ($n+1; In+27 I(.’I/']_,.CL'Q, LY 7:1:71))

If I is a polynomial identity for a ternary algebra A then so is each lifting.
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We also consider polynomials in which each term can be either a binary mono-
mial, a ternary monomial, or a mixed monomial in which both operations appear.
The following table gives the number of types and monomials for degrees < 7:

degree binary ternary mixed b+t4+m monomials

1 . . . . 1
2 1 : 1 1
3 1 1 . 2 6
4 2 . 3 5 45
5 3 2 8 13 510
6 6 . 32 38 7245
7 11 6 96 113 126630

The total number of types is obtained recursively by setting 77 = 1 and using the
following formula, where § = 0 if n is odd and § = 1 if n is even:

T, /2 T2
T= Z T,T; +5<’; > + Z 15T +5(’; Ty.
it+j=mn, i+ j+k=mn,
i> g P>
Our computational methods are practical for degrees < 7 with binary or ternary
identities, but only for degrees < 6 with mixed identities, owing to the very large
number of mixed monomials of degree 7.
Two algorithms are used to determine polynomial identities:

e “Fill-and-reduce” determines a basis for the vector space of multilinear
identities of degree n satisfied by an algebra A.

e “Module generators” extracts a subset of the basis which generates the
space of identities as an .S,-module.

We describe these algorithms for an algebra with one binary operation; the gener-
alization to binary-ternary algebras is straightforward.

3.1. Fill-and-reduce. Let A be a nonassociative algebra of dimension d, and let ¢
be the number of multilinear monomials in degree n. We create a matrix F of size
(¢ + d) x ¢ consisting of a ¢ x ¢ upper block and a d x g lower block and initialize
FE to zero. We perform the following steps until the rank of E has stabilized; that
is, the rank has not increased for some fixed number s of iterations:

(1) Generate n pseudorandom column vectors z1,. .., 2, of dimension d, rep-
resenting elements of the algebra A.
(2) For each j =1,...,q, evaluate monomial j on the elements z1,...,z, and

store the resulting column vector in column j of the lower block.
(3) Compute the row canonical form of E; the lower block of E is now zero.

After the rank has stabilized, the nullspace of E contains the coefficient vectors
of the linear dependence relations on the monomials that are satisfied by many
pseudorandom choices of elements of A. We extract the canonical basis of the
nullspace; these are the coefficients vectors of nonassociative polynomials which are
“probably” polynomial identities satisfied by A; these identities still need to be
proven directly, or checked independently by another computation.

3.2. Module generators. In order to reduce the number of polynomial identities,
we extract a set of S,-module generators from the linear basis of the nullspace
computed by the fill-and-reduce algorithm. Let I1,...,I; be a basis for the space
of multilinear identities in degree n satisfied by an algebra A. We create a matrix
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G of size (¢ + n!) x ¢ consisting of a ¢ x ¢ upper block and an n! X g lower block
and initialize G to zero. (As before, ¢ is the number of multilinear monomials.)
We set oldrank < 0 and then perform the following steps for k =1,...,¢:

(1) Set i + 0.

(2) For each permutation 7 in S,, do:
(i) Set i < i+ 1.
(ii) For each j =1,...,q do:

o Let ¢; be the coeflicient in I}, corresponding to monomial m;. If
¢j # 0 then apply 7 to m; obtaining 7m; and replace mm; by
its normal form mj, keeping track of sign changes. Store the
resulting coefficient £¢; in entry (i, j") of the lower block.

(3) Compute the row canonical form of G; the lower block is now zero.
(4) Set newrank < rank(QG).
(5) If oldrank < newrank then:

(i) Record I as a new module generator.

(ii) Set oldrank < newrank.

Suppose that we have a set of identities in degree n which generate all the con-
sequences in degree n of known identities in degree < n. We apply the module
generators algorithm; at termination the row space of G contains a basis for the
subspace of identities which are consequences of identities of lower degree. With-
out changing G, we then apply the module generators algorithm to the linear basis
produced by the fill-and-reduce algorithm. We obtain a set of module generators
for the space of all identities in degree n modulo the space of known identities in
degree n; that is, a set of module generators for the new identities in degree n.

3.3. Rational arithmetic and modular arithmetic. We usually assume that
the algebra A is defined over the field Q of rational numbers; but in order to save
computer time and memory we often use modular arithmetic. The structure theory
of the group algebra QS,, shows that the primitive orthogonal idempotents, and
hence the matrix units in the Wedderburn decomposition, all have coefficients whose
denominators are divisors of n!; see Clifton [8]. Hence computations with modular
arithmetic for any prime p > n will provide the “same” results: in particular, the
ranks of the matrices produced by the two algorithms will be equal.

Suppose that I is an identity with rational coefficients satisfied by the algebra A
which has integral structure constants with respect to a given basis. We multiply
I by the least common multiple of the denominators of its coefficients, obtaining
an identity I’ with integral coefficients; we then divide I’ by the greatest common
divisor of its coefficients, obtaining an identity I” which is primitive in the sense
that its coefficients are integers with no common factor. It is clear that I" is
a polynomial identity satisfied by the algebra A, and that the reduction of I"”
modulo p is nonzero for any prime number p. Therefore, existence of identities in
characteristic 0 implies existence in characteristic p for all p, and so non-existence
in characteristic p for any p implies non-existence in characteristic 0.

For a more detailed discussion of these issues, see Bremner and Peresi [7, §5].

4. POLYNOMIAL IDENTITIES FOR THE BILINEAR OPERATION

We study the identities of degree < 7 for the simple non-Lie Malcev algebra.
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Lemma 4.1. Every polynomial identity of degree < 4 satisfied by the bilinear oper-
ation [z,y] = a(x Ay) on the s1(2,C)-module V (6) is a consequence of the defining
identities for Malcev algebras from Definition 2.1.

Proof. Tt is easy to check that every identity of degree < 3 satisfied by [z,y] is a
consequence of anticommutativity. In degree 4, there are two association types and
15 multilinear monomials for an anticommutative operation:

[[[a.bl,cld)s [[la.bldle],  [[[a.c],bl.d], - [[la.cl.d],b],  [[lad],b),el,  [[la.d].c],b],
[[[b,cl.al,d),  [[[b,cldl.al, [[[b.d]al.e],  [[[bd].clal, [[le.dlal bl [[le,d],bl.al,
[a.b)[e,d]],  [la,cl,[b,d]],  [[a,d],[bc]].

We create a 22 x 15 matrix with a 15 x 15 upper block and a 7 x 15 lower block.
During each iteration, we perform the following fill-and-reduce calculation:

(1) generate four pseudorandom vectors of dimension 7 with integer compo-
nents of absolute value < 9;

(2) assign these vectors to the variables a,b,c,d and evaluate each of the 15
monomials using the structure constants of Table 2;

(3) for each j, store the 7 x 1 column vector obtained from monomial j in
column j of the lower block;

(4) compute the row canonical form (RCF) of the matrix.

After the second iteration, the rank of the matrix is 10, and this value does not
increase during another 100 iterations. The nonzero rows are as follows:

S S
Tt |
| T
1 T |

1. . . . 1 . -1 . -1 1

1. . . -1 . 1 -1 . -1

I T |

1. -1 . 1 -1 1 -1

11 . .1 .1

I 1 1 . 1 -1 |

The canonical basis of the nullspace consists of the rows of the following matrix,
which have been sorted by increasing number of nonzero components:

-1 . . 1 . .1 ... -1 . .1
. .o—=1 . . 1 . 1 -1 . |
-1 1 . 1 -1 1 -1 .. -1 1
.. -1 1 -1 1 -1 1 -1 1 Lo
-1 .1 -1 1 -1 1 -1 . ) |

The first row is the coefficient vector of this polynomial identity:
(6) - Haa b], 0]7 d] + [[a7 d]a b]a C] - [[b> C}a d]a a] - [[Cv d]7 a]7 b] + [a7 C]a [bv d]]v

this is equivalent to the second identity of Definition 2.1. We apply all 24 permu-
tations of a, b, c,d to this identity, and verify that the resulting 24 x 15 matrix of
coefficient vectors has the same row space as the preceding 5 x 15 matrix. ([l

For notational convenience, we omit the brackets for polynomials of degree > 5
in an anticommutative operation, and write the product as juxtaposition.
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Definition 4.2. (Filippov [12], Elduque [10]) The Filippov h-polynomial is the
following nonassociative polynomial in any anticommutative algebra:

h(a,b,¢,d, e) = (((ab)c)d)e + (((ab)c)e)d — (((ab)d)c)e — (((ab)e)c)d
+ (((ad)p)e)e — (((ad)e)b)c + (((ae)b)d)c — (((ae)d)b)e
+2((ab)(cd))e + 2((ab)(ce))d + 2((ad)(be))c + 2((ae)(bd))c.

Definition 4.3. The 18-term identity is the following nonassociative polynomial
in any anticommutative algebra:

k(a,b,c,d,e) = —(((ab)c)e)d + (((ab)e)d)c + (((ac)b)d)e — (((ac)d)e)b
= (((ad)b)c)e — (((ad)c)b)e + (((ae)b)c)d + (((ae)c)b)d
+ (((bd)c)a)e — (((be)a)d)c + (((be)c)d)a — (((be)d)a)c
+ (((cd)a)e)b — (((cd)b)e)a + (((cd)e)a)b — (((ce)b)a)d
+ ((ab)c)(de) + ((ac)b)(de

Lemma 4.4. A Malcev algebra satisfies the identity h(a,b,c,d,e) = 0 if and only
if it satisfies the identity k(a,b, c,d,e) = 0.

Proof. The following equations hold modulo the consequences in degree 5 of the
defining identities for Malcev algebras from Definition 2.1:

h(a,b,c,d,e) = —k(a,b,c,e,d) — k(a,b,d,e,c) + k(a,b,e,d,c)
+ Ek(a,c,d,b,e) + k(a,c,e,d,b) — k(b,a,c,d,e),

2k(a,b,c,d,e) = — h(a,b,c,d,e) + h(a,c,d,b,e) + h(a,d, b, c,e)
— h(b,c,a,d,e) — h(b,d,a,c,e) — h(c,d,a,b,e).

In each case, the difference between the two sides is a linear combination of permu-
tations of m(ae, b, ¢, d) and m(a,b,c,d)e where m is given by equation (6). O

Remark 4.5. The polynomial h(a,b,c,d,e) has 12 terms, but the sum of the
squares of the coefficients is 24. The polynomial k(a,b,c,d,e) has 18 terms, but
the sum of the squares of the coefficients is 18. In this sense, the 18-term identity
is simpler than the Filippov h-polynomial.

Proposition 4.6. Every polynomial identity of degree < 5 satisfied by the bilinear
operation [x,y] = a(x A y) on the sl(2,C)-module V(6) is a consequence of the
defining identities for Malcev algebras and the 18-term identity of degree 5.

Proof. There are three anticommutative association types in degree 5,
(=)= (()=)= (=) =),

with respectively 60, 15, 30 multilinear monomials for a total of 105. Let m be

the identity of equation (6); every consequence of m in degree 5 follows from

m(ae, b, c,d) and m(a,b,c,d)e. The permutations of these two identities are repre-

sented by the row space of a 240 x 120 matrix; the rank of this matrix is 61.

We proceed as in the proof of Lemma 4.1. We create a matrix with a 105 x 105
upper block and a 7 x 105 lower block. The fill-and-reduce algorithm achieves
rank 34, and this remains constant for another 100 iterations. The nullspace has
dimension 71, and hence there is a 10-dimensional space of new identities in degree
5 that do not follow from the known identity m in degree 4.
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To find the simplest identity which generates the new identities, we use the
Hermite normal form of an integer matrix together with the LLL algorithm for
lattice basis reduction as in Bremmner and Peresi [6]; see also Bremner [3]. We
redo the fill-and-reduce calculation, but instead of computing the RCF after each
iteration, we compute the HNF to ensure that the matrix entries remain integers;
we obtain a 34 x 105 matrix M. We compute the Hermite normal form H of the
transpose M, and a 105 x 105 matrix U for which UM?® = H. The last 71 rows of
U form a lattice basis for the integer nullspace of M. We apply the LLL algorithm
to this basis, and sort the resulting vectors by increasing Euclidean length; these
vectors are the coefficient vectors of polynomial identities satisfied by a(z A y).
Further calculations show that the entire nullspace is spanned by the permutations
of a single identity; this is the 18-term identity of Definition 4.3. ]

Theorem 4.7. FEvery polynomial identity of degree < 7 satisfied by the bilinear
operation [x,y] = a(x A y) on the sl(2,C)-module V(6) is a consequence of the
defining identities for Malcev algebras and the 18-term identity of degree 5.

Proof. The computations are similar to those for Lemma 4.1 and Proposition 4.6,
except the matrices are larger; we used modular arithmetic with p = 101.
For degree 6, there are six anticommutative association types:

(((==)=)=)=)= ((—)==)=)= (=)= =)~
(=)= (—)EDNE=) (E))=)),
with 360 + 90 4+ 180 + 180 + 45 + 90 = 945 multilinear monomials. Fill-and-reduce
stabilizes at rank 120, indicating a nullspace of dimension 825. Every identity
in degree 6 which is a consequence of the identities of lower degree follows from

anticommutativity and the following seven identities, where m and k are given by
equation (6) and Definition 4.3:

m((af)e’ b7c7 d)7 m(ae7bf7 C? d)7 m(ae’ b7cf’ d), m(ae7 b7 C, d)f’
(m(a7 b? C? d)e)f’ k(af7 b’ C? d? 6)’ k(a’? bf7 C’ d’ e)'
These identities generate a subspace of dimension 825, which is contained in the

nullspace of the fill-and-reduce matrix, so there are no new identities in degree 6.
For degree 7, there are eleven anticommutative association types,

((==)=)=)=) =)= (=) ==)=)=)= (=)= (=))—)—,

-)=)—- ((—=)E=DE=)- (=)= -)-

-)=)=),  ((=)=)=)=), (=) =N(),
(==)=))(=)=), (=) (==NU=)-),

with 2520 + 630 4 1260 + 1260 + 315 + 630 + 1260 + 315 + 630 + 1260 + 315 =

10395 multilinear monomials. Fill-and-reduce stabilizes at rank 454, indicating a

nullspace of dimension 9941. Further computations show that the consequences of
the identities of lower degree generate the entire nullspace. O

We mention the following classical conjecture in the theory of Malcev algebras.

Conjecture 4.8. Fvery polynomial identity satisfied by the simple 7-dimensional
Malcev algebra is a consequence of the defining identities for Malcev algebras and
the Filippov h-polynomial of degree 5.
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5. POLYNOMIAL IDENTITIES FOR THE TRILINEAR OPERATION

The operation (z,y,z) = B(x Ay) - z is the composition of the sl(2, C)-module
morphism (3 of Table 3 with the action of s{(2,C) on V(6) in equation (5); recall
the sign change for E in equation (4). The structure constants appear in Table 4.

Lemma 5.1. FEvery polynomial identity of degree < 3 for the trilinear operation
(z,y,2) = Bz ANy) -z on the sl(2,C)-module V(6) is a consequence of the skew-
symmetry in the first two arguments: (a,b,c) + (b,a,c) = 0.

Proof. Elementary. ]

Proposition 5.2. FEvery polynomial identity of degree < 5 for the trilinear op-
eration (z,y,z) = B(x Ay) - z on the sl(2,C)-module V(6) is a consequence of
skew-symmetry and the ternary derivation identity:

((a,b,¢),d,e) — ((a,b,d),c,e) — (a,b, (c,d,e)) + (c,d, (a,b,e)) = 0.

Proof. There are two association types for a skew-symmetric trilinear operation
in degree 5, ((—,—,—),—,—) and (—,—,(—,—,—)), with 60 and 30 multilinear
monomials, for a total of 90. The fill-and-reduce process stabilizes at rank 60,
indicating a nullspace of dimension 30. We compute the canonical basis of the
nullspace; one vector generates the entire nullspace as an Ss-module. This is the
coefficient vector of the ternary derivation identity. ([

Theorem 5.3. For the trilinear operation (x,y,z) = B(x Ay) - z on the sl(2,C)-
module V (6), there is a 357-dimensional space of multilinear polynomial identities
in degree 7 which are not consequences of skew-symmetry and the ternary derivation
identity. One such identity is displayed in Table 5; this 141-term identity generates
a 42-dimensional subspace of the space of new identities in degree 7.

Proof. We use modular arithmetic with p = 101 to find the new identity, but we
will check the new identity using rational arithmetic. There are six association
types in degree 7 for a skew-symmetric trilinear operation:

(((_a_v_)7_7_)a_7_)7 ((_a_a(_a_7_))7_7_)a (_7_7((_7_5_)a_a_))a
(7775(7377(77777)))7 ((757a7)a(77777)77)5 ((77777)775(75777))7
with respectively 2520+1260+1260+6304+-630+1260 = 7560 multilinear monomials.

Fill-and-reduce stabilizes at rank 2793, indicating a nullspace of dimension 4767.
We have to exclude the consequences of the ternary derivation identity. Given a

multilinear ternary polynomial ¢(a, b, ¢, d, ) of degree 5, we have the following eight
generators for the Sz-module of multilinear consequences of ¢:

t((a, f,9),b,c,d,e), t(a, (b, f,9),¢,d,e), t(a,b,(c, [, g),d,e), t(a,b,c, (d, [, g)e€),
t(CL?bVC?d’ (e7f7g))7 (t(a7b7c7d7e)7f7g)’ (f?t(a7b507d7€)79)7 (f?g?t(a7b507d7e))'
For the ternary derivation identity, these generators produce a subspace of dimen-
sion 4410, indicating a complementary subspace of dimension 4767 — 4410 = 357

consisting of new identities for the trilinear operation.

We compute the canonical basis of the nullspace of the matrix obtained from
the fill-and-reduce process. We sort these 4767 vectors by increasing number of
nonzero components; that is, by increasing number of terms in the correspond-
ing polynomial identities. The first 3016 vectors lie in the 4410-dimensional sub-
space generated by the consequences of the ternary derivation identity. Vector
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TABLE 4. Structure constants for the trilinear operation
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[(((bee)da) fg) + (((bdc)ea) fg) + (((bec)da) fg)]

—[(((bed)ea) fg) + (((bde)ca) fg) + (((bed)ca) fg)]
+2[((ab(cde)) fg) + ((ab(dec) fg) + ((ac(bed)) fg) + ((ad(bee)) fg)
+ ((ad(ced)) fg) + ((ae(bdc)) fg) + ((be(dea)) fg) + ((cd(bea)) fg)]
—2[((ab(ced)) fg) + ((ac(bde)) fg) + ((ac(deb)) fg) + ((ad(bec)) fg)
+ ((ae(bed)) fg) + ((ae(cdb)) fg) + ((bd(cea)) fg)]
+3[(((abe)de) fg) + (((abd)ec) fg) + (((abe)ed) fg) + (((acb)ed) fg)
+ (((acd)be) fg) + (((ace)db) fg) + (((adb)ce) fg) + (((adc)ed) fg)
+ (((ade)be) fg) + (((aed)de) fg) + (((aec)bd) fg) + (((aed)cb) fg)]
—3[(((abc)ed) fg) + (((abd)ce) fg) + (((abe)de) fg) + (((acb)de) fg)
+ (((acd)eb) fg) + (((ace)bd) fg) + (((adb)ec) fg) + (((adc)be) fg)
+ (((ade)cb) fg) + (((aed)cd) fg) + (((aec)db) fg) + (((acd)be) fg)]
+4[(((abo)ef)dg) + (((abd)cf)eg) + (((abe)df )eg) + (((acb)df )eg)
+ (((acd)ef)bg) + (((ace)bf)dg) + (((adb)ef)cg) + (((ade)bf)eg)
+ (((ade)cf)bg) + (((aeb)cf)dg) + (((aec)df)bg) + (((aed)bf)cyg)
+ (((afb)ed)eg) + (((afb)de)cg) + (((afbec)dg) + (((afc)be)dg)
+ (((afe)db)eg) + (((afc)ed)bg) + (((afd)be)eg) + (((afd)ce)bg)
+ (((afd)eb)eg) + (((afe)bd)cg) + (((afe)cb)dg) + (((afe)dc)bg)]
—4[(((abe)df )eg) + (((abd)ef)cg) + (((abe)cf)dg) + (((acb)ef)dg)
+ (((acd)bf)eg) + (((ace)df)bg) + (((adb)cf)eg) + (((adc)e f)bg)
+ (((ade)bf)cg) + (((aed)df )eg) + (((aec)bf)dg) + (((aed)cf)bg)
+ (((afb)ce)dg) + (((afb)de)eg) + (((afbled)cg) + (((afc)bd)eg)
+ (((afc)de)bg) + (((afe)eb)dg) + (((afd)be)cg) + (((afd)ch)eg)
+ (((afd)ec)bg) + (((afe)be)dg) + (((afe)ed)bg) + (((afe)dd)cg)]
+8[(((abe) fe)dg) + (((abd) fe)eg) + (((abe) fd)eg) + (((abf)ed)eg)
+ (((abf)de)cg) + (((abf)ec)dg) + (((acb) fd)eg) + (((acd) fe)bg)
+ (((ace) fb)dg) + (((acf)be)dg) + (((acf)db)eg) + (((acf)ed)bg)
+ (((adb) fe)cg) + (((ade) fb)eg) + (((ade) fe)bg) + (((adf )be)eg)
+ (((adf)ce)bg) + (((adf )eb)cg) + (((aeb) fe)dg) + (((aec) fd)bg)
+ (((aed) fb)eg) + (((aef)bd)eg) + (((aef)cb)dg) + (((aef)de)bg)]
—8[(((abe) fd)eg) + (((abd) fe)cg) + (((abe) fc)dg) + (((abf)ce)dg)
+ (((abf)dc)eg) + (((abf)ed)cg) + (((acb) fe)dg) + (((acd) fb)eg)
+ (((ace) fd)bg) + (((acf)bd)eg) + (((acf)de)bg) + (((acf)eb)dg)
+ (((adb) fe)eg) + (((adc) fe)bg) + (((ade) fb)eg) + (((adf)be)cg)
+ (((adf)cb)eg) + (((adf )ec)bg) + (((aeb) fd)cg) + (((aec) fb)dg)
+ (((aed) fe)bg) + (((aef)be)dg) + (((aef)ed)bg) + (((aef)db)cg)]

TABLE 5. A new identity for the trilinear operation in degree 7

3017 is the coefficient vector of the identity in Table 5; it increases the dimension
of the subspace to 4452. Modulo 101, the nonzero components of this vector are
1,2,4,49,50,51,52,97,99,100; multiplying by 2 and reducing modulo 101 using
symmetric representatives, we obtain 2,4,8, —3,—1,1,3, —8, —4, —2. We use these
integer coefficients to check the validity of the identity: we generate 7 pseudorandom
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7-dimensional vectors with single-digit components, set the variables a, b, c,d, e, f, g
equal to these vectors, evaluate the identity using integer arithmetic, and obtain
the zero vector. After performing 1000 independent tests, we are convinced that
the identity in Table 5 is valid over a field of characteristic 0. O

Open Problem 1. Find a minimal set of S7-module generators for the space of
multilinear polynomial identities of degree 7 satisfied by the operation (z,y, z).

6. POLYNOMIAL IDENTITIES RELATING THE TWO OPERATIONS

We now consider polynomial identities which involve both operations. To obtain
the correct identities, the scalar factors in the morphisms « and 8 must be compat-
ible. We therefore replace 8 by —3003; that is, we replace (z,y,z) by —30(x,y, z).
This does not affect the previous results: polynomial identities for a single operation
do not change if the operation is replaced by a (nonzero) scalar multiple.

Lemma 6.1. Every polynomial identity of degree < 3 relating the bilinear operation
[z,y] = a(x Ay) and the trilinear operation (z,y,z) = B(x Ay) -z on the s((2,C)-
module V(6) is a consequence of the anticommutativity of [z, y], the skew-symmetry
of (z,y, z), and the mized Jacobi identity in degree 3 from Definition 2.2:

[[a, b, ¢] + [[b, ¢, a] + [[¢,a], b] + (a, b, ¢) + (b, ¢,a) + (¢, 0,b) = 0.

Proof. There are two association types in degree 3, [[—,—], —] and (—, —, —), and
each has three multilinear monomials, all of which appear in the mixed Jacobi
identity. Fill-and-reduce stabilizes at rank 5, with this row canonical form:

r . . . . -1
) 1

1 . . -1

1 . -1

1 1

The canonical basis vector of the nullspace is the coefficient vector for the mixed
Jacobi identity. (This explains why rescaled the trilinear operation.) (|

Proposition 6.2. Every polynomial identity of degree < 4 relating the bilinear
operation [z,y] = a(x Ay) and the trilinear operation (x,y,z) = B(x Ay) -z on the
5[(2,C)-module V (6) is a consequence of the anticommutativity of [x,y], the skew-
symmetry of (x,y, z), the mized Jacobi identity in degree 3, the Malcev identity in
degree 4, and these two identities in degree 4 from Definition 2.2:

(la,b],¢,d) + ([b,d], a,d) + ([c,a],b,d) =0,

[(a,b,¢),d] —[(a,b,d),c] — (a,b,[e,d]) = 0.
Proof. In degree 4, there are five association types involving both operations,
[[[_7_]’_}7_]7 [(_7_’_)»_]7 H_?_]a[_’_]]a ([_’_L—’_)’ (_v_a[_’_])v
with 12+ 12 + 3 + 12 + 6 = 45 multilinear monomials. Fill-and-reduce stabilizes at
rank 21 indicating a nullspace of dimension 24. We compute the canonical basis of

the nullspace and sort the vectors by increasing number of nonzero components.
The mixed Jacobi identity j(a,b,c) has these four consequences in degree 4:

j(la,dl,b,¢), jla,[bd),c),  jla,b,[c.d]), [i(a,b,c),d].
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Further calculations show that these identities generate a 10-dimensional subspace
of the nullspace from the fill-and-reduce process. Hence there exists a complemen-
tary subspace of dimension 24 — 10 = 14 consisting of new identities in degree 4.
Processing the sorted list of nullspace basis vectors, we find that three vectors in-
crease the rank; these are the coefficient vectors of the Malcev identity and the two
identities in degree 4 from Definition 2.2. O

Theorem 6.3. Every polynomial identity of degree < 5 relating the bilinear op-
eration [x,y] = a(x Ay) and the trilinear operation (z,y,z) = B(x Ay) - z on the
5[(2,C)-module V(6) is a consequence of the following identities:

1) the anticommutativity of [x,y],

) the skew-symmetry of (x,y, z),

) the mized Jacobi identity in degree 3 (Definition 2.2),

) the Malcev identity in degree 4 (Definition 2.1),

) the two mized identities in degree 4 (Definition 2.2),

) the 18-term identity in degre 5 (Definition 4.3),

) the ternary derivation identity in degree 5 (Definition 2.2),

(
(2
(3
(4
(5
(6
(7

and the new 31-term mized identity in degree 5 displayed in Table 6.

Proof. In degree 5, there are 13 association types involving both operations,
[[[_7_}7 ]7_]a_]7 H(_a_7_)7_]7_]a

7*7[* *])a*}a [[[*7*}’*]7[*a*]]7 [(*7*7*)’[*7*]}’ (H*?*]a*}’faf)a
7_7_) _7_)7 ([—,_]7[_,_],_)7 ([_7_]ﬂ_7[_ﬂ_D7 (_7_7[[—,_]7—]),
’ Ty [_7 ) _]]a

with 60+ 60+ 15460+ 30+ 30+ 30+ 60+ 60+ 15+ 30 4 30 4+ 30 = 510 multilinear
monomials. We create a matrix of size 580 x 510 with a 510 x 510 upper block and
a 70 x 510 lower block; this allows us to perform 10 iterations of fill-and-reduce
simultaneously. Fill-and-reduce using the Hermite normal form achieves rank 123
after the second group of 10 iterations; the rank does not increase for another 10

groups of 10. Let A denote the resulting 123 x 510 integer matrix; the nullspace
has dimension 510 — 123 = 387. The Maple command,

i
)

[
[
(
[

U := HermiteForm(Transpose(A),output="U’,method=’integer[reduced]’):

computes a 510 x 510 integer matrix U for which UA? = H, where H is the
Hermite normal form of A®. The last 387 rows of U form a lattice basis for the
integer nullspace of A. We sort these rows by increasing Euclidean norm, and store
them in a 387 x 510 integer matrix N.

We next determine the consequences in degree 5 of the known polynomial iden-
tities of degrees < 4. We must consider the following cases:

e In degree 3 we have the mixed Jacobi identity; we use the trilinear operation
to lift it directly to degree 5 (obtaining 5 identities), and we use the bilinear
operation to lift it first to degree 4 (obtaining 4 identities) and then to
degree 5 (obtaining 20 identities).

e In degree 4 we have the Malcev identity and the two mixed identities; we
use the bilinear operation to lift them to degree 5 (obtaining 15 identities).

We have 40 multilinear identities in degree 5 which generate the Ss-module of all
consequences of known identities from lower degrees. We construct a matrix of size
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—[[[la,b],e],d],c] = [[[[a,c],b],d],e] = [[[[a,c],e],d],b] +[[[[a,d],c],b] €]
+[[[la, el d],b],c] + [[[[a,e],d],c],0] + [[[[bc], d],a],e] = [[[[b,d],a],c], €]
—[[[[b,d],a] e],c] = [[[[c,d],a] e],b] = [[[[d,e],b],a],c] = [[[[d,e],c],al],b]
—[[(a,¢,d),ble] = [[(a,c,d),e],b] = [[(a,d,c),e],b] +[[(b,c,d),e],a]

—[[(bd,c),ale] = [[(¢c,e,d),al,b] = [[(d,e,c),a],b] = [[(d,e,c),b],a]
+[[[a,b],[c,d]],e] + [[[a,d],[be]],c] + [[[a,d],[c,e]],b]
+[(a,d,c),[b,e]] = [(b,c,d),[a,e]] = [(b,d,c),[a,e]] = [(c,e,d),[a,b]]

+ ([[a,b],e],c,d) + ([[a,e],b],e,d) + ([[a,e],b],d,c) + ([[be],al,d,c)

TABLE 6. The new identity in degree 5 relating the two operations

630 x 510 with a 510 x 510 upper block and a 120 x 510 lower block. For each
of the 40 lifted identities, we fill the rows of the lower block with the coefficient
vectors of all permutations of the identity and compute the row canonical form using
modular arithmetic. When we are done, the rank is 341; this is the dimension of
the Ss-module of consequences of known identities from lower degrees.

The third stage is to process the known identities of degree 5: the 18-term
identity and the ternary derivation identity. The rank increases to 367: there is a
complementary subspace of dimension 387 — 367 = 20 of new identities in degree 5.

The fourth stage is to apply the procedure of the second stage to the identities
corresponding to the rows of the matrix N obtained from the first stage. Starting
from the matrix of rank 367, we find that exactly one row of the N increases in the
rank: row 269 increases the rank to 387, the dimension of the nullspace. This row
represents the multilinear polynomial identity of Table 6. (]

Theorem 6.4. Every polynomial identity of degree < 6 relating the bilinear op-
eration [x,y] = oz A y) and the trilinear operation (x,y,z) = B(x Ay) -z on
the s[(2,C)-module V(6) is a consequence of the identities listed in Theorem 6.3
together with a 14-dimensional space of new identities in degree 6.

Proof. There are 38 association types and 7245 multilinear monomials. Fill-and-
reduce stabilizes at rank 751, indicating a nullspace of dimension 6494. In this case
we have a large number of liftings of identities from lower degrees:

(1) The mixed Jacobi identity in degree 3 can be lifted to degree 6 using either
three binary liftings, a binary lifting followed by a ternary lifting, or a
ternary lifting followed by a binary lifting.

(2) The Malcev identity and the two Lie-Yamaguti identities of degree 4 can
be lifted to degree 6 using either two binary liftings, or one ternary lifting.

(3) The 18-term identity, the ternary derivation identity, and the 31-term iden-
tity of degree 5 can be lifted to degree 6 using one binary lifting.

The resulting 300 liftings generate a subspace of dimension 6480, indicating a com-
plementary 14-dimensional subspace of new identities. The computational details
are similar to those of previous proofs, and are therefore omitted. O

Open Problem 2. Find a minimal set of Sg-module generators for the space of
multilinear polynomial identities of degree 6 relating [x,y] and (z,y, z).
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Open Problem 3. Use the representation theory of the symmetric group as in
Bremner and Hentzel [4] to attempt to extend these computations to degree 7.

ACKNOWLEDGEMENTS

Murray Bremner was partially supported by NSERC. Andrew Douglas was par-

tially supported by PSC/CUNY. We thank Ivan Shestakov for telling us about the
Filippov h-polynomial and Conjecture 4.8.

(1]
2]
(3]
(4]
(5]

(6]

(7]
(8]

(9]
[10]
[11]
[12]
[13]
(14]
[15]

[16]
(17]

(18]
19]

20]

(21]

REFERENCES

P. BENITO, A. ELDUQUE, F. MARTIN-HERCE: Irreducible Lie-Yamaguti algebras. Journal of
Pure and Applied Algebra 213:5 (2009) 795-808.

P. BEnITO, A. ELDUQUE, F. MARTIN-HERCE: Irreducible Lie-Yamaguti algebras of generic
type. Journal of Pure and Applied Algebra 215:2 (2011) 108-130.

M. R. BREMNER: Lattice Basis Reduction: An Introduction to the LLL Algorithm and Its
Applications. CRC Press, 2011.

M. R. BREMNER, I. R. HENTZEL: Invariant nonassociative algebra structures on irreducible
representations of simple Lie algebras. Experimental Mathematics 13:2 (2004) 231-256.

M. R. BREMNER, I. R. HENTZEL, L. A. PEREsI, M. V. TvALAVADZE, H. USEFI: Enveloping
algebras of Malcev algebras. Commentationes Mathematicae Universitatis Carolinae 51:2
(2010) 157-174.

M. R. BREMNER, L. A. PERESI: An application of lattice basis reduction to polynomial
identities for algebraic structures. Linear Algebra and Its Applications 430:2-3 (2009) 642—
659.

M. R. BREMNER, L. A. PERESI: Special identities for quasi-Jordan algebras. Communications
in Algebra 39:7 (2011) 2313-2337.

J. M. CLIFTON: A simplification of the computation of the natural representation of the
symmetric group Sp. Proceedings of the American Mathematical Society 83:2 (1981) 248—
250.

J. DIXMIER: Certaines algeébres non associatives simples définies par la transvection des formes
binaires. Journal fiir die Reine und Angewandte Mathematik 346 (1984) 110-128.

A. ELDUQUE: On a class of Malcev superalgebras. Journal of Algebra 173:2 (1995) 237-252.
K. ERDMANN, M. J. WILDON: Introduction to Lie Algebras. Springer, 2006.

V. T. FiLippov: On a variety of Malcev algebras. Algebra Logika 20:3 (1981) 300-314.

J. E. HUMPHREYS: Introduction to Lie Algebras and Representation Theory. Springer, 1972.
N. JacoBsoN: Lie and Jordan triple systems. American Journal of Mathematics 71 (1949)
149-170.

M. K. KINYON, A. WEINSTEIN: Leibniz algebras, Courant algebroids, and multiplications on
reductive homogeneous spaces. American Journal of Mathematics 123:3 (2001) 525-550.

E. N. KuzMmIN: Malcev algebras and their representations. Algebra Logika 7:4 (1968) 48-69.
W. G. LISTER: A structure theory for Lie triple systems. Transactions of the American
Mathematical Society 72 (1952) 217-242.

A. 1. MALCEV: Analytic loops. Matematicheskit Sbornik N. S. 36/78 (1955) 569-576.

J.-M. PEREz-1ZQUIERDO, I. P. SHESTAKOV: An envelope for Malcev algebras. Journal of
Algebra 272:1 (2004) 379-393.

A. A. SAGLE: Malcev algebras. Transactions of the American Mathematical Society 101
(1961) 426-458.

K. YAMAGUTL: On the Lie triple system and its generalization. Journal of Sciences of Hi-
roshima University Series A 21 (1957/1958) 155-160.

DEPARTMENT OF MATHEMATICS AND STATISTICS, UNIVERSITY OF SASKATCHEWAN, CANADA
E-mail address: bremner@math.usask.ca

DEPARTMENT OF MATHEMATICS, NEW YORK CITY COLLEGE OF TECHNOLOGY, CITY UNIVER-

SITY OF NEW YORK, USA

E-mail address: adouglas@citytech.cuny.edu



