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We simplify the results of Bremner and Hentzel [J. Algebra 231 (2000) 387-405] on polynomial
identities of degree 9 in two variables satisfied by the ternary cyclic sum [a, b, c] = abc+bca+cab
in every totally associative ternary algebra. We also obtain new identities of degree 9 in three
variables which do not follow from the identities in two variables. Our results depend on (7) the
LLL algorithm for lattice basis reduction, and (i¢) linearization operators in the group algebra
of the symmetric group which permit efficient computation of the representation matrices for
a nonlinear identity. Our computational methods can be applied to polynomial identities for
other algebraic structures.
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1. Introduction

Bremner and Hentzel [2] studied polynomial identities satisfied by three ternary
generalizations of the Lie and Jordan products: the symmetric, alternating, and
cyclic sums. In the first two cases, there are new identities in degrees 3 and 7,
and no new identities in degrees 5 and 9. (We call an identity “new” if it is not a
consequence of identities of lower degree.) For the ternary cyclic sum, there are new
identities in degrees 3, 7 and 9, and no new identities in degree 5. The identities in
degree 9 are very complex: Table IV of [2] gives 9 identities in two variables which
have up to 95 terms and whose coefficients have up to 4 digits. One expects that
there are simpler equivalent identities.

In this paper we use the LLL algorithm for lattice basis reduction [8] to find
simpler identities. We present 4 identities in two variables which have up to 65
terms and whose coefficients have only 1 digit and which are equivalent to the
identities in [2, Table IV]. We then use the same methods to obtain simple identities
in three variables which do not follow from the identities in two variables.

To demonstrate that our new two-variable identities are equivalent to [2, Table
IV], we use the representation theory of the symmetric group, and for this we
need multilinear identities. The obvious way to linearize an identity produces an
equivalent identity with many more terms; computation with the linearized identity
is often not practical. To avoid this problem we introduce linearization operators L
in the group algebra Q.5,, which allow us to compute the representation matrices of
a nonlinear identity I by evaluating the products L¢(I) where ¢(I) is a multilinear
identity with the same number of terms as 1.
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2. Preliminaries

Definition 2.1: A ternary algebra is a vector space V over a field F with a
trilinear product V x V x V' — V denoted (a, b, c) — abc. The ternary algebra V'
is totally associative if (abc)de = a(bed)e = ab(cde) for all a,b,c,d,e € V.

Definition 2.2: A trilinear operation is a linear combination of permutations
of a, b, c: we write [a, b, ¢] = x1 abc+ x2 acb+ x3 bac + x4 bea + x5 cab + x¢ cba where
x; € F. If we regard the permutations as products in a totally associative ternary
algebra, then [a, b, c] defines a new nonassociative product on the underlying vector
space. (We often omit the commas in [a, b, ¢], especially when we consider mono-
mials of higher degree.)

Definition 2.3: The trilinear operation [a,b,c] = abc + bea + cab is called the
ternary cyclic sum. It satisfies the cyclic law C(a, b, c) = [a,b,c] — [b,¢,a] = 0.

Definition 2.4: Consider a partitionn =ny+---4+ng (n >ny > --- > nk > 1).
Let m be a nonassociative monomial of degree n and multidegree (n1,...,ng);
that is, m is a permutation of the associative monomial a" - - - a;* with some valid
arrangement of parentheses. (In this paper, m will be a monomial in the ternary
cyclic sum.) Fori=1,... .k weset N;={ni+---+mn;_1+1,...,n1+---+n;},so
that Ny UNa U ---U Ny, is a partition of N = {1,...,n} with |N;| = n;. We define
£(m), the basic linearization of m, to be the multilinear monomial obtained by
first replacing the old variables ay,...,a; by temporary variables af,...,a) and
then replacing the n; occurrences of a) by the new variables a; for j € N; with
j increasing from left to right. The operation ¢ extends to linear combinations of
monomials with the same multidegree.

For the rest of this paper F = Q, the field of rational numbers.

Definition 2.5: With notation as above, let P; be the symmetric group on ;.
The (symmetric) linearization of m is

Lt m)= Y- > o1--0oxl(m),

o1€EP; orEP;

where o; acts on the subscripts of the a; for j € N;. (This action does not change
the association type.)

Definition 2.6: Let I = ZteT xymy be a multihomogeneous nonassociative
polynomial: 7" is an index set, x; € Q for all t € T, and each monomial m; has
degree n and multidegree (nq,...,ng). The (symmetric) linearization of [ is

LI = Lt (my).

teT

Definition 2.7: Let A be another partition of n and let Ry: QS,, — My(Q) be
the corresponding irreducible representation of S,, of dimension d. (We regard R)
as projection onto a simple ideal of QS,,.) For the partition n = ny + ng + -+ - + ng
we define P; as above. The linearization operator for these two partitions is

=S Ry(o).

0€EP XX Py,

Remark: Let I be a multihomogeneous nonassociative polynomial with multidegree
(n1,...,ng). Suppose that there are C association types in degree n. In I we collect
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the terms with the same association type and write I = M7 4+ --- + Mg. In each
My the monomials differ only by permutation of the variables, so we can regard
LT (M) as an element of QS,, and LT (I) = LT (M) +---+ LT (M¢) as an element
of (QS,)°.

Lemma 2.8: With notation as above, let I = My + - - - + Mc have multidegree
(n1,...,ng). Let X be a partition of n and Ry the corresponding irreducible repre-

sentation of S,. The C-tuple of matrices in (QS,)C representing the linearization
of I is

( L;Ll,“"nkRA(g(Ml))7 . Lzl,,nkR)\(g(MC)) ) .

Proof: It suffices to check each component separately, so we write M =
ZteT xymy € QS,. Since Ry is a linear map, for any monomial m = m; we have

Ry(L*(m)) = > -+ > Ra(or---opl(m)).

o1EP; orEP

Since Ry is a representation of S, and ¢(m) is a permutation of a; - - - a,, we get

R)\(LJr(m)) = Z Z Rx(01) - Ra(og)RA(€(m)) .

01EP; o0LEP;

Every term has the rightmost factor Ry(¢(m)), so we obtain

R (¢(m)).

Ry(L*(m)) = [ Z Z Ry(01) -+~ Ra(oy)

01EP; oLEP;

The expression in brackets is the linearization operator Ly" ™. We now have

Ry(LT(M)) = Ry ( 3 xtLJr(mt)) =3 @Ry (L ()

teT teT
= LY Ry (U(my)) = Ly ™ Ryl(M) .
teT
The proof is complete. O
Remark: Given a polynomial with multidegree (ni,...,ng), the obvious way to

linearize it is to replace each term by ni!---ng! new terms. By contrast, the ex-
pression /(M) has the same number of terms as M. We therefore avoid creating
a linearized identity with many more terms than the original identity. Given a
family of identities with the same multidegree (ni,...,ny) we can precompute the
linearization operators LY'™* for all X and then the representation matrices can
be quickly determined.

Definition 2.9: The alternating linearizations of m and I = ZteT T¢My are

L (m)= Y- Y elo) ealop)or--opl(m), L (I)=> aL (my),

01E€S1 0KESk tel

where €;: S; — {£1} is the sign homomorphism.
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Remark: An algebra over Q satisfies the polynomial identity I if and only if it
satisfies L™ (I); the same statement does not hold for L™ (I). See Zhevlakov et al.
[9, Chapter 1].

3. Polynomial identities in degrees 3 and 5

Lemma 3.1: For the ternary cyclic sum, every multilinear polynomial identity
of degree 3 follows from the cyclic law C.

Proof: In QS3 let I = abc — bea (the cyclic law) and O = abe + bea + cab (the
cyclic sum). One checks that 7O = 0, and that if JO = 0 then J = KT for some
K € QSs. In the decomposition QS35 = Q ® M3(Q) @ Q, the left ideal generated by I
(respectively O) is M>(Q) (respectively Q @ Q). The details are similar to the proof
of Lemma 10 in Bremner and Peresi [3]. O

Lemma 3.2: For the ternary cyclic sum, every multilinear polynomial identity
of degree 5 follows from the cyclic law C.

Proof: Write A = QS5 where ¢ € S5 represents the totally associative mono-
mial a”b?c’de’. There are 3 association types in degree 5: [[abc|de], [a[bed]e],
[ab[cde]]. The cyclic law implies [[abc]de] = [e[abeld] = [delabc]], so we only need
the first type. Write B = QS5 where o € S5 represents the nonassociative monomial
[[a”b7¢?]d?e?]. Left multiplication gives an action of S5 on A and B. Let E € A
be the expansion of M = [[abc]de] € B:

E = abcde + beade + cabde + deabe + debeca + decab + eabed + ebead + ecabd .

The submodule X C A @ B generated by E—M contains the relations between
the totally associative operation and the nonassociative operation. The submodule
X NB contains the polynomial identities for the ternary cyclic sum. The submodule
T C B generated by [[abc|de] — [[bea]de] contains the consequences of the cyclic law.
It suffices to show that X N B = T'. For this we use the decomposition of QS5 as
a direct sum of simple ideals: for each partition A of 5, there is a simple ideal
isomorphic to the algebra of d x d matrices, as follows:

partition A 5 41 32 312 221 213 15
dimension d 1 4 5 6 5 4 1

We now compute one representation at a time. For any o € S5 and any A, the matrix
representing o in the simple ideal corresponding to A can be computed efficiently
following Clifton [6]. Taking linear combinations gives the matrix representing any
element of Q.S5. For each partition A with dimension d, we represent an element of
A @ B by a d x 2d matrix. We give details for the largest representation (A = 312,
d = 6); the others are similar. The 6 x 12 matrix representing E—M is

4 0 1 1 2 1] -1 0 0 0 0 0
-1 1 -2 0 1 -2 0 -1 0 0 0 0
-1 1 -2 0 1 -2 0 0 -1 0 0 0

1 -1 2 0 -1 2 0 0 0 -1 0 0

1 -1 2 0 -1 2 0 0 0 0 -1 0

3 =3 6 0 -3 6 0 0 0 0 0 -1

Its row canonical form is
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1 0 1/4 1/4 1/2 1/4]|-1/4 0 0 0 0 0 |
0 1 —-7/4 1/4 3/2 —-7/4|-1/4 0 0 0 O 1/3
0 0 0 0 0 0 01 0 0 O 1/3
0 0 0 0 0 0 001 0 O 1/3
0 0 0 0 0 0 0 001 0 —-1/3
i 0 O 0 0 0 0 0 000 1 —-1/3 |
Only the last 4 rows of the RCF have leading 1s in the right part (the B part):
these rows represent polynomial identities I, ..., I4 satisfied by the ternary cyclic
sum. The 6 x 6 matrix representing [[abc]de] — [[bca]de] and its RCF are
0 1 -1 0 0 0] 0 1 0 0 0 1/3 ]
0 2 0 -1 0 1 0 0 1 0 0 1/3
0 0 2 0 -1 1 0 0 0 1 0 —-1/3
0 1 0 1 0 0 0 0 0 0 1 -1/3
0 0 1 0 1 0 0 0 0 0 0 0
i 0 0 0 0 0 0 | i 0 0 0 0 0 0 |
The nonzero rows of the RCF agree with the rows representing Iy,..., I4. O
4. Polynomial identities in degree 7
Definition 4.1: We consider two nonassociative ternary polynomials:
D = [[[aaa]ablaa] — [[aab][aaala] , E = [[[aaa]balaa] — [[aaa][aabla] .

Example 4.2 Both D and E have multidegree (6,1). We consider the lineariza-
tions of D; the linearizations of E are similar. We have

(D) = [[[ara2a3]asar]asas] — [[a1azaz][azasas]ag) .

The occurrences of a have been replaced by ai,...,ag from left to right, and the
single occurrence of b by ay. Summing over all permutations of the a positions, we
obtain the symmetric and alternating linearizations, and their sum:

L+(D) - Z ([[[aalaa2aa3]a04a7]aa5aa6] - [[a01a02a7] [aa3aa4aa5]a06]> 5
TgESs

L™ (D)= 6(0)([[[acrla02aa3]a04a7]a05a06] — [lac1as2a7] [aa3aa4ao5]a06]) ,
o€Se

LT(D)+ L~ (D) =

2 <H[aalaa2a03]aa4a7]aa5ao6] — [lac1as2a7] [a03a0—4aa5]a06]) :
o€As

The last sum is over the alternating group Asg.

Lemma 4.3: For the ternary cyclic sum, every multilinear polynomial identity
of degree 7 follows from the cyclic law C and the identities LT (D) + L™ (D) and
LT (E)+ L™ (E).

Proof: This result was stated informally and without proof in Bremner and
Hentzel [2, page 400]. Write A = QS7 where o € S7 represents the totally as-
sociative monomial a”b?c?d?e? f?¢°. The cyclic law implies that we need only two
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Table 1. Representation matrix for the submodule X in degree 7

8§ -3 -6 -7 —6 6 | —1 0 0 0 0 0 0 0 0 0 0 0
8 6 -6 -7 —6 =3 0 -1 0 0 0 0 0 0 0 0 0 0
2 0o -3 -4 0 3 0 0 -1 0 0 0 0 0 0 0 0 0
2 3 0o -4 -3 0 0 0 0o -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0
6 -3 -3 6 —6 —6 0 0 0 0 0 0 -1 0 0 0 0 0
0 3 3 0o -3 -3 0 0 0 0 0 0 0 -1 0 0 0 0
0 3 3 0o -3 =3 0 0 0 0 0 0 0 0 -1 0 0 0
0 3 3 0o -3 -3 0 0 0 0 0 0 0 0 0o -1 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0o -1
Table 2. Row canonical form of the matrix from Table 1
1 0 0 0 -=3/2 -1/2|0 /9 0 -4/9 0 0 -1/6 0 O 1/18 0 O
0o 1 0 0 0 -1]10 -=2/9 0 5/9 0 0 /9 0o 0 -1/3 0 O
0o 0 1 0 -1 0|0 2/9 0 -5/9 0 0 -1/9 0 O 0 0 O
0O 0 0 1 0 -1]0 -1/9 0 4/9 0 0 0 0 0 -2/9 0 O
0o 0 0 O 0 01 1 0 -5 0 O -1 0 O 3 0 O
0 0 0 O 0 00 0o 1 -1 0 O 0o 0 O 1 0 O
0 0 0 O 0 00 0 0 0O 1 0 0 0 O 0O 0 O
0 0 0 O 0 010 0 O 0 0 1 0 0 O 0 0 O
0 0 0 O 0 00 0 O 0o 0 O o 1 0 -1 0 O
0 0 0 O 0 00 0 0 0 0 O 0 0 1 -1 0 O
0 0 0 O 0 010 0 O 0 0 O o 0 O o 1 0
0 0 0 O 0 00 0 O 0 0 O o 0 O 0o 0 1
Table 3. Representation matrix for the submodule K in degree 7

0 0 0 0 1 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0 0 0

0 0 0 0 2 -1 0 0 0 0 0 0

0 0 0 0 1 1 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 0 0 2 —1

0 0 0 0 0 0 0 0 0 0 1 1

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 1 —1 0 0 0

0 0 0 0 0 0 0 0 1 -1 0 0

0 0 0 0 0 0 0 -1 0 1 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

—-20 -20 120 —-20 0 0 20 0 0 60 —-60 —60

0 0 0 0 30 30 0 -—-30 -30 60 —20 —-20

0 0 0 0 30 30 0 -30 =30 60 —-16 —16

0 0 0 0 27 27 0o —-27 =27 54 —12 —12

0 0 0 0 21 21 0 -21 —21 42 -8 —8

0 0 0 0 12 12 0o -12 -12 24 —4 —4

—-20 —-20 -20 120 0 020 —-60 —60 40 0 0

0 0 0 0 30 30 0 -—-20 -20 40 —-30 -30

0 0 0 0 30 30 0 -—-16 -16 32 =30 —-30

0 0 0 0 27 27 0o -12 -12 24 =27 =27

0 0 0 0 21 21 0 -8 —8 16 —21 —21

0 0 0 0 12 12 0 —4 —4 8 —12 —12

association types: [[[abc]de] fg], [[abc][def]g]. Write B = QS7®QS7 where (o, 0) rep-
resents [[[a”b7¢?|d?e?] f7¢°] and (0, o) represents [[a”b?c?][d?¢e? f7]¢7]. Left multi-
plication gives an action of S7 on A and B. Let Ey, Es € A be the expansions of
M, = [[[abc]de] fg], M2 = [[abc][def]g] € B. The submodule X C A @ B generated
by E1—M,, Eo—M> contains the relations between the totally associative operation
and the nonassociative operation. The submodule X N B contains the polynomial
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R\(E)|-I O O O O
R\ (Es) o -I O 0O O x| k%
X]=| R\(B5) | © O —-I 0O o0 RCF([X]) =
R\ME)| O O O -I O o | Y]
R\Es)| 0 0 o0 o -I
Figure 1. Representation matrix for expansions in degree 9
[ RA(Ih) 0 0 0 o
o) Ry(I>) 0 o) 0
o) Ry(I3) 0 o) o)
0 0 R(Ly) 19 19
r=| O 0 R(I5) 0 0
O O O R\(I6) o
0 0 0 Ry\(I7) o
0 0 0 O Ry\(Iy)
0 O O O Rx(Io) |
Figure 2. Representation matrix for consequences of cyclic law
[ Ra(J11)  Ra(Jia)  Ra(Ji3)  Ra(Jiy)  Ra(Jip) |
RA(J1)  Ra(J2)  Ra(JY3)  Ra(Jiy)  Ba(J75)

L] = RA(JTh)  Ra(JT)  Ba(Ji3)  Ba(Jiy)  Ba(J7s)
Ra(J31)  Ra(Jao)  Ra(Jas)  Ra(Jag)  Ra(Jys)
Ra(J31)  Ra(Jin)  Ra(J23)  Ra(J3a)  Ra(J3s)

[ Ba(J2h)  Ra(Jzy)  Ba(Jy3)  Ra(Jzh)  Ba(Jas) |

Figure 3. Representation matrix for liftings of degree 7 identities

identities for the ternary cyclic sum. The submodule 7' C B generated by

[labclde]fg] — [[[bealde] fg]. [[abc][de f1g] - [[beallde f1g], [[abe] de flg] — [label efd]g].

contains the consequences of the cyclic law. Let K C B be the submodule generated

by these three identities together with LT (D) + L™ (D) and LT(E) + L™ (E). Tt

suffices to show that X N B = K; we do this one representation at a time. The

partitions A of 7 and the dimensions d of the irreducible representations of S7 are
A7 61 52 512 43 421 413 321 322 3212 311 231 2213 21° 17
d 1 6 14 15 14 35 20 21 21 35 15 14 14 6 1

For every partition except 7, 61, 215, 17 we have XN B = T; since T C K C XNB
we obtain X N B = K in these cases. For the other 4 cases we give details only
for A = 61, d = 6. The 12 x 18 matrix representing F1—M; and Es—My is in
Table 1; its row canonical form is in Table 2. Only the last 8 rows of the RCF have
leading 1s in the right part (the B part): these rows represent polynomial identities
J1, ..., Jg satisfied by the ternary cyclic sum. The 30 x 12 matrix representing the
five generators of K is given in Table 3. Its RCF has 8 nonzero rows, which agree
with the rows representing Ji, ..., Js. O
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partitions  dimension rank(K) rank(Y) difference

81 217 8 31 34 3
72 2215 27 108 112 4
712 316 28 108 115 7
63 2313 48 201 202 1
613 41° 56 223 227 4
54 241 42 180 181 1
514 70 280 283 3

Figure 4. Ranks of new identities in degree 9

5. Polynomial identities in degree 9

Write A = Q.S9 where the associative monomial a®b?c?d?e? f7 g7 h?i? is represented
by o € Sy. The cyclic law implies that we need only five association types:

([[labclde] f g]hal, [[[abc][de flg]hil, [[[abelde][f ghlil, [[[abclde] f[ghl], [[abe] [de f][ghi]].

Write Mj,..., Ms for these nonassociative monomials, and B = (QSg)® where
o € Sy in the i-th summand represents o M;. Left multiplication gives an action of
So on A and B. Let Eq,...,E5 € A be the expansions of My,...,Ms € B. The
submodule X C A @ B generated by E;—M; for i = 1,...,5 contains the relations
between the totally associative operation and the nonassociative operation. The
submodule X N B contains the polynomial identities for the ternary cyclic sum.
Given a partition A\ with representation of dimension d, the component of X can
be represented as a matrix [X] of size 5d x 6d consisting of d x d blocks; [X] has
a bd x d left part (for A) and a 5d x 5d right part (for B). For i = 1,...,5 the
block in position (7,1) contains Ry(F;) and the block in position (i+1,7) contains
—1,4 (representing —M;); the other blocks are zero (Figure 1). In the row canonical
form, a row with leading 1 in the right part represents a polynomial identity for the
ternary cyclic sum. In Figure 1 the vertical lines in [X] and its RCF are in the same
position; the horizontal line in the RCF occurs between rows r and r+1, where the
latter is the first row with leading 1 in the right part. In the RCF, every row in the
upper left r x d block denoted (x) is nonzero, and the lower left (5d—r) x d block
is zero. Since [X] has full row rank, every row in the lower right (5d—r) x 5d block
[Y] of the RCF is nonzero. The submodule T' C B generated by

Iy = [[[labc]de] f g]hi) — [[[[bcalde] f g]hi] ,

Iy = [[labe][def]g]hi] — [[[bcal[deflg]hi], I3 = [[[abc][def]glhi] — [[[abe][efd]g]hi],
14 = [[[abclde][fghli] — [[[bealde][fghli),  Is = [[[abc]de][fghli] — [[[abc]de][ghfli],
I = [[labe]de] flghil] — [[[bcalde] flghal], =[Habc}d€] [ghi]] — [[[abc]de] fhig]],
Is = [labd][def][ghi]] — [[bea][def][ghil],  Is = [[abc][de f][ghi]] — [[def][ghi][abc]],

contains the consequences of the cyclic law. The component of T" in partition A is
represented by a matrix [T] of size 9d x 5d (Figure 2). Write J; = Lt (D) + L™ (D)
and Jo = LT(E) + L™ (E) for the identities of Lemma 4.3. Both are unchanged by
an even permutation of aq, ..., ag. We therefore need only three liftings of each to
degree 9, which we call J/, J!, J!":

Ji([a7h7i]7bvc7d7evag)7 Ji(aabvcad7eaf7 [gvh7ZD7 [Ji(a7bacvdveafag)ah7i]'
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Table 4. Polynomial identities with two variables in degree 9

—[[[[aaa]ablba]bb —[[[[aaa]ba]ba)bb —[[[[aaa]bb]aa]bb —[[[[aaa]bb]ba]ab —[[[[aaa]bb]ba]ba
+[[[[bbb]aa]aa)ab +[[[[bbb]aa]aa)ba —|[[[[bbb]aa]ablaa —2[[[[bbb]aa]balaa +[[[[bbb]ablaa)aa
+[[[[bbb]ba]aalaa —[[[aaa][abb]b]ba —[[laaa][bbb]b]aa +2[[[aab] [aaa]b]bb +3|[[[aab][aab]b]ab
+3|[[[abb][aaalblab]  +2[[[abb][aaalblba]  +3[[[abb][aab]blaa +[[[aaa]aa] [bbb]b +[[[aaa]ab] [abb]b
+[[[aaa]ba][abb]b —[[[aaa]bb][aablb +[[[aablaa][bbb]a +3[[[aab]ba][abb]a —[[[aab]bb][aaalb

—[[[abb]ba][aaalb +3|[[[abb]ba] [aabla —[[[bbb]aa][aaalb +[[[bbb]aa][aabla —[[[aaa]abla[bbb]

—[[[aaa]ba]a[bbb] +2[[[aaa]bb]blaab] +[[[aablaa]a|bbb] —3[[[aab]abla]abb] +[[[aab]bb]blaaa)
—3|[[[abb]ablalaab] —[[[abb]ba]blaaa) —[[[bbblaa]blaaal —[[aaa][abb][abb] —[[aaa][bbb][aab]
—6][[aab][aab][abb]

[aaa]aa]bb]bb —2[[[[aaa]ab]ab]bb —2[[[[aaa]ab]ba]bb +[[[[aaa]ab]bblab +[[[[aaa]ab]bb]ba
+[[[[aaa]ba]ablbb +[[[[aaa]ba]ba]bb +[[[[aaa]ba]bb]ab +[[[[aaa]ba]bb]ba —2[[[[aaa]bblaa]bb
—2[[[[aaa]bb]ab]ab —2[[[[aaa]bb]ab]ba +[[[[aaa]bb]ba]ab +[[[[aaa]bb]ba]ba +[[[[aaa]bb]bblaa

—[[[[bbb]aa]aa)ab —[[[[obb]aa)aalba +2[[[[bbb]aa]ablaa —[[[[bbb]aa]balaa —[[[[obb]ablaalaa

—[[[[bbb]ba]aa)aa —3|[[aaa][abb]b]ba —2[[[aaa][bbb]a]ab —2[[[aaa][bbb]a]ba +[[[aaa][bbb]blaa
—3[[[abb][aaa]a]bb +3|[[[abb][aaa)b]ab +[[[bbb][aaa)a]ab +[[[bbb][aaa)a)ba +[[[aaa]ab][abb]b
—2[[[aaa]ba][abb]b —2|[[[aaa]bb][aab]b —2[[[aaa]bb][abb]a —[[[aablaa][bbbla +[[[aab]bb][aaalb
—2[[[abb]ab][aaalb —2[[[abb]ba][aaalb —2[[[abb]bb][aaa]a +2[[[bbb]aa][aabla +4[[[aaa]ab]babb]

+[[[aaa)ba)blabb] +[[[aaa]bb]a[abb) +4[[[aaa]bb]blaab] —[[[aablaa]a[bbb] +[[[aab]bb]blaaal]

+[[[abb]ablblaaal +[[[abb]balblaaal +4([[[abb]bb]alaaal —|[[[bbb]aa]alaab +[[aaa][aab][bbb]

—[[[[aaa]aa]bb]bb —[[[[aaa]ablab]bb +[[[[aaa]ablba]bb —[[[[aaa]ab]bb]ab —[[[[aaa]ablbb]ba

+[[[[aaa]ba]ab]bb —[[[[aaa]bblablab —[[[[aaa]bb]ablba —[[[[aaa]bb]bblaa —3][[[aab]ab]ablab
—3|[[[aab]ab]ablba +3|[[[[aablablbalab]  +3[[[[aablablbalba]  +3[[[[aablba]ablab]  +3][[[aablba]ablba
+3|[[[[aab]ba]bb]aa —3|[[[[aab]bblaa]ab —3|[[[[aab]bblaalba —3([[[[aab]bb]ablaa —3][[[[abb]ablablaa
+3|[[[abb]ab]ba]aa +3|[[[abb]ba]ablaa —3|[[[abb]bblaalaa +[[[[bbb]aa]aa)ab +[[[[bbblaa]aa]ba

+[[[[bbb]ablaalaa +[[[[bbb]ba]aa]aa +[[[aaa][abbla]bb —[[[aaa][abb]b]ba —[[[aaa][bbb]blaa
+[[[aab][aaa]b]bb —3|[[[aab][aabla]bb —3|[[[aab][aab]b]ba —3([[[aab][abb]a]ab —3[[[aab][abb]alba
—3[[[aab][abb]blaa —2[[[aab][bbblalaa]  +2[[[abb][aaa]a]bb +3([[[abb][aaalblab]  +2[[[abb][aaa]b]ba
+3[[[abb][aab]blaa +[[[bbb][aaa]a]ab +[[[bbb][aaa)a]ba +[[[bbb][aaa]blaa +[[[bbb][aablalaa
—2[[[aaa]ba][abb]b —[[[aaa]bb][aab]b +[[[aab]aa] [bbb]a +3[[[aab]ab][aablb —3][[[aab]ba][aab]b

—[[[aab]bb][aaa]b +[[[abb]ab][aaa]b —[[[abb]ba][aaalb —[[[abb]bb][aaala —[[[aaa]ablblabb]

+[[[aaa]bb]a]abb] +[[[aaa]bb]baab] +[[[aablaa]a[bbb] +3[[[aab]ba]blaab] +3[[[aab]bbla[aab]

+[[[aab]bb]b[aaal] +[[[abb]ba)blaaa] —[[aaa][aab][bbb] —[[aaa][bbb][aab]

—[[[[aaa]ablab]bb +[[[[aaa]balba]bb +[[[[aaa)bblba]ab +[[[[aaa]bblba]ba —3[[[[aab]ablaa]bb
+3[[[[aab]ba]bblaa —3|[[[abb]aa]ba]ab —3([[[[abb]aa]ba]ba —3[[[[abb]ablba]aa +3[[[[abb]ba]ablaa
—2[[[[bbb]aa]ba)aa +[[[[bbb]ba]aa]aa —[[[aaa][abb]a]bb +[[[aaa][abb]b]ab —2[[[aaa][abb]b]ba

+[[[aaa][bbb]a]ab —[[[aaa][bbb]b]aa +3|[[aab][aab]b]ab +3([[[aab][aab]b]ba —3][[aab][abb]blaa

+[[[aab] [bbb]a]aa —[[[abb][aaa]a]bb —3|[[[abb][aaa]b]ab —6/[[[abb][aabla]ab +3|[[[abb][aab]a)ba
—2[[[bbb][aaa]alab —[[[bbb][aaa]blaa +5[[[aaa]ab] [abb]b +[[[aaa]ab] [bbb]a —3[[[aaa)ba][abb]b

—[[[eaaa]ba][bbb]a +2[[[aaa]bb][aablb]  +2[[[aaa]bb][abb]a, —[[[aablaa][bbbla +9([[[aab]ab][aab]b
+3|[[[aab]ab][abbla —3|[[[aab]ba][aab]b —3|[[[aab]ba][abbla +[[[aab]bb] [aaa]b +3|[[[aab]bb] [aabla
—3[[[abb]aa][abb]a +[[[abb]ab][aaa]b —3|[[abb]ab][aabla +[[[abb]ba][aaalb]  +3[[[abb]ba][aabla

—[[[bbb]aa][aabla —[[[bbb]ab][aaa]a +[[[bbb]ba][aaala +[[[aaa]aa]b[bbb] —2[[[aaa]ablb]abb]

+[[[aaa]ba)a[bbb] +2[[[aaa]ba]b[abb] +[[[aaa]bb]a[abb] +2[[[aablaa)a[bbb] —3][[[aab]abla]abb]
—6][[aab]ab]blaab] +3|[[abblaa]alabb] +3|[[[abb]ablalaab] +[[[abb]ablblaaal +[[[abb]ba]blaaal
+2[[[abb]bbla[aaal] +[[[bbb]abla[aaa] —2[[aaa][aab] [bbb] —3[|aaa][abb][abb] —2[[aaa][bbb][aab]

Let L C B be the submodule generated by these 6 liftings. We collect terms with
the same association type; for example, J{ = Jj; +--- + Jj 5. The component of
L in partition X is represented by a matrix L] of size 6d x 5d (Figure 3). The
submodule K = T 4+ L C B (in general not a direct sum) contains the identities
in degree 9 which follow from identities in lower degrees. The component of K in
partition X is represented by the 15d x 5d matrix [K] obtained by stacking [T] and
[L]. The row canonical form of [K] has at most 5d—r nonzero rows, since this is the
rank of the matrix [Y] which contains all the identities for the ternary cyclic sum
in this partition. If rank([K]) < rank([Y]) then there are new identities in degree
9: identities which are not consequences of the cyclic law and the lifted identities.
If rank([K]) = rank([Y]) then there are no new identities. The computations in
Bremner and Hentzel [2] show that rank([K]) = rank([Y]) except for the partitions
in Figure 4: the dimensions and ranks for conjugate partitions are the same, so we
put them in the same row.

In the rest of this paper we find (7) four identities in two variables which are sub-
stantially simpler than the nine identities of [2, Table IV], and (i7) seven identities
in three variables which do not follow from the identities in two variables.
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Peresi

[
+1

[[aaa][aaalblac]
[[aaa]cblalaaal]

+3[[[aac][aaa]b]aa]
—[laaa][aaa][acb]]

—[[[aaa]ba][aaa]c]
—3|[aaa][aab][aac]]

—[[[aaalbc][aaala)

+[[[aaa)ab]c[aaal]

L+ 101+

|
%)

[aaa]aalablac
[aaa]ablaa)ca
laaa]balaa)ca
laaa]cblaalaa
aab]|aaalalac
aaalbal[aacla
aaalablalaac)
aac]balalaaal

I+ 1 I +4+ 1+

[aaa]aalab]ca
[aaalaclaalab
laaa]bclaalaa
aaal[aablalac
aab][aaala]ca
aaalcallaabla
aaalacla[aab]
aaal[aab]aac]

4+

[aaa]aalbalac
[aaalaclablaa
[aaa]calaalba
aaallaabla]ca
aac][aaalblaa
aaclaallaaalb
aaalbalalaac]
aaal[aac][aab]

I ++ 1 |

+
)

[aaa]aalba)ca
[aaa]aclbalaa
[aaa)calablaa
aaallaac)blaa
abc][aaalalaa
aaclabl[aaala
aaclaalblaaal

|+ 4+

[aaa]ablaalac
[aaa]balaalac
laaa]calbalaa
aaallacblalaa
aaalablaacla
aaclbal[aaala
aaclablalaaal

Tl ++11++

laaalaa]calab
[aaa]aclaalba
laaa]calbalaa
aaallaac]alba
aacllaaalblaa
aaalballaacla
aaclaal[aaalb
aaalaalalabc]
aaalbclalaaal
aaclbalalaaal
aaallaabl]aac]

L+

L+ h

|
[

[aaa]aa]calba
[aaalac]ablaa
aaal[aaalblac
aaal[aac]blaa
abcllaaalalaa
aaalbc][aaala
aaclabl[aaala
aaalaalalach]
aaalcalalaab)
abclaalalaaal

I

[aaa]ablaalca
[aaalba]calaa
aaal[aaalb]ca
aaallabclalaa
aaalaallabcla
aaalcalaabla
aaclbalaaala
aaalablalaac]
aablaalclaaal)
acblaalalaaal

|+ 1 ++

[EREIN

[aaa]ab]calaa
[aaalbclaalaa
aaal[aabla)ac
aablaaalalac
aaalaallacbla
aablac]laaala
abclaal[aaala
aaalaclalaab)
aablaclalaaal
aaallaaal[abc]

\+I\J1\r>++|t‘ol

laaa]ac]aalab
[aaa]calaalba
aaal[aab]claa
aacllaaalalba
aaalbal[aaalc
aab]callaaala
acblaal[aaala
aaalaclblaaa)
aaclaalblaaal
aaallaaalach]

t3+|j::|+\||+

laaa]aalba]ca
[aaa]ablaclaa
[aaa]balaclaa
laaa]cblaalaa
aaallaabla)ca
aac]|aaala)ab
aaalbal[aaalc
aablcal[aaala
aaalaalalach]
aaalcalblaaal
aaclbalalaaa)

Lo | bt | 4+ 1+ 1

laaa]aa]calba
[aaa]ablcalaa
[aaalbalcalaa
aaal[aaa)blac
aaal[aac]blaa
aac|[aaalblaa
aaalballaac]a
aaclaallaaalb
aaalac]alaab)
aablaclalaaal
aaallaaalabc]

+ 11+ 1 +1 1+

+ 1
b o

[aaa]aalcblaa
[aaalaclablaa
[aaa]calaalba
aaal[aaa)clab
aaallacblalaa
acb][aaa)a]aa
aaalbcllaaala
aaclablaaala
aaalbalalaac]
aablcalalaaal
aaal[aab][aac]

++ 1 I +4++11

[aaa)ablaa)ac
[aaa]aclbalaa
[aaa]calablaa
aaal[aaa)clba
aablaaalalca
aaalaalaac]b
aaalcallaaalb
aaclbal[aaala
aaalbclalaaal
aaclaalblaaal

|+ +++ 1+

+
N

laaa]ablaa]ca
[aaalbalaa)ca
[aaa]calbalaa
aaal|aablalac
aabllaaalclaa
aaalacl]aabla
aablac][aaala
acblaal[aaala
aaa)calalaab]
aaclablalaaal

+
N

I e i O A A O

laaa]aalablca
[aaalaalcblaa
[aaa]balaalac
laaa]calbalaa
aaalaaalclba
aabllaaalalac
aaalaalabcla
aaalbal[aacla
aablcal[aaala
aaalaalblaac]
aaalbalclaaal
aab]calalaaal
aaallaabl][aac]

_l’_
N

+ I ++ 1 1 +4+ 11

laaa]aalac]ab
[aaa]ablaclaa
[aaalbalaa)ca
laaa]cblaalaa
aaal[aab]claa
aabl]aaa)a]ca
aaalabl[aaalc
aaalbc]laaala
aaclaallaaalb
aaalablalaac]
aaalbclalaaal
aaclaalblaaal)
aaallaac][aab)

I+ 1 1 ++

L+ %

|
[\

[aaa]aalbalac
[aaa]ab]calaa
[aaalbalac]aa
aaal[aaalblac
aaallaac]alba
aabl[aaa)c]aa
aaalab][aacla
aaalcallaaalb
aaclablaaala
aaalab]claaa)
aaalcalblaaal
aac]balalaaal

[

[aaa)aalbclaa
[aaalaclaalab
[aaalba]calaa
aaal[aaalb]ca
aaallaac)blaa
aacllaaalblaa
aaalac]laaalb
aaalch][aaala
abclaal[aaala
aaalaclblaaal
aaalcblalaaal
aaal[aaalabc]

b+

b+ | A+ 44+

b+

laaalaa)calba
laaalaclablaa
[aaalbclaalaa
aaal|aaalclab
aaallacblalaa
aaalaallaaclb
aaalbal[aaalc
aablac][aaala
aaalaalalach)
aaalbalalaac]
aablac]alaaal
aaal[aaa)[acb]

+
+2

—2
+2

-2
+2

[aaa]aalablac
laaa]ab]calaa
laaalbalcalaa
[aaa]cblaalaa
aaal[aab]claa
aablaaalalac
abcllaaalalaa
aaalballaacla
aablcal[aaala
aaalaalalabc]
aaa)calalaab]
aaclablalaaal
aaallaac][aab)

+ 1 I+ 1 +4+1 1+ 11

[aaa]aalac]ab
laaa]ac]aalba
[aaalbclaalaa
aaal[aaalb]ca
aaal[aac]alab
aabl[aaala]ca
aaalaalaable
aaalbc][aaala
aaclaallaaalb
aaalaalblaac]
aablaa)c[aaal)
abclaalalaaal

I R I N I

[aaa]aalba)ca
[aaalac]balaa
[aaa]calaalba
aaallaaa)clab
aaal[aac]alba
aablaaalclaa
aaalaallabcla
aaalcalaabla
aaclabl[aaala
aaalablclaaal
aablaclalaaal
acblaalalaaal

l++ 1 11+ 1 41

+

[aaa]aa]calba
[aaa)balaalac
[aaa]calablaa
aaallaaalclba
aaal[aac]blaa
aaclaaalalba
aaalabl[aaalc
aablaal[aaalc
aaclbal[aaala
aaalbalalaac]
aab]calalaaal
aaallaaal[abc]

L 44+ 4++ 10

|
o

[aaa]ablaalac
laaa]balaclaa
[aaa]calbalaa
aaallaablalac
aaal[abclalaa
aacllaaalblaa
aaalac]aaalb
aablac]laaala
abclaal[aaala
aaalba)claaa)
aaclaalblaaal
aaallaabl]aac]

6.

Degree 9: identities with two variables

The only partitions of 9 with two parts are 81, 72, 63, 54; all occur in Figure 4.
We show that it suffices to consider identities with multidegree (5,4). The p = 126

permutations of a

5b4

in lexicographical order are the associative monomials.

Applying the five association types we get 630 monomials, many of which are
equal by the cyclic law; we obtain ¢ = 56 426 + 26 4+ 26 +4 = 138 nonassociative
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[aaa)aalablac +[[[[aaa]aa)ac]ba —[[[[eaa]aa]ba]ac +[[[[aaa)aalba]ca +[[[[aaa]aa]calab
—[l[[aaa]aa]calba —[[[[aaa]ablaalac —[l[[aaa]ablaa)ca —2[[[[aaa]ablac]aa +3|[[[eaaa]ab]calaa
+[[[[aaa]ac]aalab —[[[[aaa]ac]aa]ba +[[[[aaa]ac]ablaa —2[[[[aaa)ac]balaa +[[[[aaa]ba]aalac
+[[[[aaa]balaa)ca +4[[[[aaa]balac]aa —[l[[aaa]calaa)ab [aaa]calaalba —2[[[[aaa]ca]ablaa
+[[[[aaa]calbalaa —[[[aaa][aaa]b]ca —[[[aaa][aaa]c]ab +[[[aaa][aac]alba +[[[aaa][aac]blaa
—[[[aab][aaala]ac —[[[aab][aaa)a]ca +[[[aab][aaa]c]aa +[[[aac][aaa)a]ab —2[[[aac]|aaa]blaa
—[l[[aaa)aa][aac]b —[[[aaalaal[abc]a —[[[aaa]abl][aaa]c —2[[[aaa]ab][aac]a —[l[[aaa)ac][aabla
+[[[aaa]ba][aac]a +[[[aaa]bc][aaala +[[[aaa]cal[aaa)b —[[[aaa]cb][aaa]a +[[[aablaa][aaalc

+2[[[aablac][aaala —[[[aab]ca][aaa)a —[[[aac]aa][aaalb +[[[aaa)aa]a[abe] —[[[aaa]aa]alach]
+[[[aaalaa]c|aab] +[[[aaa]ab]c[aaa) +2[[[aaalac]alaab] —2[[[aaa]ba]caaal +2[[[aaa]calblaaal
+[[[aablaa]claaal —2[[[aablac]alaaal +[[[aab]calalaaal —[[[aac]aalb[aaal] —[[aaa][aaa][abc]
+[[aaa][aaa][ach] —[[aaa][aab][aac] —2[|aaa][aac][aab]

monomials. Let E be the p X ¢ expansion matrix: the rows are labeled by
the associative monomials, the columns by the nonassociative monomials, and F;;
is the coefficient of the i-th associative monomial in the expansion of the j-th
nonassociative monomial. The polynomial identities for the ternary cyclic sum are
the (nonzero) vectors in the nullspace lattice N(E) = {X € z?|EX = O}.
To find a basis of N(E) we use the Hermite Normal Form of E*; see Adkins and
Weintraub [1], Cohen [5]. We compute matrices H (¢ X p, unique) and U (¢ X ¢, not
unique) such that UE! = H where H is the HNF of E! and U is an integer matrix
with det(U) = £1. If r = rank(F) then the last ¢—r rows of U form a lattice basis
of N(E). We apply the LLL algorithm for lattice basis reduction [8] to these rows;
to achieve the best reduction we use the limiting value 1 of the parameter. For
further details on this method, see Bremner and Peresi [4].

Theorem 6.1: The four identities for the ternary cyclic sum in Table 4 are
independent and do not follow from identities of lower degree. They are equivalent
modulo identities of lower degree to the nine identities of Table IV in [2].

Proof: Computations with Maple show that for polynomial identities of multide-
gree (5,4) the nullspace lattice has rank 41. The LLL algorithm produces 41 poly-
nomial identities with single-digit coefficients. We sort these identities by increas-
ing Euclidean length of the coefficient vectors. The first has 8 terms, coefficients in
{#£1, £3} and length v/24; the last has 84 terms, coefficients in {1, £2, £3, 46, 9}
and length v/760. For each partition \, we apply the linearization operator to each
identity and determine whether the identity increases the rank. The 41 identi-
ties produce the required increase from rank(K) to rank(Y") for all four partitions
A = 81,72,63,54. Further computations show that identities 29, 32, 37, 38 in the
sorted list are sufficient; these are the identities in Table 4. O

Corollary 6.2: The second identity in Table 4 produces by itself the required
increase in the ranks for partitions A = 54, 63.

Remark: The identities of [2, Table IV] have coefficients with up to 4 digits. The
LLL algorithm has found the much simpler equivalent identities of Table 4.

7. Degree 9: identities with three variables

In Figure 4 the only partition with three parts is 712.

Theorem 7.1: The seven identities for the ternary cyclic sum in Tables 5 and
6 are independent and do not follow from the identities of lower degree or those of

Table 4.

Proof: There are 72 associative monomials: the permutations of a’bc. The five
association types produce 44 + 24 + 24 + 24 + 4 = 120 nonassociative monomials.
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The 72 x 120 expansion matrix has a nullspace lattice of rank 59. The LLL algo-
rithm produces polynomial identities with coefficients < 4 in absolute value; we
sort them by increasing Euclidean length of their coefficient vectors. The first has
2 terms, coefficients in {£1} and length 1/2; the last has 58 terms, coefficients in
{£1,£2,3,4} and length V/114. For each partition X, we apply the linearization
operator to each identity and determine whether the identity increases the rank.
The 59 identities produce the required increase for partitions A\ = 81,72, 712. Fur-
ther computations show that identities 33, 45, 51, 54, 55, 56, 59 in the sorted list
are sufficient; these are the identities of Tables 5 and 6. O

Corollary 7.2: FEvery identity in degree 9 with two or three variables for the
ternary cyclic sum follows from the second identity of Table 4 and the identities of
Tables 5 and 6.

Remark: One expects that there ought to be polynomial identities with very few
terms (say < 10) and very small coefficients (say +1) that imply all the new
identities in degree 9 for the ternary cyclic sum. However, to use the methods of
the present paper to determine whether such identities actually exist would require
extremely large amounts of computer time and memory.
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