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Simple multilinear algebras and hermitian operators

T.S.R. Fuap, J.D. PuiLLips, X.R. SHEN, J.D.H. SMITH

Abstract. The paper studies multilinear algebras, known as comtrans algebras, that are
determined by so-called T-Hermitian matrices over an arbitrary field. The main result
of this paper shows that the comtrans algebra of n-dimensional T-Hermitian matrices
furnishes a simple comtrans algebra.
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1. Introduction

A comtrans algebra E over a commutative ring R with unit is a unital R-module
E equipped with two trilinear operations, a commutator [z,y, z] and a translator
(x,y, z), such that the commutator is left alternative:

(1.1) [z,2,2] =0,

the translator satisfies the Jacobi identity:

(1'2) <x,y,z>—|—<y,z,:c>+ <Z,CC,y> =0,

and together the commutator and translator satisfy the comtrans identity:

(1.3) [, y,x] = (z,y, ).

Comtrans algebras were introduced ([9]) as part of the algebraic structure in the
tangent bundle corresponding to the coordinate n-ary loop of an (n + 1)-web ([1],
[2]). Thus their relationship with smooth n-ary loops is analogous to the relation-
ship of Lie algebras with Lie groups. In fact the theory of comtrans algebras is
modelled on (and to some extent may subsume) the theory of Lie algebras. The
present paper is part of a continuing program (cf. [5], [6], [8]) of classifying sim-
ple comtrans algebras. Previously known simple comtrans algebras have arisen
from rectangular matrices ([5]), simple Lie algebras ([5]), spaces equipped with
a bilinear form having trivial radical ([6]), and comtrans algebras on spaces of
Hermitian operators over a field L with minimal polynomial 22 + 1 ([8]). This
paper extends the results of [8] to a determination of simple comtrans algebras
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of Hermitian operators over an arbitrary field. Theorem 4.2 below, the main re-
sult of the current paper, shows that the vector space Hy(T; L, F) of so-called
n-dimensional T-Hermitian matrices furnishes a simple comtrans algebra. Com-
trans algebra structure on spaces of Hermitian operators was introduced in [10],
where applications to quantum mechanics were discussed.

Section 2 covers the necessary algebraic fundamentals of comtrans algebras:
ideals, simplicity, and the enveloping algebras. Section 3 gives the definition of
the comtrans algebras on spaces of Hermitian operators over an arbitrary field, and
introduces notations for the special elements that feature in the proof of simplicity.
Section 4 derives the main simplicity result from the somewhat technical Slimming
Lemma (Proposition 4.1) whose proof comprises the final Section 5.

2. Ideals and enveloping algebras

For elements z,y of a comtrans algebra E over the ring R, there are R-module
endomorphisms of E defined by

(2.1) K(x,y): E— E;z+— [z,2,Y]
(2.2) R(z,y): E — E;z+ (z,2,y)
(2.3) L(z,y): E — E;z— (y,z, 2).

The enveloping algebra M (E) of the comtrans algebra F is the subalgebra of the
R-module endomorphism algebra EndrE generated by

{K(z,y), R(z,y), L(z,y)|z,y € E}

([7]). An ideal J of the comtrans algebra F is a submodule of the M (E)-module E.
The ideals of F are precisely the kernels of comtrans algebra homomorphisms with
domain F ([5, Proposition 3.1]). A comtrans algebra is abelian if the commutators
and translators are all zero. A non-abelian comtrans algebra F is simple if it is
irreducible as an M (E)-module, i.e. if it has no proper non-trivial ideals. For
example, a Lie algebra L furnishes a comtrans algebra C'T(L) whose commutator
and translator are both equal to repeated Lie-commutator [[z,z],y] in the Lie-
algebra. Thus K (x,y) = Ad(x)Ad(y) and R(z,y) = Ad(xz)Ad(y). Then simplicity
of the Lie algebra L is equivalent to simplicity of the comtrans algebra CT(L)
([5, Theorem 3.2]).

3. Hermitian operators

Let L be a field of odd or zero characteristic. Define an involutory automorphism
7: L — L, having a fixed field F. Forx € L,z = %(:1:4—1:7)4—%@—:07) = zo+x1,
with zg € F, i.e. ] = x0, and 2] = —z1. So L = F € F1 is a vector space over
F, with Fi = {y € L | y" = —y}. Let G = {1,7}. Then G is a group of
automorphisms of L, and F is the fixed field of G in L. Moreover, dimpL = 2. If
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q € F1 — {0}, then ¢ = k for some k € F. This follows because (¢%)” = ¢"¢" =
(—q)(—q) = ¢%, thus ¢ € F. In general, elements of F in L are called real, while
elements of gF in L are called imaginary. Fix an invertible diagonal n X n matrix
T over F. Let H,(T; L, F') be the F-vector space of n x n T-Hermitian matrices
over L, i.e. n x n matrices A over L satisfying T—1 AT = AT. Choose g € L — F,
so ¢> = k for some k € K. Then Hy(T; L, F) is closed under the Lie product

(3.1) [X,Y]=q¢(XY - YX)
and the Jordan product

1
(3.2) XoY:E(XY+YX).

These products are connected by the identities

(3.3) %[Y, (X, Zl=k Y (Xo(YoZ)—(XoY)oZ)
and
(3.4) [XoY,Z]=Xo[Y,Z]+Y o [X, 7]

(ct. [4, §2.2]). Set

[X,)Y,Z]1=Xo(YoZ)-Yo(ZoX),
(X,)Y,Z)1=Zo(XoY)—Yo(ZoX),
[X.,Y,Z]2 =[X,Y]o Z,
(X,Y,Z)s =[X,Y o Z].

Clearly (1.1)—(1.3) hold. Therefore the algebras (Hy,(T;L,F),][,,]1,{,,)1) and
(Hn(T; L, F),[,,]2,(,,)2) are comtrans algebras. A linear combination of these
two comtrans algebras defines a new comtrans algebra on Hy(T; L, F') by taking

(3.9) [X,Y,Z] = a[X,Y, Z]1 + b[X,Y, Z]3
as the commutator and
(3.10) (X,Y, Z) = a(X,Y, Z)1 + b(X, Y, Z)s

as the translator. For concreteness in the following, we focus on the particular
choice @ = 2 and b = 1, obtaining a comtrans algebra with

(3.11) [X,Y,Z] =2[X,Y, Z1 + [X,Y, Z]>
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and
(3.12) (X,Y,Z) =2(X,Y, Z)1 +(X,Y, Z)a.

(This particular choice of a and b goes back to the quantum mechanical applica-
tion, in particular the solution to the Heisenberg equation formulated using this
comtrans algebra ([10, 6.11]).)

It is useful to have some notation available for the proof of the simplicity of
the comtrans algebra Hy, (T'; L, F') of n x n T-Hermitian matrices defined in (3.11)
and (3.12). Let E% denote the n x n matrix with zero everywhere except for
a one located at the intersection of row ¢ and column j. Let T = Y i ; a; E™.
Let BY denote the symmetric matrix a;E% + ajEji. Let C% denote the skew-
symmetric matrix q(aiEj i ajEij ). Let D% denote the traceless diagonal matrix
E% — FJJ. Note that the matrices I, BY, C%, and D% are all T-Hermitian, and
that Hy,(T; L, F) has the n? elements BY (1 <i<j<n)andCY (1 <i<j<n)
as a basis (cf. (4.1), (4.2) below).

Remark 3.1. In the case F = R, L = C, T = I, the matrices B2, C12 and D'?
in Ha(I; C, R) are observables representing the three components o, oy and o,
of electron spin ([3, §37]).

The following formulas record the Lie and Jordan products in Hy(T; L, F) for
pairs of matrices BY, C%, D"

Bij7 Bkl = —{5jlaj0ik + 5jkaj0il + 5Zla203k + 5,ka,C]l}
Bij, Ckl = k{(?jlajBik - 5jkajBil + 5ilaiBjk - 5ikaiBﬂ}
= —{6;,0% — 5,0 + 5,0 — 5,7}

[ ]
[ ]
(3.13) [BY, DF]
(9, Ok = k{6;1a,;C™* — §;3a;C% — 6;0,C9% + 60,07}
[ ]

C, DM| = k{~3;xB* + 6,;B" + 6; BI* — 5, B7'}
and
. 1 ) ) ) )
B o BFl = 5{5jlajBZk + 5jkajBZl + 5ilaiB]k + 5,’ka,’B]l}
. 1 ) ) ) )
BY o Okl = 5{—5jla]’02k + 5jkajCZl - 5ilai0]k + 5ika,~(ﬂl}
. 1 ) . ) )
(3.14) Bl o DM = 5{@3"@ — 6B + 6, B7% — 6, BT}

C4 o CFl = 5{_5jlajBZk + 5jkaszl + 6,’1@,’B]k - 5ikaiB]l}
g 1 . . ‘ .
C' o DH = 5{5jkcm — 6,0 — §,,CTF 4 5,91y

A typical application of (3.13) in the subsequent sections is to determine
AK (A’ I) = [A, A'] for various T-Hermitian matrices A, A’
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The next two sections are devoted to the proof of the simplicity of the comtrans
algebra H, (T; L, F') of T-Hermitian operators defined in (3.11) and (3.12). We
will simply call it the comtrans algebra Hy,(T; L, F).

4. Simplicity and Slimming Lemma
The sets

(4.1) {BY]1<i<j<n}

of real basis elements and

(4.2) {C*1 < s <t<n}

of imaginary basis elements together comprise a basis of the F-space Hy,(T; L, F).
Consider an element

(4.3) A= > bBi4+ > cqCH

1<i<j<n 1<s<t<n
of Hy(T; L, F). It is said to have real weight |{b;;|b;; # 0}| and imaginary weight
[{cstlest # 0}|. Its (total) weight is the sum of its real and imaginary weights.
The following result, whose proof is relegated to the final section, is known as the
Slimming Lemma.

Proposition 4.1. An Hermitian operator (4.3) of weight bigger than one may
be reduced to an operator of strictly smaller positive weight by the action of the
enveloping algebra.

The Slimming Lemma is the key result yielding the simplicity of the comtrans
algebras Hy(T; L, F).

Theorem 4.2. For n > 1, the comtrans algebra Hy,(T;L,F) of T-Hermitian
operators is simple.

PROOF: Let J be non-zero ideal of H,(T; L, F'). Recall that J is invariant un-
der the action of the enveloping algebra. Let A be non-zero element of J. By
successive application of the Slimming Lemma (and possibly a scalar multiplica-
tion), it follows that a real or imaginary basis element is an image of A under
the action of the enveloping algebra, and thus an element of J. In fact, since
%k‘lat_lOStK(Btt,I) = B*!, this image may be taken to be B¥ for some i < j.
For each of an exhaustive set of three cases, it will be shown that BY € J en-

tails containment of all the basis elements within J, so that J is improper and
H,(T; L, F) is simple.

Case 1. i =j. For k # i = j, one has

1 - ) )
(4.4) Ek_lai_lB”K(Ck], —I) = B*
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in J. Then BF* = aa; ' [BY + k~la; ' B* K(C™, I)] € J. Using (4.4) again, all
the real basis elements lie in J. Finally, —%BSI‘/K(DS’%7 I)=C%t e Jfors<t.
Case 2. i #j,m>2 Fori#k# jk e BIK(CM, ~I) = B*, so
Bt ¢ J. Similarly, one obtains B € J for s # t.

Then —k~ 1B K(C%, 1) = —asB! +a;B% € J and — 3B K(D*t, 1) = C* € J.
Also %at_l[—atht—l—atBSS—i—k_lBStK(DSt, Cs)] = B*%%,s0 B% € Jfor1 < s < n.
Case 3. i =1,j =2, n =2 First, -k~ 'B2K(C2,I) = —a;B?? +
agBY € J. Then Layt[~a1B?? + ap B! + k=1 B2 K (D'2,012)] = B!! € J and
—La7l[~a1B?? + apBY — k71 BY2K(D'2,012)] = B? € J. Therefore I € J.
Also —1BVZK (D2 1) =012 € J. O
5. Proof of the Slimming Lemma

In this section, the Slimming Lemma (Proposition 4.1) is proved. The proof is
divided into three lemmas corresponding to an exhaustive set of distinct cases.
Lemma 5.1. The Slimming Lemma holds for T-Hermitian operators

(5.1) A =bBY 4 cC

of real and imaginary weight one.

ProOF: If the index sets {7,j} and {s,t} are distinct, or if i # s <t = j, or if
j>s<t=t,then

(5.2) AK(B% 1) = —2ckas B

has a positive weight strictly smaller than that of A. If i = s < t = j, consider
(5.3) AK(BY,1)? = ck(a;B" — a; BY)K (BY, I) = 4cka;a;C".
Otherwise, i.e. ifi=s<t#jorj=s<t>i,

(5.4) AK(B™",I) = 2ckay B*. O

Lemma 5.2. The Slimming Lemma holds for T-Hermitian operators (4.3) of
imaginary weight bigger than one.

PRroOF: If (4.3) comprises non-zero coeflicients cgt and ¢y with distinct index

sets {s,t} and {s,t'}, or with t = #/,s # &, or with s <t = s </, then it may

be written in the form

A=caC +cgpC¥" + 3 €eqC+ Y psCP® + > CpgCPI
s<q#t p<s<t s#p<q#s,(p,q)#(s',t')

tbes B+ begB 4y bpsBP + > bpg B
5<q p<s s#EPSqFs
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For an operator of positive weight strictly smaller than that of A, one may
then take

AK(B* 1) = —2cstaskB* — 2ask Y csqB* +2a5k Y | cpsBP®

s<q#t p<s<t
—2a5 Y bsgC + 2a5 > bysCP*.
s<q p<s

Otherwise, i.e. if s = s’ <t # ¢, (4.3) may be written in the form

A— CStCSt +Cs/t/Cs,t/ n Z Cptht + Z ctqctq + Z cqupq
s#p<t s<t<q t#£p<qg#t,(p,q)#(s',t')
+bu B+ by B+ Y bigB A+ Y by B
p<t t<q t#p<q#t

For an operator of positive weight strictly smaller than that of A, one may
then take

AI((B“’7 I)= ZCStCLthSt + 2atk Z Cptht

s#Ep<t
— 2atk Z thth + 2a¢ Z bptht — 2a¢ Z bthtq.
s<t<q p<t t<q O

Lemma 5.3. The Slimming Lemma holds for T-Hermitian operators (4.3) of real
weight bigger than one and imaginary weight one or zero.

PRrROOF: The Hermitian operator (4.3) may be written in the form
(5.5) A=cC"+ > byBY withs <t.
1<i<j<n
The proof breaks up into two distinct cases.
Case 1. 3(i,7) # (7', 5"), bij # 0 # brjr, {1, 5y N {7, j'} # 0. Without loss of
generality, i < j. If j € {i’,j'}, then A may be written in the form
A=biiBY +byy B+ 37 big B+ > by BY Y bpgBPY O,
i<q#j p<i i#£p<q#i
For an operator of positive weight strictly smaller than that of A, one may take
AK(B“,I) = —QbWCLZCZ] - Zai Z biinq
i<q#j
+2a; Y bpiCP' + 2cka;0y B' — 2cka;d;sB™.
p<i
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If i € {i/,j'}, then A may be written in the form
A=0b;iBY +byy B + > by B+ bjBI4 Y by B+ cC
i#p<J J<q J#P<q#j
For an operator of positive weight strictly smaller than that of A, one may take
AK (B, 1) = 2b;5a;,CY + 2a; > by;CP —2a; ) " bjqCI1
i#p<J J<q
+ 2ckaj6thjs - 2ckaj6stjt.
Case 2. V(i,7) # (I',4"), bij # 0 # byjy = {i,5y N {¢', 5’} = 0. If there is a
non-zero b;; with i # j, then A may be written in the form
A=1b;;BY + > bpg BP? + cC*t.
p<q,p#{i,i},q¢{i.j}
For an operator of positive weight strictly smaller than that of A, one may take
AK(B™,1) = —2b;ja;C" + 2cka;0;4 B — 2cka;0;sB™.
Otherwise, the real basis elements having non-zero coefficients in A are all

diagonal.
The remaining possibility within Case 2 is where A has the form

n
(5.6) A=cC +> b B".
=1
If ¢ # 0, then (5.2) holds. If ¢ = 0, then
n ..
A= ZbiiE”7 and by # 0 # b;; for some 4, j.
=1
If a;b;; — ajbjj # 0, then
AK(BY,1) = —by[B", BY] — b;;(BY, B = 2(a;by; — ajbj;)C* # 0.
If a;b;; — a;bj; = 0, then a;by; + ajbj; # 0. Therefore
AL(CY D%y = (D", C%, A)
= (DY,CY b B") + (D¥,C% ;B
= Q(bjjaj — biiai)Oij — Zk(bjjaj + biiai)Bij
= —2k(bjjaj + ba;)BY £ 0. 0
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