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Abstract

Ternary structures in Hilbert spaces arose in the study of infinite dimensional
manifolds in differential geometry. In this thesis, we develop a structure theory
of Hilbert ternary algebras and Jordan Hilbert triples which are Hilbert spaces
equipped with a ternary product. We obtain several new results on the classifi-
cation of these structures. Some results have been published in [2].

A Hilbert ternary algebra is a real Hilbert space (V, (-,-)) equipped with a
ternary product [-, -, -] satisfying ([a, b, z|,y) = (z, [b, a,y]) for a,b,z and y in V.
A Jordan Hilbert triple is a real Hilbert space in which the ternary product {-, -, -}
is a Jordan triple product. It is called a JH-triple if the identity ({a,b,z},z) =
(x,{b,a,x}) holds in V. JH-triples correspond to a class of Lie algebras which
play an important role in symmetric Riemannian manifolds.

We begin by proving new structure results on ideals, centralizers and deriva-
tions of Hilbert ternary algebras. We characterize primitive tripotents in Hilbert
ternary algebras and use them as coordinates to classify abelian Hilbert ternary
algebras. We show that they are direct sums of simple ones, and each simple
abelian Hilbert ternary algebra is ternary isomorphic to the algebra Co(H, K') of
Hilbert-Schmidt operators between real, complex or quaternion Hilbert spaces H
and K.

Further, we describe completely the ternary isomorphisms and ternary anti-
isomorphisms between abelian Hilbert ternary algebras. We show that each
ternary isomorphism 7 between simple algebras Co(H, K) and Co(H', K') is of
the form 7(z) = Jxj where j : H — H and J : K — K’ are isometries. A
ternary anti-isomorphism is of the form 7(z) = Jz*j where j : H' — K and
J: H — K’ are isometries.

The structures of Hilbert ternary algebras and JH-triples are closely re-

lated. Indeed, we show that each JH-triple (V,{:,-,-}) admits a decomposi-



tion V = V, @ V' where (V;,{-,-,-}) is a Hilbert ternary algebra which is usu-
ally nonabelian and unless V = V;, the orthogonal complement V2 is always
a nonabelian Hilbert ternary algebra in the derived ternary product [a,b,c|q =
{a,b,c} — {b,a,c}. Hence JH-triples provide important examples of nonabelian
Hilbert ternary algebras. We determine exactly when V, and V' are Jordan
triple ideals of V. We show, in each dimension at least 2, there is a JH-triple
(V,{-,-,-}) for which V' # V;, equivalently, (V,{-,-,-}) is not a Hilbert ternary
algebra.
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Chapter 1

Introduction

In what follows, we develop a structure theory of Hilbert ternary algebras and
Jordan Hilbert triples which are Hilbert spaces equipped with a ternary product.
We obtain several new results on these structures and their classification. Some
of the results in this thesis have been published in [2].

We begin in Chapter 2 with some preliminaries needed for later chapters. In
particular, we discuss involutions of the quaternions H, octonions O and split
octonions, and prove some basic results which will be used in subsequent devel-
opment.

Chapter 3 is concerned with the structure theory of Hilbert ternary algebras.
The concept of a Hilbert ternary algebra has been introduced in [8]. It originates
from the notion of a ternary algebra, introduced by Hestenes [16] to develop
a spectral theory for non-Hermitian matrices and operators. A Hilbert ternary
algebra is a real Hilbert space (V,(-,-)) equipped with a trilinear map [-,-,] :
V3 — V satisfying

<[a’b7 $]7y> = <$7 [ba a, y]> ((L, byx,y € V)'

Every Hilbert space (V, (-, -)) has an inherent ternary algebraic structure defined

10



by
1 1

[z,y, 2] = 5(x,y>z + §<z,y>:1:

which plays an important role in differential geometry. The class of JH-triples
introduced recently in [9] provides further interesting examples of Hilbert ternary
algebras. They are in one-one correspondence with a class of Riemannian sym-
metric spaces [9]. These examples, together with the examples of H*-algebras,
motivate our investigation of the structures of Hilbert ternary algebras.

We begin by showing that the ternary product in a Hilbert ternary algebra
is automatically continuous. Then we prove new structure results on ideals, cen-
tralizers and derivations of Hilbert ternary algebras. We introduce the important
concept of primitive tripotents in Hilbert ternary algebras and use them as coor-
dinates to classify abelian Hilbert ternary algebras in Section 3.4.

An important feature of a Hilbert ternary algebra V' is that if I is an ideal
in V, then the orthogonal complement I+ is also an ideal. This enables one to
establish a Wedderburn type theorem for a Hilbert ternary algebra V' with zero
annihilator, namely, V' can be decomposed as a direct sum @, V, of minimal
closed ideals, each of which is a simple Hilbert ternary algebra.

We study the centralizers and derivations of a Hilbert ternary algebra in Sec-
tion 3.3. We show that the set of all centralizers Z(V') of a Hilbert ternary
algebra V' with zero annihilator forms a von Neumann algebra which is in fact,
a direct sum @, C, where C, ~ R, C or H. Using the complex result in [36] and
complexification, we prove that every derivation of a Hilbert ternary algebra with
zero annihilator is automatically continuous.

In Section 3.4, we study the structure of abelian Hilbert ternary algebras. A

Hilbert ternary algebra V' is called abelian if

[a> b’ [177 Y, ZH = [[av bv :L“], Y, Z]



for all a,b,z,y,z € V. Our objective is to classify abelian Hilbert ternary alge-
bras. Using primitive tripotents as coordinates and adapting the proof in [37] for
Complex Hilbert triple systems, we are able to show that every simple abelian
Hilbert ternary algebra is ternary isomorphic to the algebra Co(H, K) of Hilbert-
Schmidt operators between Hilbert spaces H and K over R,C or H. Together
with the Wedderburn type theorem mentioned earlier, this gives a complete classi-
fication of abelian Hilbert ternary algebras. We should note that the above result
for simple abelian Hilbert ternary algebras has also been obtained in [6], in the
context of associative H*-triple systems, using the technique of Peirce subspaces.

The last section of Chapter 3 is devoted to the study of ternary isomorphisms
between Hilbert ternary algebras. We describe completely these isomorphisms. A
linear bijection 7 : V' — V'’ between Hilbert ternary algebras is called a ternary
isomorphism if

Ty, 2] = [rz, Ty, 72)

and, is called a ternary anti-isomorphism if instead 7|x,y, 2] = [rz, Ty, 72| for all
x,y,z € V. We show that each ternary isomorphism 7 between simple abelian

Hilbert ternary algebras Co(H, K) and Co(H’, K') is of the form
7(z) = Jxj

where j : H — H and J : K — K’ are isometries. A ternary anti-isomorphism
is of the form

T(x) = Jx*j

where j: H — K and J : H — K’ are isometries.

Interestingly, nonabelian Hilbert ternary algebras arose in the study of Jordan
triple structures in Hilbert spaces which is the subject of Chapter 4. To motivate
the concept of a Jordan triple system, we recall in Section 4.1 the one-one corre-

spondence between Jordan triple systems and Tits-Kantor-Koecher Lie algebras.
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In Section 4.2, we show that a normed real Jordan triple admits continuous inner
derivations if and only if the symmetric part of the corresponding Tits-Kantor-
Koecher Lie algebra is a normed Lie algebra. This is an improvement of a result
in [9] for the case of non-degenerate Jordan triples. We study the structures of
J H-triples in Section 4.3. A JH-triple is a real Jordan triple (V,{-,-,-}), with a
continuous triple product, which is also a Hilbert space with inner product (-, -)
satisfying
({a,b,z},x) = (x,{b,a,z}) (a,b,x €V).

If the inner product is associative, that is, if

<{CL, b7x}7y> = <$7 {baaay}> (aabaxay € V),

then V' is called a real JH*-triple. Real JH*-triples are Hilbert ternary algebras.
They are the real forms of the complex JH*-triples defined in [23] where the one-
one correspondence is shown between the JH*-triples and Hermitian symmetric
spaces.

The structures of Hilbert ternary algebras and JH-triples are closely related.
We show that every JH-triple gives rise to a nonabelian Hilbert ternary alge-
bra. Indeed, each JH-triple (V,{-,-,-}) admits an orthogonal decomposition
V = V,@ V>} where both V, and V' are Hilbert ternary algebras in the de-

rived ternary product

la,b,clqg = {a,b,c} — {b,a,c}.

Unless V = Vi, the orthogonal complement (V. [-,,]4) is always a nonabelain
Hilbert ternary algebra. Hence JH-triples provide important examples of non-
abelian Hilbert ternary algebras.

In the above decomposition, we show that (V, {-,,-}) is a real JH*-triple and

hence its structure is completely known by the classification result of [23, 30]. We
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determine exactly when V, and V- are Jordan triple ideals of V. We show, in
each dimension of at least 2, there is a JH-triple (V,{-,,-}) for which V' # V.

We conclude with further examples of nonabelian Hilbert ternary algebras.
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Chapter 2

Hilbert spaces

Our objective is to investigate ternary algebraic structures in real Hilbert spaces
which would involve the quaternions and octonions. In this chapter, we introduce

the notations and prove some basic results needed for later investigation.

2.1 Hilbert spaces over real division algebras

We begin with the quaternions and octonions as well as the split octonions.
Let H denote the quaternions which can be described as a 4-dimensional real

vector space with basis {1,4, j, k} in which the multiplication is defined by
==k’ =ijk=—-1,ij =k = —ji.

The quaternions H is a noncommutative division algebra in which the inverse of
any nonzero element a = ag + a17 + asj + ask € H is given by
a
[lall?
where @ = ag — a1i — agj — ask is the conjugate of a in H and ||a|| is the norm of

a defined by

lall = \/a3 + a3 + a3 + a3,

15



We call ag the real part of a and write Rea = ay.

We will always equip H with the real inner product
(a,b) = Re(ab) (a,b € H)

so that H is a real Hilbert space.

The real octonions @ can be described as an 8-dimensional real vector space
with basis {1, e, €9, ,e7} in which e; =i, e; = j, e3 = k, the quaternion basis,
and e5 = iey, g = jey, €7 = key. The multiplication in @ is defined by the

following table:

el €9 es ey (] €6 €7
€1 -1 €3 —€9 €5 —€4 —€7 €g
€2 —€3 — 1 €1 €g €7 —€4 —€j5
€3 €9 —e1 -1 €7 —€g €5 —€4
€4 —es —eg —e7 —1 e € es
€5 €4 —e7 €g —€q —1 —e€3 €9
(& €7 €y —€5 —E€9 €3 -1 —e1
€7 —€g €5 €4 —€3 —€2 €1 -1

The octonions @ is a non-associative division algebra. The inverse of a nonzero

element a = ag + aye; + - - - 4+ are; € O is given by

a
lal[”

where a = ag — aje; — - - - — arey is the conjugate of a in @ and ||a|| is the norm:
lal| = (ag +af + -+ - +a7)"/2.
We call ag the real part of a and write Rea = ay.
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Now we define the split octonions as pairs of the octonions. Let

Uy = 5(1,6’7) Ug = 5(62, —es) uy = 5(61, e6) Ug = 5(637 —ey)
(1. —er) ~(en.es) (er. <o) S (enca)
up = =(1,—e us = —(eg, € us = —(e, —e ury = —(es, e
1 9 ) 7 3 2 2,65 5 2 1 6 7 9 3, €4
where 1,eq,e0,---,e7 are the octonion basis elements. The real split octonion

Oy is the 8-dimensional real vector space spanned by the above elements. We
define the complex split octonion O, to be the complex linear span of the above
elements. Both O, and O, are non-associative algebras where the multiplication
table of the split octonions can be drawn by multiplying above elements in the
usual way, i.e (a,b)(c,d) = (ac—bd, ad+bc) where a, b, ¢,d € O, using the octonion
multiplication table (see [4]).

Throughout the thesis, ' will always denote the real division algebras R, C
or H. We are going to study ternary structures of Hilbert spaces over F where,
by a Hilbert space H over H, or a quaternion Hilbert space H, we mean a right
H-module H, equipped with an H-valued inner product (-,-) : H x H — H
where a = ag + a1t + asj + azk > 0 in H means ag > 0 and a; = a3 = a3 =0. In
the sequel, unless otherwise stated, the inner product of a Hilbert space will be
denoted by (-, ).

Let H and K be Hilbert spaces over H. By an H-linear operator, or simply,

a linear operator T : H — K, we mean
TaA+yp) =T@)A+T(y)p  (v,y € H, A\,p € H)

in which case T' is also real linear. We call an operator T': H — K conjugate

linear if

T(EA+yp) =T@A+T()i  (z,y € H, A peH)

where ), fi are the conjugates of A,y in H.
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Given a Hilbert space (H, (-,-)) over C or H, we consider H as a real Hilbert
space by restricting to the real scalar multiplication and taking the real inner
product

<L - >»=Re(-,).
We call (H,< -, >) the real restriction of (H,{(-,-)). If (H,(-,-)) is a complex
Hilbert space, then we have
(T,y) =<2,y > — <,y >4,
and for a quaternion Hilbert space (H, (-,-)), we have

() =<2,y > — <L xi,y > i— L xj,y > j— <L zk,y > k.

Besides the usual involutions on H and O, we need to consider other involu-
tions for the study of classification of Hilbert spaces with a Jordan triple structure.
The usual involution on R is the identity map, on C, H and O is the conjugation.

An involution of the second kind on H is an involution ¢ of H commuting with
the usual involution. For instance, (ag+ a1i+ asj +ask)® = —ag+ a1i+ asj + ask
is such an involution.

The usual involution ’ on the split octonions Q4 and O, is defined by
(oup + aruy + -+ + apur)’ = aqug + apur — oty — Gguz — - -+ — Uy

where o;, 1 = 0,1, --- |7 are the scalars. Another involution on Q4 and O,, needed

later, is defined by

X — — — — — — — —
(apup+arus+- - -+azur) = Qoug+0 Uy — CsUs — Cplly — Qg — gl — 7l — AUy
where @; = o if a; € R. For more details of these involutions, see [30].

Definition 2.1.1. Let (H, (-,-)) be a real Hilbert space. On the complexification
He = H@iH, define

(x + 1y, z +iw)e = (x, 2) + (y,w) + iy, z) — i{x,w)

18



for all x,y,z,w € H. Then (Hc, (-,-)c) is a complex Hilbert space and we have
o £ ay)|* = [l + lly]I*

for all x,y € H. The complex Hilbert space Hc is called the complexification of
H.

Given a real or complex Hilbert space H, the set of all bounded linear opera-
tors on H is denoted by B(H). Let Hc be the complexification of a real Hilbert

space H. Then we have
B(He) = B(H) P iB(H)

which is the complexification of B(H).
Given a family {H, : «a € I} of Hilbert spaces, we define as usual the Hilbert
H, to be the space consisting of elements (4 )aer in the

H, satisfying > ||z < oo (see [18, p.123]). The

space direct sum @,

Cartesian product [] .,

inner product in @, H, is given by

((Ta)acel, (Ya)acr) = Z<wav Ya)

a€l

where the symbol (-, -) is interpreted in an obvious way.
Let H and K be Hilbert spaces over F and choose an orthonormal basis
{eg}per in H. An F-linear operator a : H — K is called a Hilbert-Schmidt

operator if

> llaleg)|? < oo

ger
This definition does not depend on the choice of the basis {eg}ger. The Hilbert-

Schmidt operators between two F-Hilbert spaces form a real Hilbert space, de-

noted by Co(H, K), with inner product
(a,b) = Re Trace(a*b) (a,b € Cy(H, K))

19



where a* denotes the adjoint of an operator a € Co(H, K). We write Cy(H) for
Co(H, H).
Let k > 0. Then Cy(H, K) is also a real Hilbert space with the inner product

(a,b)r = kReTrace(a™b) (a,b € Cy(H, K)).

We write C5(H, K) for (Co(H, K), (-, ")&), and Ca(H, K) is just Co(H, K).
For two F-Hilbert spaces H and K and u € H, v € K, we define the rank-one
operatorsv @u: H — K and u®v : K — H by

(v@u)(r) =v(r,wm, (W)Y =uly,v)x (€l yck)

where (-,-)g and (-, ) denote the inner products in H and K respectively. Ev-
idently v ® u € Co(H, K). We note that the dual (v ® u)* € Co(K, H) is given
by

(v@u)'(y) =uwly,v)x  (y€K)

and hence (v ® u)* = u ® v.

Given a € Co( K, H), we have
av@u)=a(v)@u
where u € H and v € K. In fact, for any h € H, we have
a(v@u)(h) = a(vh,u)g) = a(v)(h,u)y = (a(v) @ u)(h).
Let {fa}aca be an orthonormal basis of K. Then we have

o ify =
(fo@en)en) =4 T 1177 2.1)
0 ify#p

for all o, 8. The rank-one operator f, ® eg can be conveniently represented as a

matrix (Mag)(a,g)caxr with the (a, 3)-entry 1, but 0 elsewhere.

20



We note that {f, ® eg : « € A, 3 € I'} is an orthogonal set in C5(H, K) for if
a# pin A or g # v in I', then

(fa®es, fu®@e) = kReTrace ((fa® es)*(fu®e,))
= kRe((fa®ep) (fu),ex)n
= kRe((es® fu)(fu),eq)m
= kRe(es(fu, fa)i:ey)n
= kReles e)m(fu fax
= 0.

In fact, {fo ® eg: a € A, 3 € T'} is an orthogonal basis of C5(H, K). For if a €
Cy(H,K) and {a, f, ® eg), = 0 for all @« € A and B € T, then for all « € A, we

have

kRe(a*(fa),es)m = kRe Z<a*(fa)7e’y>H<€7ﬁeﬂ>H

~yel

= kRe Z<(a*(fa> ®ep)ey, ey
~yel’

= kReZ (fa®egley, ey n
vyel

= kReTrace(a"(fo ® €p))

= (a,fa®es)p =0

where k£ > 0. Hence a = 0.

Let C5(H, K)® be the real linear span of
{fa®es: a €N, BeT}
in C5(H, K). Then we have the natural identification

C(H, K) = C(H,K)* (X F.
R
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We choose the following way to embed a Hilbert space H into Co(H, K). Let
{es}ger be an orthonormal basis of H and {f,}.ea be an orthonormal basis of
K and fix some fo, in {fa}taea. Then one can embed H into Co(H, K) by the
linear isometry

v:rve Hr f,, @2 € Cy(H, K)

where
(foo @ 2, fay @ h) = ReTrace((fa, ® 2)"(fao @ 1))
= ReTrace((x ® fay)(fao ® h))
= ReTrace(z ® h)
= Re Z T h 67,67 H
yel’
= Re Z T, eqy)p ey, h) i
verl’
= Re(z,h)g.
for any h € H.

Definition 2.1.2. For any element a in a complex Banach algebra A with identity

e, the spectrum of a is denoted by
o(a) ={X € C: \e — aisnot invertible in A} .

Let A be a real Banach algebra with identity e and let Ac = A iA be the
complexification of A where Ac is a Banach algebra in a suitable norm (see [31]).
Let a € A. We define its spectrum, denoted by o4(a) or simply o(a), to be the
spectrum o4, (a) of a in the complexification Ac. We note that o 4(a) = o4(a) C

C where ~ denotes the complex conjugation, and that

oala) ={a+if: a,f € Rand (ae — a)® + % is not invertible in A} [14].
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If A is a complex algebra and a € A, then we have o4.(a) = o.4(a) Uo 4(a) where
o.4(a) is the spectrum with respect to the complex algebra A.

Let A be a real Banach algebra containing a and A¢ be its complexification.
For any holomorphic function f on an open set U containing o(a) = o4(a), such
that U = U, there is a well-defined element f(a) in the complexification A¢ via
the Cauchy formula [31, 32]. If moreover we have f(X) = f()\) for A € U, then

@ - 2m/f (a— )1

= — ld)\
27rz /f (a

which implies f(a) € A, where p is a smooth simple closed curve in U, enclosing
o(a).
Let T be a bounded linear operator on a real Banach space V. We can consider

T as an element in the real Banach algebra B(V) of all bounded linear operators

™ ”I\TH"
+Hg D

T? A
the operator exp(T) =1+ T + 51 +--+ — £ is well-defined in B(V).
n!

The following two lemmas for real Banach spaces are extensions of results for

on V. Since

T2
I+ 171+ | 57

complex Banach spaces proved in [37]. It will be used to prove Theorem 3.5.2

later.

Lemma 2.1.3. Let T be a bounded linear operator on a real Banach space V' and
S =exp(T). If S(z) = x for some x € V and the spectrum o(T') does not contain
+2kmi for all k € N, then T'(x) = 0.

Proof. The complex mapping




is holomorphic on the entire complex plane. Consider 7" € B(V'). Since f is holo-
morphic on any open set U containing o(7"), which is symmetric with respect to
the real axis, and satisfies f(X\) = f(\), by the above remark we have f(T) €
B(V), and noting that +2kmi ¢ o(T'), the spectral mapping theorem and func-
tional calculus imply 0 ¢ o(f(T)), that is, f(7T) is invertible. From f(A)\ = e*—1
we have f(T)T(xz) = S(z) —x = 0. Hence T(x) = f(T)" f(T)T(z) = 0. O

We recall that a bounded linear operator 7" on a Hilbert space H is called
positive if T =T* and o(T') C [0,00). If T is positive, then 7™ is positive for all

n € N.

Lemma 2.1.4. Let T be a positive operator on a real Hilbert space H such that

|T|| = 1. Then the sequence (T"(x)) converges for all x € H.

Proof. There exists some positive operator S on H such that T = S? [14] and

(Tx,z) > 0 for all x € H. Fix © € H and define the sequence
a, = (T"z, x).
We have a,, > 0 and that («,) is a decreasing sequence:
1 = (T"M o, 2) = (S"TS "z, x) < ||T|{T"x,x) = a,
which implies o = lim,,_,, v, exists. Now, for integers n and m, we have
|1T™(z) — T™(2)|]* = (T*x, ) — 2(T" "z, x) + (T""z,2) — a —2a+a =0

where n,m — oco. Hence (T”(x)) is a Cauchy sequence in H and therefore

converges. ]

2.2 Conjugations in Hilbert spaces

Definition 2.2.1. A conjugation on a Hilbert space H over F = R,C or H is a
conjugate linear isometry J of H such that J? = id, the identity map on H. A
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conjugate linear isometry j of H satisfying j2 = —id is called an anticonjugation.

If H is over R, then conjugate linear maps are the same as linear maps.

Bounded conjugate linear operators on Hilbert spaces have adjoints and we
have J* = J for a conjugation J and j* = —j for an anticonjugation j.
For any bounded conjugate linear operator 7" on a complex Hilbert space

(H,(-,-)) we have

(Tx,y) = <Tzr,y>—-i<<ilx,y>
= Lo, Ty > —i < —iz, T 'y >
= LTy, x> —i < Ty, —ixz >
= < Ty, x> —i<<iTy, >
= (T"y,z)
for all x,y € H.

Given a conjugation J on a complex Hilbert space H, let
H ={reH: Jr=ua}.

Then H” is a real Hilbert space. Indeed (z,y) is a real number for all z,y € H’

since

(r,y) = (Ju,y) = (Jy,z) = (Jy,z) = (y,z).
Therefore H = H? @ iH” is the complexification of H”.
Lemma 2.2.2. Let (H,(-,-)) ba a complex Hilbert space. There always exists
a conjugation on H. Also, there exists an anticonjugation on H if and only if
dimH is even or infinite. Moreover, if J and J' are two conjugations or two

anticonjugations on H, then there is a linear isometry U on H such that J' =

UJu-.

Proof. See [15, Lemma 7.5.6]. O
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2.3 H*-algebras

The theory of complex H*-algebras was developed by Ambrose [1] (see also [33]
and [34]) and has been extended to the real case by several authors (see for
example, [3], [5], [11] and [21]). A real Hilbert space (A, (-,-)) which is also an

associative algebra with an involution * is called an H*-algebra if

(zy, 2) = (v, 2y") = (y,2"2)

for all z,y, z € A.

The real Hilbert space Co(H) of Hilbert-Schmidt operators on a Hilbert space
H over F, with operator composition as multiplication, is a typical example of a
real H*-algebra.

We recall some definitions concerning H*-algebras for later reference. We

define the left annihilator of an H*-algebra A, denoted by Lg(A), to be
Lo(A)={a€ A: aA={0}}.

A right ideal of an H*-algebra A is a closed subspace R of A such that RA C R.
A minimal right ideal of an H*-algebra is a proper right ideal which contains no
right ideal other than itself and {0}. An idempotent in an H*-algebra A is an
element p € A such that p> = p. Two nonzero idempotents p; and p, are said
to be orthogonal if p1ps = pap1 = 0. An element = € A is called self-adjoint if
¥ =x.

We extend below two results in [1] for complex H*-algebras to real H*-algebras

for later applications.

Lemma 2.3.1. For every idempotent p in an H*-algebra A with Ly(A) = {0},
the right ideal R = pA is minimal if and only if p cannot be decomposed as a sum

p = p1 + p2 of nonzero orthogonal idempotents py and ps.
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Proof. Since A has zero left annihilator, we have R # {0}. If R is not minimal,
then R contains a proper nonzero right ideal R; and we have R = R; @@ R{- where
R ={x € R: (x,R;) =0} # {0}. Note that R{ is also a right ideal of A. Let
p = p1 + po with p; € Ry and py € R{. Then p; # 0 and py # 0. We have

p1 = pp1 = (p1 + p2)p1 = p1p1 + P2p1

which implies pop; € Ry N Ri. Hence pyp; = 0 and p; = p?. Similarly py, = p3.
Conversely, let p = p; + ps where pq, po are nonzero orthogonal idempotents.

Then 0 # p; € ptA C pA since pp1 = (p1 + p2)p1 = p1 = pip. Moreover,

po € pA\ p1A otherwise py = p1ps = 0. Therefore pA is not a minimal ideal. [

Lemma 2.3.2. Every idempotent p of an H*-algebra A with zero left annihilator
has a decomposition p = p1 + - - - + p, into mutually orthogonal idempotents such
that each p; admits no further (nontrivial) orthogonal decomposition. Moreover,

pi’s are self-adjoint if p 1s self-adjoint.

Proof. Consider the right ideal R = pA. Then R is nonzero since Ly(A) = {0}. If
R is minimal, then assertion follows from Lemma 2.3.1. Otherwise R = R; @@ Ry
where R; and Ri are nonzero right ideals. We continue this process. Then at

each stage there is a decomposition of R into an orthogonal sum of right ideals

R=R &P --- PR, Let p=p; +---+ p, where p; € R;. We have
pi=ppi= (P14 +pa)pi =p1pi+ -+ papi € R
where p;p; € R;. Since (p;p;, pxpi) = 0 for k # j, we have
Ip;pill* = (pjpis pipi) = (pjpis 1Di + - - -+ Papi) = (pjpis pPi) = (pjpis i) = 0

for j # i. Therefore p; = p?. We note that for an idempotent p; in an H*-algebra,
llpill > 1. Since ||p[|* = ||lp1|I* + - - + [lpn]|* = n, the decomposition process must

end after a finite number of steps.
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Now let R = Ry € --- P R, where R; are minimal right ideals. Then p =
p1+- -+ p, in which every p; cannot be decomposed into two nonzero orthogonal

idempotents. We have

Pt A pa=p=p =itk p)p=pip -t pp =ppit o+ P,

which implies p; = p;p = pp;. Let p be self-adjoint. Then we get p; = pp; =
pip. For any z,y € A, we have pjx € R; and pjy € R;, and then (pip;r,y) =
(piw, pjy) = 0 for j # i. This gives pip; = 0 when j # i. Therefore from
p; =pip=p;(p1+ - +Da) = PiDi
and
pi = (p1 + -+ Pp)pi = Pipi,

we have p! = p;. ]
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Chapter 3

Hilbert ternary algebras

It is well known that Jordan ternary structures play an important role in differ-
ential geometry. For instance, it has been shown by Kaup [22] that the class of
bounded symmetric domains in complex Banach spaces is in one-one correspon-
dence with a class of complex Banach spaces equipped with a Jordan ternary
structure, called JB*-triples. Recently, Chu [9] has introduced a class of real
Hilbert spaces equipped with a Jordan ternary structure called JH-triples and
showed that they correspond to a large class of Riemannian symmetric spaces.
Each JH-triple gives rise to a Hilbert ternary algebra. Conversely, each abelian
Hilbert ternary algebra gives rise to a JH-triple. Motivated by their close con-
nection to geometry as described above, we develop a structure theory for Hilbert
ternary algebras in this chapter.

We study ideals, centralizers and derivations of Hilbert ternary algebras. We
prove a Wedderburn type theorem for a Hilbert ternary algebra V with zero
annihilator, namely, V' can be decomposed as a direct sum €, V, of minimal
closed ideals, each of which is a simple Hilbert ternary algebra. We show that
each simple abelian Hilbert ternary algebra is isomorphic to the algebra of Hilbert-

Schmidt operators between two real, complex or quaternion Hilbert spaces, up
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to a positive multiple of the inner product. The latter result has been published
in [2]. We describe completely ternary isomorphisms between abelian Hilbert
ternary algebras. We give examples of nonabelian Hilbert ternary algebras, but
a more detailed study of nonabelian Hilbert ternary algebras in relation with

Jordan Hilbert triples will be given in the next chapter.

3.1 Basic algebraic structures

Definition 3.1.1. A real Hilbert space (V, (-, -)) is called a Hilbert ternary algebra

if there exists a trilinear map [-,-,:] : V x V x V. — V satisfying

<[x,y, Z]>w> = <ZE, [wazvyD - <Z, [y’x>w]>
for all z,y, z,w e V.

Definition 3.1.2. A complex Hilbert space (V (-, -)) is called a Hermitian Hilbert
ternary algebra if there exists a ternary multiplication [-,-,-] : V3 — V which is
linear in the first and third variables but conjugate linear in the second one and

satisfies
<[x7 Y, Z]? w> = <x> [’LU, 2 y]> = <z7 [y’ €, w]>
for all z,y,z,w € V.
Remark 3.1.3. A Hermitian Hilbert ternary algebra (V(:,-)) can be regarded

as a (real) Hilbert ternary algebra by restricting to the real scalars and real inner

product Re(,-).

Hermitian Hilbert ternary algebras are called Hilbert triple systems in [37].
Let V' be a Hilbert ternary algebra and let Ve = V @iV be the Hilbert space

complexification of V.
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We define a ternary product [-, -, -]c on V¢ by
[a+ib,x +iy,u+ivlc = [a,z,u]+ [a,y,v] — [b,x,v]+ [b,y,u]
+i([a7 T, U] - [aa Y, ’LL] + [b> z, u] + [ba Y, U])

for a,b,x,y,u,v € V. With this ternary product, V¢ is a Hermitian Hilbert

ternary algebra.

Example 3.1.4. Let V' be a complex Hilbert space and j : V' — V a conjugate
linear mapping such that j?(x) = —z and (jz, jy) = (y,x) for all x,y in V. For

example, the conjugate linear map j : C> — C? defined by

j(a.b) = (-5.a)

satisfies these conditions. Define a ternary product on V' by
[r,y, 2] = (z,9)x — (x,j2)jy.

Then V is a Hermitian Hilbert ternary algebra.

Example 3.1.5. Given an H*-algebra A, we can define a ternary product [-, -, -] :
A3 — A by
[l" y? Z] = xy*z (:L‘7 y’ z E A)'

Then (A, {-,-),[-,,]) is a Hilbert ternary algebra.

Example 3.1.6. Let H and K be Hilbert spaces over F =R, C or H and k£ > 0.
Then C5(H, K) is a Hilbert ternary algebra with the ternary product defined by

la, b, c] = ab*c (a,b,c € C¥(H, K))
where a* is the adjoint operator of a.

Definition 3.1.7. By a ternary subalgebra of a Hilbert ternary algebra V', we

mean a vector subspace W C V satisfying [z,y, 2] € W for all z,y,z € W.
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We saw in Chapter 2 that the Hilbert space H can be embedded into Co(H, K)
by the linear isometry ¢ : € H — f,, ® © € Co(H, K) where f,, is a fixed
element of the basis {fo}aca of K. The embedding also satisfies

[W(x), o), ¥(2)] = (), x)  (2,y,2 € H).

Indeed we have

[fao ® T, fao @Y, fao ® 2|(R) = (fao ® T)(fao ® ¥)*(fao ® 2)(h)
= (fao @ 2)(Y ® fay) (fao(hs 2) 1)
= (fao ® 2)(Y{ fags fao) k(R 2) )
= Jfaoly:2)u(h, 2)m
= (fao(y, 2} ® 2)(h)
= (fao ® 2)(y, 2} (h)

for all h € H. Therefore, with the ternary product
[, y, 2] = 2(y, z),
H can be regarded as a ternary subalgebra of Co(H, K).

Definition 3.1.8. Given a,b in a Hilbert ternary algebra V', we define the box
operator aob : V. — V by

(aob)(x) = |a, b, x]
for all x € V.
Let a € V. The quadratic operator (), : V — V', induced by a, is defined by
Q.(x) = [a,z,a (xeV).

Lemma 3.1.9. The box operator anb : V — V s continuous for any a,b in a

Hilbert ternary algebra V.. Moreover, the adjoint of acb is the box operator boa.
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Proof. From the definition of the Hilbert ternary algebra, we have

((aob)z,y) = (x, (boa)y) Vz,y e V).

Hence aob : V — V is weakly continuous, as well as norm continuous [12].

The above equation shows (aob)* = boa. O

The following proposition is an extension of the same result in [37] for Hilbert

triple systems to Hilbert ternary algebras.

Proposition 3.1.10. The ternary product of every Hilbert ternary algebra is

continuous.

Proof. Let V be a Hilbert ternary algebra. For every a € V, define the maps
Gas Va1 V = B(V) by

¢a($) =aox, ¢a<x) =Trua

respectively, where B(V') denotes the real Banach algebra of all bounded linear
operators on V. Then ¢, and v, are continuous. Indeed, let x,, — 0 in V' and

¢a(xy) — T € B(V) as n — oo. Then for every z,y € V, we have

(Ta.y) = T (G,(a)e.y)
= lim ((aoz,)z,y)
= lim ([a, z,, x],y)
n—oo
= lim {a, [y, z, z,])
n—oo
= nh_)n;@([x,y,a],xn) =0.

This shows T" = 0 and therefore by the closed graph theorem, ¢, is continuous
for any a € V. Similarly, one can prove that 1, is continuous for all a € V.

Now let S = {¢, : |la]| < 1}. Then for ¢, € S, we have

[6a(@)]] = llanz]| = [|Pa(a)l| < [[¢ullllall < v
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for all x € V. By the uniform boundedness principle, there exist some constant

M > 0 such that ||| < M for all ¢, € S. Hence ||¢ o) || < M yields
16zl < M|z

for all z € V. It follows that

lzoyll = llo=(w)Il < M|yl

and
[z, y, 2]l| = [(zay)(2)|| < [[zoyll||lz|| < M|z|/{|y[l||=]l

for all z,y,z € V. Hence [, -, -] is continuous. ]

Definition 3.1.11. A Hilbert ternary algebra (V,[-,-,-]) is called abelian if

[a,b, [z, y,z2]] = [[a, b, 2], y, 2]
for all a,b,z,y,z € V.

The Hilbert ternary algebra C5(H, K) of Hilbert-Schmidt operators between
two F-Hilbert spaces H and K, with the ternary product [a, b, ¢] = ab*c, is abelian.
On the other hand, Co(H, K) with the triple product

1 1
{a,b,c} = §ab*c + écb*a

is a Hilbert ternary algebra which is not abelian. For example, Let V = C,(R? R?)
which is the space M3(R) of 2 x 2 real matrices. Then V is a Hilbert ternary

algebra with the inner product (a,b) = Trace(a*b) and the above triple product
10 0 0 10

{,,'}. Leta=b=1x = Y = and z = . Then
0 0 10 01

{a,b,{z,y,2}} = iy* #+ %y* = {{a,b,x},y, z}, that is, V' is not abelian.
Throughout this chapter, the ternary product of a Hilbert ternary algebra
C5(H, K) is denoted by [, -, -], unless otherwise stated.
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Remark 3.1.12. In an abelian Hilbert ternary algebra V', we have

[a> b, [x,y,z]] = [av [yvva]’ Z]

for all a,b,z,y,z € V. Indeed, we have

<[a7b7 [x,y,z]],w> =

for any w € V. We note that in an abelian Hilbert ternary algebra, [a, b, [z, v, 2]]

0 0
need not equal [a, [b, z,y], z]. For example, let a = and b =
0 0 10

be two matrices in C3(R?) with the ternary product [a, b, ¢] = ab*c. Then we have

la,a,la,b,b]] =a+#0=a,la,a,blb.

We give here some examples of nonabelian Hilbert ternary algebras.
Let V' be a Hilbert ternary algebra and 0 # a € V. Then the smallest closed

ternary subalgebra V(a) of V' containing a is the norm closed real linear span of

3 5 3

the odd powers a' = a, a® = [a,a,4d], a® = [a*,a,a], ---. Tt is a Hilbert ternary
algebra with the inherited inner and ternary products.

If H is a real Hilbert space with dimH > 2 and is equipped with the ternary
product

1 1
[a>b7c]:§<&>b>c+§<c7b>a (a,b,cEH),

then H is a nonabelian Hilbert ternary algebra, for otherwise there is a nonzero

a € H orthogonal to z € H \ {0} and
(2, y)(z,b)a = (z,0){a,y)z  (b,x,y € H)
from [a, b, [x,y, z]] = [[a, b, z],y, z]. Now let x =y = a and b = z. We have
|z]|%a = {(a,2)z =0
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which is a contradiction. However the closed ternary subalgebra H(a) of H
generated by any nonzero element a in H is an abelian ternary subalgebra of H,
in fact, H(a) = Ra.

We also note that the Hilbert ternary algebra V' in Example 3.1.4 is not

abelian for dimV > 3. Indeed, if it were, then we would have

(x,52)(Jy, bya + (x, jz){a,y)jb = (x,b)(a, j2)jy — (a, jx){z,b)jy

for all a,b,z,y,z € V. But this equality does not always hold. For example, if
dimV" > 3, we can choose y orthogonal to a and ja, all nonzero, and a = b = z,

then

(x,ja)(jy,a)a + <I7ja><a7y>ja = (x,a)(a,ja)jy - (a,jx}(a,a)jy

where (a, ja) = 0 implies
lall*{a, jz)jy = 0.
Therefore (a, jx) = 0. But one can choose element x € V' such that (z, ja) # 0.

For another example of a nonabelian Hilbert ternary algebra, consider the

spin factor which is a real or complex Hilbert space H with the ternary product

[a,b,c] = (a,b)c+ {c,b)a — {a,T)b (a,b,c € H)
where ~ is a conjugation of H. Spin factors of dimension > 3 are nonabelian
Hilbert ternary algebras. Otherwise for a,b,z,y,z € H such that 0 # @ =
a =z o =y and (a,b) = (a,y) = 0, the abelian condition [a,b, [z,y,z]] =
[[a,b,z],y, z] would imply
ly11*0 = (b, y)y

which is not true in general, when, for example, b and y are nonzero and mutually

orthogonal.
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It is interesting to note that each Hilbert ternary algebra gives rise to a non-
abelian Hilbert ternary algebra. Let (V)[-,-,:]) be a Hilbert ternary algebra.
Define a new ternary product on the same Hilbert space V' by

1 1
[a,b,c]1:§[a,b,c]—§[c,b,a] (a,b,ce V).

Then (V,[-,-,-]1) is a nonabelian Hilbert ternary algebra. In fact, it contains no
nonzero tripotents where a tripotent is an element a satisfying a = [a,a,al. It
will be shown in Proposition 3.4.3 later that every abelian Hilbert ternary algebra

admits a nonzero tripotent.

Definition 3.1.13. Given a Hilbert ternary algebra (V, (-,),[-,-,]), we let V_ =
V' and define

[.7 . .]_ e _[.’ . ]
Then (V_, (-,-), [, -, -]-) is a Hilbert ternary algebra, called the dual of V. We will

always assume that V_ is equipped with this ternary structure.

Two Hilbert ternary algebras (V, (-,-), [-,,-]) and (V', {-,-), [, -,]') are said to
be (ternary) isomorphic if there is a linear isometry 7 : V' — V' which preserves

the ternary product, that is

Tlx,y, 2] = [tx, Ty, 72].

3.2 Ideal structures

We begin with the definition of a ternary ideal of a Hilbert ternary algebra. The
aim of this section is to show that every Hilbert ternary algebra is an orthogonal

sum of its annihilator and minimal ternary ideals.

Definition 3.2.1. Let V be a Hilbert ternary algebra and I a subspace of V.
Then [ is called
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(i) a ternary left ideal of V if [V, V1] C I.

(i) a ternary right ideal of V if [I,V,V] C I.
(iii) a ternary ideal of V if [I,V,V]+ [V, I,V]+[V,V,I| C I.
(iv) a ternary inner ideal of V if [I,V I] C I.

If confusion is unlikely, we sometimes omit the word ternary in the above

definition. Note that every left or right ideal is an inner ideal.

Definition 3.2.2. Let V be a Hilbert ternary algebra. The subspace
Vo={a€V:la,V,V]={0}}
is called the annihilator of V.

We note that
Vo={aeV:[Va,V]={0}} ={acV: [V,V,a ={0}}

and V; is a ternary ideal of V.

A Hilbert ternary algebra V' is called simple if [V, V, V] # {0} and, {0} and
V' are the only closed ternary ideals of V. Note that for a simple Hilbert ternary
algebra V' we have Vj = {0} because Vj is a closed ternary ideal of V.

A closed ternary ideal I of V is called minimal if I # {0} and I does not
properly contain a nonzero closed ternary ideal of V.

We extend below the result in [37, Theorem 1] for Hermitian Hilbert ternary
algebras to Hilbert ternary algebras.

Lemma 3.2.3. Fvery Hilbert ternary algebra V- can be decomposed into an orthog-
onal sumV = Vo @ V1 of two Hilbert ternary algebras, where Vy is the annihilator

of V and Vi is a Hilbert ternary algebra with zero annihilator.
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Proof. We have V = V, @V, where Vi = Vi is the orthogonal complement of

V. We show that V] is a ternary subalgebra of V' with zero annihilator. Since
(Vi, Vi, il, Vo) = (Wi, [Vo, Vi, Vi) = {0},

we have [Vi,V;, V] C Vit = V.

Let a be in the annihilator of V;. Then we have
[a, V. V] = la, Vo, Vol + [a, Vo, V1] + |a, V1, Vo] + [a, V1, V1] = {0}
which implies a € V. Hence a € Vo N'V; = {0}. O

Our objective is to prove that a Hilbert ternary algebra with zero annihilator
can be decomposed into an orthogonal sum of simple Hilbert ternary algebras.

First we consider some facts about ternary ideals of a Hilbert ternary algebra.
Lemma 3.2.4. Let V' be a Hilbert ternary algebra.

(i) If I is a ternary left ideal of V', then I+ is also a ternary left ideal of V.

The same statement is true for ternary right ideals.
(i) If Vo = {0} and I is a closed ternary ideal of V', then
{reV:[x,V,I={0}}=1"={zecV:[l,V,z]={0}}.
(iii) If I is a closed ternary ideal of V' and K a closed ternary ideal of I, then
K is a closed ternary ideal of V.

(iv) Let I and K be minimal ternary ideals of V', then either I = K or (I, K) =
{0}

Proof. (i). Let I be a left ideal of V. From
(V.V.IH], 1) = (I, [V, V1) € (I, 1) = {0},

39



it follows that I+ is a left ideal of V. Similar argument applies to right ideals.

(ii). Let us write

Lo(I) = {zeV:[2,V.I]={0}}
Ry(I) = {ze€V:[I,V,z] ={0}}.

Note that I+ is a left ideal and a right ideal of V since I is an ideal of V.
Then we have

I+ C Lo(I) N Ry(I).

To prove the reverse inclusion, take any = € Lo(I) and write © = y + z with
y € I and z € I+, Pick a,b € V and write b = b; + by with by € I, by € I+. Then

we have

ly,a,b] = [z,a,b] — [z, a,b
= [z,a,bi] + [x,a,bs] — [z, 0,0
= [z,a,bs] — [2,a,b1] — [2,a,bs]
= [z,a,by] — [z, a, bo]

= [y7a’762] = 0.

where [I,V,I+] C I NI+ = {0} since I+ is a left ideal of V. Hence y € V; and
y = 0 by assumption. Therefore z = z € I+. This proves Ly(I) C I*. Similarly,
we can prove Ry(I) C I+,

(iii). We have

[MMK] = [I7V7K]+[]L7‘/7K]
= [I,V,K]
= [I,I,K]|+[I,I K]

= [ILI,K|C K
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since ([I, I+, K], I) = (K, [I+,I,I]) = {0} implies that [[, [+, K] C INI+ = {0}.
Similarly, [K,V,V] C K and [V, K, V] C K. Hence K is a ternary ideal of V.

(iv). Obviously I N K is also a closed ideal of V' which is contained in I and
K. Since I and K are minimal, I N K =1 = K or I N K = {0}. So, either

I=K or [I,V,K] c INK = {0}
which implies I C Lo(K) = K+ by (ii). O

Lemma 3.2.5. A closed subspace I of a Hilbert ternary algebra V is a ternary
ideal if and only if it is both a ternary left ideal and a ternary right ideal.

Proof. We prove the sufficiency. Let I be a left and a right ideal of V. Then
by Lemma 3.2.4 (i), I+ is also a left and a right ideal of V. This implies that
[I+,V,I] c IN I+ = {0}, and hence

(VL V], Ih) = (V,[I,V,1]) = {0}
which gives [V, I,V] C [*1 =1. O

Lemma 3.2.6. Let I be a closed ternary inner ideal of a Hilbert ternary algebra
V. Then
(LL[V,I,V]) = (I, V,I),I).

Proof. We have

(LIVLV]) = (LVALV)
= (LVIL, D+ ([1,V, 1), 17)
= ((LV L)

where [I,V,I] C I. O

Lemma 3.2.7. Let I be a closed subspace of a Hilbert ternary algebra V. Then
I is a ternary inner ideal of V if and only if [I,1+,1] = {0}.
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Proof. Let I be an inner ideal of V. Then [I,V,I] C I and we have
(I, 151,V) = (I,[I%1,V])
= ([1.V.1],I7) = {0}

which implies [I, I+, I] = {0}. Conversely, if [I,1+,1] = {0}, then [I,V,I] C
I+t = I by the above computation. O]

Lemma 3.2.8. For any closed ternary ideal I of a Hilbert ternary algebra V' with

zero annihilator, the closed linear span of [I,1,1] is equal to I.

Proof. Let K be the linear span of [/, I, I] and (a, K) = {0}. Then by Lemma
324 (), [, I, I+ [I+, 1,1+ [I+,1,1*]) c INnI*+ = {0} and we have

(l[a,V,1,V) = (a,[V,1,V])
= (a,[[, 1, 1)+ [I, I, 1) + [Tt 1,1)+ [I*1,1])
= (a,[1,1,1])
= {0}

which implies that a € I+ by Lemma 3.2.4 (ii). This shows that K+ C I+ and
therefore I = I+ ¢ K+ = K C I which gives K = I. O

Lemma 3.2.9. If V is an abelian Hilbert ternary algebra, then [a,V, a] is a

ternary inner ideal in 'V for any a € V.

Proof. Indeed, we have
Ha’ V. CL], V. [a’ V. CLH = [a> [V’ [a’ V. a]’ V], a] - [aa % CL]
foralla e V. O]

The ternary inner ideal [a,V,a] in Lemma 3.2.9 is called the principal inner

i1deal determined by a € V.
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We now show the existence of minimal closed ternary ideals. For a Hilbert
ternary algebra V', a nonzero element x in V' is called minimal, if for every closed
ternary ideal I of V, either x € I or x € I*+.

Let z be a minimal element of V' and I(x) the closed ternary ideal in V'
generated by z. Suppose K C I(x) for some closed ternary ideal K. Since x is
minimal, z € K or x € K*. This implies I(r) = K or I(x) C K*. The latter
implies that K C K+ and K = {0}. Tt follows that /(x) is a minimal closed
ternary ideal.

Therefore the existence of minimal elements in Hilbert ternary algebras implies
the existence of minimal closed ternary ideals.

Using arguments similar to those in [37] for Hermitian Hilbert ternary alge-
bras, we prove in the following a Wedderburn type theorem for Hilbert ternary

algebras.

Proposition 3.2.10. A Hilbert ternary algebra V' with zero annihilator contains

a minimal element.

Proof. For each x € V| define ¢, : V. — B(V) as in the proof of Proposition
3.1.10. Define a new norm on V' by |z| = ||¢,| for x € V. It is indeed a norm
since ¢, = 0 if, and only if, x = 0, as Vj = {0}.

By the Krein-Milman theorem, the closed unit ball B of the dual space (V, |-|)*
has an extreme point fy with |fo| = 1. By the proof of Proposition 3.1.10, we
have |z| = ||¢.|| < M]||z|| for some M > 0. Hence fy € (V| -||)* which implies
fo(-) = (-, a) for some a € V. We show that a is a minimal element in V.

Given a closed ideal I in (V,|| - |), we have V = I @ I+. We show a € I or
a€lt.

We first show that |z +y| = max{|z|, |y|} for x € [ and y € [+. Let z,w € V.
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Then by orthogonality,

1Gary () (@)I* = Nz, 2,w] + [y, 2, w]|*

I, 2, w]l* + [y, 2, w]|®

=l éa(2)@)I* + [l (=) (w)]]*.

This implies

[Gzty(2) ()| = [[@a(2) (W), l§y(2)(w)]
and
|7+ yl = @iyl = max{|| ], |6y} = max{|z], |y[}.
On the other hand, for w = u +v € I @ I+, we have
$asy () W)I* = |z, 2, 0] + [y, 2, w]|
= |, 2, ulll” + Iy, 2, v]1*
192 (2)(W)[I* + lldy () ()

< ea(2)Fllull® + lléy (0]
[ 1 o e e T 0
< max{fz[, [y|}*[|z[*(full* + [v]*)

max{|a|, [y[}*[z[*lw]*.

Hence

[ +y| = [|frry|| < maxt|z],[yl}.

Lot U = {g € (V,|- )" ¢ g(I*) = {0}} and W = {g € (V.| - )" : g(D) = {0},
We show that
|9+ h| = |g] + |A]

for g e U and h € W.

Choose € > 0 such that ¢ < 2min{|g|, |h|}, there exist elements z € I and
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y € It such that |z| = |y| =1, g(x) > |g| — /2 and h(y) > |h| — /2 which gives

(g +h)(x +y)
|z + y|

g(z) + h(y)

max{|z|, [y[}

= g(z) + h(y)

> gl +|h| —e.

lg + hl

This proves |g 4+ h| > |g| 4+ |h|. The reverse inequality is trivial.

We now show that (V, |-])* can be decomposed into an ¢;-direct sum (V, |-|)* =
U@ W. Evidently, U n W = {0}.

Let P and @ be projections from V onto I and I+, respectively. Let z € V
and write z = 4+ y with « € I and y € I*+. The inequality

|P(2)] = [z] < max{[z], |y[} = ||

implies that P is | - |-continuous. Likewise for ). Given f € (V|- |)*, we let
g=foPand h = foQ@, then g € U, h € W and f = g+ h. This proves
(V1) = U, W.

We have fo =g+ h € U@el W. Then g = 0 or h = 0. Otherwise

h
fo= gl + Al
g Id

implies fo = ¢/|g| = h/|h| = 0 which is impossible. If fy € W, then (x,a) =
fo(z) =0 for all z € I, that is, a € I+. If fy € U, then {0} = fo(I*) = (I*,a)
which gives a € I+ = 1. O

g (I + [ = 1)

We are now ready to prove a Wedderburn type theorem for Hilbert ternary

algebras.

Theorem 3.2.11. Let V' be a Hilbert ternary algebra with zero annihilator. Then
V' can be decomposed into an orthogonal sumV = @, 1o of a family {1,}aen of

mainimal closed ternary ideals, each of which is a simple Hilbert ternary algebra.
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Proof. By Proposition 3.2.10, V' has a minimal closed ideal. Let {/,: o € A}
be a maximal family of mutually orthogonal minimal closed ideals of V. Let
I =@, Lo be the orthogonal sum. Then both I and I are closed ideals of V.
Suppose I+ # {0}. By Proposition 3.2.10, I+ contains a minimal closed ideal K.
By Lemma 3.2.4 (iii), K is a minimal closed ideal of V. Therefore K C I and
(K, I) =0, which is a contradiction. Hence I+ = {0} and V = I.

Further, each I, is a simple Hilbert ternary algebra since every closed ideal
of I, is {0} or I,, by minimality of I,. Also, [l., s, s] # {0} for otherwise
I, C Lo(I,) = I+ (cf. the proof of Lemma 3.2.4 (ii)) and I, = {0}. O

3.3 Centralizers and derivations

In this section, we study the structure of centralizers of Hilbert ternary algebras
and show that they form a real von Neumann algebra. We also show continuity

of derivations on Hilbert ternary algebras with zero annihilator.

Definition 3.3.1. Let V be a Hilbert ternary algebra. A linear map C' : V — V

is called a centralizer of V' if
Clz,y, z] = [Cx,y, z] = [x,y,CZ]
for all z,y,z € V.

Let Z(V') be the real vector space of centralizers of V.

Lemma 3.3.2. Let V' be a Hilbert ternary algebra. The following statements are

equivalent.
(i) aob e Z(V) for alla,be V.

(ii) V' is abelian and [aob,cad] =0 for all a,b,c,d € V.
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Proof. (i) = (ii). Suppose aob € Z(V) for all a,b € V. Then aob commutes

with any box operator xoy where x,y € V since

(aob)(zoy)(2) = (aob)lz,y,?]

= [z,y,(anb)?]
= (zoy)(aod)(2)

for all z € V. We also have (aob)[z,y, z] = [(anb)z,y, z] for each z,y,z € V
which verifies the abelian condition for V.

(ii) = (i). Let V be abelian and a,b € V. Then we have

(aob)z,y,2] = la,b,[2,y,]]
= [la,b, 2], y,7]
= |(aob)z,y, 2]
and also
(aob)lz,y,2] = (aob)(zroy)z
= (zoy)(anb)z
= [z,y,(a5b)z]
for all z,y,z € V. Therefore anb € Z(V). O

Lemma 3.3.3. Fvery centralizer of a Hilbert ternary algebra with zero annihilator

15 a bounded linear operator.

Proof. Let C' : V. — V be a centralizer of Hilbert ternary algebra V. For

a,b,x,y € V and A € R, we have
(ANCz — C(Ax),a,b] = A\[Cx,a,b] — [Az,a, Cb] = \[Cx,a,b] — Nz,a,Cb] =0
[(C(‘T + y) —Co — Cy),a, b] = [‘T + y7a70b] B [37,(1,, Cb] B [y,&, Ob] =0
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which implies linearity of C'
Let (z,) be a null sequence in V such that C(x,) — y € V. Then for

arbitrary a,b € V, we have

ly,a,b] = lim [Cz,,a,b]

n—oo
= lim [z,,a,Cb =0

n—oo

by Proposition 3.1.10. Since the annihilator of V' is zero, y = 0 and by the closed
graph theorem, C' is bounded. [l

Proposition 3.3.4. Let V be a Hilbert ternary algebra with zero annihilator.

Then Z(V') is a von Neumann subalgebra of B(V).

Proof. Let C* € B(V') be the adjoint of C' € Z(V'). Let z,y,z € V. We have

(a,C%[z,y,2]) =

for all a € V. Hence C*[z,y, 2] = [z,y, C*z].
Likewise C*[x,y, z| = [C*z,y, z]. Therefore C* € Z(V').
Let {C,} be a net in Z(V), converging to C' in the strong operator topology.

Then for x,y,z € V, we have

Clz,y,2] = limCylz,y, 2]
= lim[C,z,v, z]
= lim[z,y, C,7]

= [Cx,y,z| =[z,y,C%]
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by continuity of the ternary product (cf. Proposition 3.1.10). Hence C' € Z(V)
and Z(V') is closed in the strong operator topology. O

Lemma 3.3.5. Let V' be a simple Hilbert ternary algebra and let C .V — V

be a self-adjoint centralizer. Then C' is a scalar multiple of the identity operator.

Proof. By Proposition 3.3.4, Z(V) is a real von Neumann algebra and therefore
its self-adjoint part is the closed linear span of its projections (cf. [10, Proposition

3.2]). Let P € Z(V) be a projection. For any x € KerP and a,b € V, we have
Pla,b,z] = [a,b, Px] =0

Plz,a,b] = [Px,a,b] =0

which implies that KerP is a closed ternary ideal of V' by Lemma 3.2.5. Since V'
is simple, KerP = {0} or KerP = V. It follows that P = idy or P = 0 where idy
is the identity operator of V. Hence every hermitian element is a scalar multiple

of ldV ]

Proposition 3.3.6. Let V' be a simple Hilbert ternary algebra. Then Z(V) =~
R,C or H.

Proof. Let 0 # C € Z(V). By Lemma 3.3.5, we have CC* = \idy for some
A > 0. Since ||C*C|| = ||CC*|| = A\, we have C*C = Aidy by Proposition 3.3.4.

Hence C' is invertible and Z(V) is a real associative division algebra. O

Corollary 3.3.7. Let V' be a Hilbert ternary algebra with zero annihilator. Then
Z(V) =&, Cq where C, ~R,C or H.

Proof. By the proof of Lemma 3.2.8, a closed ternary ideal I of V is the closed
real linear span of [I,1,I]. It follows that C(I) C I for any C € Z(V) since
ClI,I,I] =[C(I),I,I] C I. Hence the restriction of C' to I is a centralizer of I.

Now let V = @ I, where I, is a minimal closed ternary ideal of V', which

a€el
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is also a simple Hilbert ternary algebra by Theorem 3.2.11. Let C, = Z(l,).
Then

2(v)=pe.

a€A
by the above remark. By Proposition 3.3.6, each C, is isomorphic to R,C or

H. [l

Lemma 3.3.8. Let V be a Hilbert ternary algebra with zero annihilator and

C € Z(V). Then we have Clz,y, z] = [xz,C*y, 2| for z,y,z € V and hence
Clz,[a,b,c|,y] = [z, [a,Cb, ], y] (a,b,c,z,y € V).

Proof. By Proposition 3.3.4, C* € Z(V) and for z,y,z € V, we have

(Clo,y, 2l w) = ([z,y,2],C"w)
= (2 [y, =, C"w))
= (2 [C"y,z, w])
= ([z,Cy, 2], w)
for all w € V.
Hence Clz, [a,b, c|,y] = [z, C*[a, b, c|,y| = [z, [a, Cb, ], y]. ]

Proposition 3.3.9. If V is a simple Hilbert ternary algebra and C € Z(V'), then

there exists > 0 such that
Clz,y, z] = u[Cx,Cy, CZ] (x,y,z€ V).

Proof. Let C' € Z(V) \ {0}. By the proof of Proposition 3.3.6, C*C' = CC* =

widy for some p > 0. Therefore Lemma 3.3.8 implies
[Cz,Cy,Cz] = CC*Clz,y, 2]
= nClr,y, 2]
for all z,y,z € V. O
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We now discuss derivations of Hilbert ternary algebras.

Definition 3.3.10. A linear operator D on a Hilbert ternary algebra V' is called

a derivation if satisfies
Dlx,y,z| = [Dx,y, z] + [z, Dy, z] + [z, y, Dz|
for all z,y,z € V.

A simple example of a derivation is an inner derivation. Let H and K
be Hilbert spaces, a € Co(K) and b € Cy(H) be skew Hermitian. Then D :
Co(H,K) — Co(H, K) defined by

D(z) = ax — xb

is a derivation.
For any linear operator T" on a Hilbert ternary algebra, its separating subspace
is defined to be the following closed subspace V':

S(T) = {y eV:.y= r}glgoT<x") where lim z,, = 0} :

n—o0

By the closed graph theorem, 7" is continuous if and only if S(7') = {0}.
The following two propositions are extensions of results in [36] for Hermitian

Hilbert ternary algebras.

Proposition 3.3.11. Let V' be a Hilbert ternary algebra and D a derivation on
V. Then the separating subspace S(D) is a closed ternary ideal of V.

Proof. Let x € S(D). Then there exists a sequence (z,,) in V' such that z,, — 0

and x = lim,_,o, Dx,. For y,z € V, we have

lim D[z,,y,z] = lim [Dx,,y,z|+ lim [z,, Dy, z] + lim [z,,y, Dz]
- [Qf, Y, Z]
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where [z,,y,z] — 0. Hence [z,y,z] € S(D) and S(D) is a right ideal of V.
Similarly S(D) is also a left ideal. Since S(D) is closed subspace, it follows that
it is a ternary ideal of V' by Lemma 3.2.5. [

Proposition 3.3.12. Let V' be a Hilbert ternary algebra with zero annihilator.
For any derivation D and closed ternary ideal I of V', we have D(I) C I.

Proof. We note that I # {0} implies [/, 1,I] # {0}. Suppose [I,I,I] = {0}.
Then [I,V,I] = {0} since [I, I+, 1] = {0}. We have

[LV?V] = [I,V,[}—F[I,V,]J‘]
= [LV.I']
c InI*+={0}

which implies I C V4 and hence I = {0}.

Suppose I # V and for an arbitrary a € I, write D(a) = x + y where x € [
and y € I+, If y # 0, we have [+, [+ I+] # {0} by the above remark. Hence
there exist y;, y» € I+ such that [y, y;,92] # 0 since V has zero annihilator. Since

[@,y1,12] € I NI, we have
[DaaylayZ] = [xaylayQ] + [y>y17y2]
= [y,y1,12] # 0.

On the other hand, using, for example, [a,y1,y2] € I NI+, we have

[Da,y1,y2] = Dla,yr,y2] — [a, Dyr,y2] = [a, 41, Dya] = 0
gives a contradiction. Hence y = 0 and D(a) € I. [l

Lemma 3.3.13. Let D : V. — V be a derivation on a Hilbert ternary algebra
V' and let Vi be the complexification of V. Then D¢ : Vo — Vi defined by
Dc¢(a+ib) = D(a) +iD(b) is a derivation of V.
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Proof. Straightforward computation. O

Theorem 3.3.14. Every derivation of a Hilbert ternary algebra with zero anni-

hilator is continuous.

Proof. Let D be a derivation of a Hilbert ternary algebra V' with Vi = {0}. The
complexification Ve = V@iV of V is a Hermitian Hilbert ternary algebra with
zero annihilator. Let D¢ : Vo — V¢ be the complexification of D defined above.
Then D¢ is a derivation on Vi. By [36], D¢ is continuous on Ve. Hence D is

continuous. O

3.4 Structure theorems

Our goal in this Section is to show that every simple abelian Hilbert ternary
algebra is isomorphic to the ternary algebra C5(H, K) or its dual C5(H, K)_ for
some positive number k& and some Hilbert spaces H and K over R, C or H.

Let {es} ger and { fa }aea be orthonormal bases of Hilbert spaces H and K over
F =R, C or H, respectively. Let C5(H,K) = C5(H, K)® @y F where C5(H, K)®
is the real linear span of {f, ®ez: a € A, €'} (see Section 2.1). An easy

computation shows that:
() [fa®es, fo @ ep, fa @ ep] = fo © eg;
(i) [fo ® e, C(H, K), [, ® eq] = (fa © ey) F;
(iii) [fa @ es, [y @ ep, [y @ eq] = fo @ ey;
(iV) [fa®es, [y @en fs@ex] =0, if B#n or v £ 4.
We recall that {f, ® es: a € A, 8 € T'} is an orthogonal basis of C§(H, K).

Lemma 3.4.1. Let H and K be Hilbert spaces. Then C5(H, K) is simple with

respect to the ternary product |-, -, -].
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Proof. 1t suffices to consider the case of k = 1. Let I be a nonzero closed ternary

ideal of Co(H, K). Pick 0 # « € I. Then x*z # 0 since
(@ x(h), h) = ((h),x(h)) = |z(h)]*
for all h € H. We have v ® 2*z(u) = [v ® u, x, z] for all w € H and v € K, since
(v@aw(u))(h) = vlh,2"z(u))
= v(z*z(h),u)
= (v®u)z*z(h)
= [v®u,z,z|(h)
for all h € H. Hence v ® x*z(u) € I. Also, for any w € H, we have
v zrz(u),v @z z(u),v@w| = (v@rz(u))(z'z(u) @v)(vew)
= (v®v)(vew)
= vQ®wW

which implies v ® w € [ for any vector v € K and w € H. It follows that
I =Cy(H, K). O

Definition 3.4.2. Let V be a Hilbert ternary algebra. An element e € V is
called a tripotent if

[e,e,e] =e
and a negative tripotent if [e, e, e] = —e.

Evidently f, ® es is a tripotent in C5(H, K) for « € A and 8 € T

The following extends a result in [37] for Hermitian Hilbert ternary algebras.

Proposition 3.4.3. Let V' be an abelian Hilbert ternary algebra with zero anni-
hilator. For any closed ternary left ideal L of V' and closed ternary right ideal
R of V satisfying L N R # {0}, the set LN R contains a tripotent or a negative

tripotent.
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Proof. First we prove that [a,a,a] # 0 for any 0 # a € V. Suppose [a,a,a] =0

for nonzero a € V, then we have

H[aaau b]H2 = <[aaaab]a[aaa7b]>
= (b,[a,a,|a,a,b]])
= (b,[[a,a,al,a,b]) =0

for all b € V', which implies aoa = 0. This gives

||[C’ b, a”|2 = <[C’ b, a]v[ca b, a]>
= <C, HC, b, CL], a, b]>
= (¢, [e,b,]a,a,b]]) =0

for all b,c € V. Hence a € Vi = {0} which is a contradiction. Hence [a,a,a] # 0
and aoa # 0 for any a # 0.

Let z € LNR and ||[zoz|| = 1. The operator S = xox is self-adjoint, therefore
T = S? is a positive operator in B(V) and ||T|| = ||S?|| = ||S||*> = 1. By Lemma

2.1.4, we can define

w= lim T"(x), v= lim T"[x,x,x].
n—o0 n—o0

Both u and v belong to L N R since L and R are closed. We show that u # 0 or
v # 0. Otherwise v = v = 0 and hence lim,,_,, S"(z) = 0 because S(x) = [z, z, 7]
and S?"*1(z) = T"[z,z,z]. Since the Hilbert ternary algebra V is abelian, it
follows that Slx,y,z] = [Sx,y,z| for y,z € V. By continuity of the ternary

product, there exists some M > 0 such that

I,y 2l < Mllz([[[ylll[=l] (.2 €V)
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Since ||S|| = 1, we have ||S"|| = ||S]|™ = 1. It follows that

1 = |s™
= sup {[|S"y| : |lyll <1}

= sup{[|[S"z,z,y]|| : [lyl <1}

sup {M |[S"z[| [[z]|]} — 0

IN

as n — 00, which is a contradiction.

Now let

u—+v uUu—v
and Wy = )
2 2

w1 =

Then w; # 0 or wy # 0. In the first case, w; is a tripotent and in the second case,
wy is a negative tripotent. In fact, since V is abelian, we have [Tz, Tx,Tz] =

T3z, z,z] and therefore

[Tz, Tz, T"x] = T°"[z, x, z].

From this it follows that [u,u,u] = [u,v,v] = [v,u,v] = [v,v,u] = v. Like-
wise [v,v,v] = [v,u,u] = [u,v,u] = [u,u,v] = u. Therefore a straightforward
computation shows that w; is a tripotent and ws is a negative tripotent. O

Corollary 3.4.4. Every abelian Hilbert ternary algebra with zero annihilator con-

tains a tripotent or a negative tripotent.

Proposition 3.4.5. Let V' be a simple abelian Hilbert ternary algebra.
(i) If z,y € V are nonzero elements, then |x,V,y| # {0}.
(ii) V' contains only tripotents or only negative tripotents.

(iii) The Hilbert ternary algebra V' and its dual V_ are not isomorphic.
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Proof. (i). First we define the left annihilator of y € V' \ {0} by

Lo(y) ={x €V : [z,V,y] = {0}}.

Then Ly(y) is a closed linear subspace of V' by continuity of the ternary product.
We show that Lo(y) is both a left ideal and a right ideal of V. Indeed, for any

x € Lo(y), we have
[V.V,a],V.y] = [V, V, [z, V,y]] = {0}

[z, V. V], Vgl = [, [V, V, V], 4] = {0}

Hence by Lemma 3.2.5, Lo(y) is a closed ternary ideal of V. Since V is simple,
Lo(y) =V or Lo(y) = {0}. In the case Lo(y) = V, we have [y,y,y] = 0. But

this is impossible as was shown in the proof of Proposition 3.4.3. Therefore

Lo(y) = {0}.
(ii). Suppose V' contains both a tripotent e and a negative tripotent f. For

every x € V, we have

e, [f el fII* = (le,[fz el f], [e; [f, 2, €], f]
(lf,z el e le,[f, 2.l fII, f
= (lllf,zel,e el [f el /1, f
{ f
{
{

([f; 2, [e e ell, [f, 2, €l f1,

= (llf, 2.l [fx.e], f1. )
= iz el If 1, el])
= —([fizel,[f, x,€])

= —llf, = elll”

which yields to [f,V,e] = {0}. This contradicts (i).
(iii). This follows directly from (ii). O
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In the classification of abelian Hilbert ternary algebras, according to the
Proposition 3.4.5, we may restrict our attention to those simple Hilbert ternary
algebras which contain only tripotents.

In the sequel, we assume all abelian Hilbert ternary algebras contain only
tripotents.

Let V be an abelian Hilbert ternary algebra and let e € V' be a tripotent. For
x,y € V, we define the product

zo.y = [r, e,y
Then (V, 0.) is an associative algebra. Indeed, we have
(wocy)oez = [[z,e,y],e 2] = [z,€,[y, € 2] = x oc (y oc 2)

for z,y,z € V.
Let V. = [e,V,e] be the principal inner ideal determined by e, which is a
ternary subalgebra of V.

Lemma 3.4.6. Let V' be an abelian Hilbert ternary algebra and let e € V' be a

tripotent. Define an involution *¢ on V. by
le,x,e]* = [e, e, x, €], €] (xeV).
Then (Vy, 0.,* ) is an H*-algebra with identity e, and zero left annihilator.

Proof. We note that V, is a subalgebra of (V, o.) since

[6,1‘,6] Oc¢ [e>yv€] = [[e,x, 6]’67 [6797 6]]
= [lle,z, €], e,e],y, €]
= He’w? [67 676]]7y7€]

= [6’ [ya ¢, $]> 6]
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for all z,y € V. Plainly e € V, is an identity of V..

Since V' is abelian, we have
Ve={x eV :xz=leex|=]xecel}.

Indeed, if = belongs to the set on the right hand side above, then we have x =
le,e, [z, e,e]] = e, e, x,e],e] € V.. Also V, is closed in V by continuity of the
ternary product and hence a Hilbert space.

Next we show that *¢ is an algebra involution on V. We have

le,x,e]** = e, le,z, €], e]*
= e, e e, x, €], €], ¢€]
= [le,e, €], x, e, e, e]]
= [e,x,€]
and also
le,x,e]* o [e,y, el = e, [e, x €], €] o [e ey, el €]

= lle.[e; el el e, [e, e, y, el ]
= lelez,elife e e fe,y e, ]
= lelez.el[le e el e,y el ]
= lele;x,el (e [e,y €], el]

= lelley el e fe z ], €]

= [ele;y e ocfe, el ]

= (le;y,efocfe,z,e])™

for all z,y € V.
Finally we prove that (V,,o.,* ,(-,-)) is an H*-algebra with zero left annihi-
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lator. For z,y,2z € V, we have

(le,y, €], [e,x,e]* o [e,z,e]) = ([e,y,el, e, [e,z, €], €] o [e, 2, €])

e,y el [le) e, 2, el €], e, [e, 2, €]])

ey el [e.le,z, €], [e, 2, €]])

e,z €], e, e, y, ¢l [e, 2, €])

{
{
= (leysellelese e,z e]], e, 2, €]])
{
{
{

le,x, €] o, [e,y, €], [e, 2, €e])
and likewise
(le,x,e], e, z, €] oc e, y,e]") = (e, z, €] o [e,y, €], [e, 2, €]).
Let = € V. be such that z o, V, = {0}. Then
(z7,y) ={e,zocy) =0  (yeVe)

implies z*¢ = 0 and hence x = 0. O]

By Ingelstam’s theorem [17], (V,, o.) is a division algebra if

el =1 and  [lzocyll < [lz]lflyl

for all x,y € V.. These restrictive norm conditions may not be satisfied in V.

Nevertheless, we give below algebraic criteria for (V,, o.) to be a division algebra.

Definition 3.4.7. Two tripotents e and f in a Hilbert ternary algebra V are

said to be ternary orthogonal to each other if

[6767f]:O:[f7f76] and [67f7f]:0:[f7€76]'

The basis elements {f, ® €5 : « € A, 8 € '} of C5(H, K) are mutually ternary
orthogonal. We note that two ternary orthogonal tripotents in a Hilbert ternary

algebra are orthogonal with respect to the inner product.

60



An important concept in Hilbert ternary algebras is that of a primitive tripo-
tent. These tripotents provide the basic building blocks of an abelian Hilbert

ternary algebra.

Definition 3.4.8. A nonzero tripotent e in a Hilbert ternary algebra V is called

primitive if it does not admit a decomposition
e=e1+ €
into the sum of two nonzero ternary orthogonal tripotents e; and e,.

The following lemma is crucial in the classification of abelian Hilbert ternary

algebras.

Lemma 3.4.9. Let e be a tripotent in an abelian Hilbert ternary algebra V. The

following conditions are equivalent.
(i) e is primitive.
(i) (Ve,0.) is a real division algebra.
(i) {x € V:xz=le,x,e]} =Re.

Proof. (i) = (ii). Let e be primitive. We show that the H*-algebra V, is a division
algebra. For every 0 # a € V, we have a = ao.e € ao.V and a o,V is a nonzero

ternary right ideal of V. Also, a o,V C e o, V since
ao,x=(eo,a)o,x=eo,(ao,r)

for any x € V. We show that e o, V' is a minimal right ideal of V. Suppose,
otherwise, o, V = I @ (I*- N (e o, V)) for some proper right ideal I of V. Then
we have e = e; + ey with e; # 0 # €9, e; € [ and ey € It N (e o, V). Since

<[[€7 €1, 6]7 €, 62]7 ZL") = <€27 [6, [6, €1, 6], x]) = <€27 [[67 €, 61]7 €, x]) = <€27 [617 €, Z’]) =0
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for all x € V', we have [[e, e1, €], e, e3] = 0 and

g = €o, e
= [[e,e, €], e, es]
= [le,e1,€],e,ea] + [[e, e2, €], €, €]
= [e, e, e,es], €3]
= e, ey, €]
Therefore [e, €9, €] = [e, €2, 1]+ €, €2, €2] = €3 as ([e, ea, €1], ) = (€1, [e2,€,2]) =0

for all x € V. Similarly [e, eq,e] = e;. It follows that es o, e, = 0 since for any

x €V, we have

<€2 O¢ €1,I> = <[€2,€7€1],$>
= ey, e, e, e, €], z])
= (ey,|[e,e,es], €, 2])
- <€1,[62,€,l']> = 0.
Therefore
€1 = €0,e€1

= €10c€1 + €20 €
- [617 €, 61]
- [61761761] + [61762761]

= [ela €1, 61]

where [eq, €9, e1] = [e1, [e, €2, €], €1] = [e1, €, [e2, €, e1]] = 0. Likewise es = [eg, €, €9

is a tripotent. Moreover, e; and e; are ternary orthogonal. Indeed,
[627 €9, 61] - [627 [67 €2, 6]7 61] - [627 €, [627 €, 61“ =0
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and then [es, e1,e1] = [ea,e,e1] — [ea,€2,e1] = 0. Similarly one can show that
le1, €1, ea] = [e1, €2, €2] = 0. This contradicts primitivity of e and therefore e o, V'
is a minimal right ideal in V.

It follows that a o, V = e o, V and there exists an element b € V such that
ao.b=-e. Let c = |le,e,b],e,e] € V.. Then

ao.c=la,e,lleeb]ece]] =][aeblee =e

and a is right invertible in V. Similarly a is left invertible in V. This proves that
V., is a division algebra.

(ii) = (iii). Since the unital H*-algebra (V,,o0,.) is a real division algebra, V,
is unital *-isomorphic to R, C or H (cf. [21, Lemma 3]), we can choose a basis
{v1,--+, v} in V, with v; = e, n = 1,2 or 4 and [e,v,, €] = vic = —v, when

n>2. Let x =[e,x,e] withz =37 A\jv; (A; € R). Then
r = )\16 + Z )\jvj
=2

= e+ Z)\j[e,vj,e]

j=2
= )\16 — Z )\j’Uj
j=2
which implies Ay = --- =X, =0 and x = Ae € Re.

(iii) = (i). Suppose e = e; + e for two ternary orthogonal tripotents e; and

eo. We have
lea, €1, e2] = [eg, [e1, €1, €1], €2] = [e2,€1,[e1,€1,€2]] =0

and

[6176176] = [61761761] + [61761762] = €1

63



by ternary orthogonality of e; and e;. Hence

le,e1,e] —e;p = e e1,e] —[er,eq, €]
= [e—e1,e1,¢€]
= [eq, e€1,¢€]
= [e2,e1,€1] + [e2,€1,€3] =0
which implies e; = Ae for some A € R by condition (iii). Likewise e; = Ne for

some X € R. Therefore 0 = [ea, e1,¢] = [Ne, Ae,e] = ANe. Hence AN = 0 which

gives e; = 0 or e; = 0. This proves that e is primitive. O

Lemma 3.4.10. The primitive tripotents in Cx(H, K) with respect to the ternary
product |-, -, -] are exactly the rank-one operators v @u for unit vectors uw € H and

ve K.
Proof. Let u € H and v € K be unit vectors. Then
[v®@u,v@u,v@u) = (veu)||ul*v])* =veu
implies that v ® w is a tripotent. Now we show that v ® u is primitive. Let
v®u=e+ f say, e, f are nonzero ternary orthogonal tripotents. We have
(v@u)(r) =viz,uyp =€)+ f(z) (v € H)

where (e(z), f(z))x = (e(x), [f*f(x))x = (ffe(x), f(x))x = 0 by ternary or-
thogonality of e and f. Let [u] = uF be the one-dimensional subspace in H

generated by u and consider

H = [u] Pu]*
Let z € [u]*. Then (x,u)y = 0 and e(x) + f(z) = 0. Hence ||e(z)||® + || f(z)]]* =
le(x) + f(x)||* = 0 and e(x) = f(x) = 0. Therefore we have €|y . = f|j = 0.
We must have

e=e(u) ®u.
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Indeed, any h € H can be written as h = ua @ z € [u] @[u]* for some o € F.

Hence e(h) = e(u)a and we have
(e(u) @ u)(h) = e(u)(h, u)p = e(u)(ue, u)r = e(u)o = e(h).
Since ee*e = e implies
e(u) @ u = (e(u) ® u)(u® e(uw))(e(u) @ u) = (e(u) @ u)|le(w)|*|ul,

we have |Je(u)|| = 1. Likewise || f(u)|| = 1. But we have

v= (0@ u)(u) = e(u)+ f(u)
and e(u) L f(u) in K. Therefore

L= [o]* = [le(uw)|* + [l f(w)]* = 2

which is a contradiction. Hence v ® u can not be split into two nonzero ternary
orthogonal tripotents.

Conversely, let e € C5(H, K) be a primitive tripotent. We show e = v ® u for
some unit vectors u € H and v € K. Since ee*e = e, e is a partial isometry and

the range of e(H) is closed in K. Let

K =e(H)@Pe(H)".

Likewise, let

H=e"(K)Pe(K)*.
Note that e(e*(K)*) = {0}. Indeed, {(e(e*(K)1),y)x = (e*(K)*, e*(y))n = {0}
for all y € K. Hence e(H) = e(e*(K)) and we can pick u € e*(K), ||u|| =1 and

e(u) # 0. Note that e*e(u) = u since u = e*(ko) for some ky € K and
e*e(u) = e*ee” (ko) = e*(ko) = u.
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Let # € H with z = e*(k) ® h € e*(K) @ e*(K)*. Then e(x) = ee*(k). Hence,

writing v = e(u), then ||v]| = ||e(u)|| = ||u|| = 1 since e is an isometry on e*(K).

Moreover,

Therefore by Lemma 3.4.9, we have

le, v ® u,e](z)

e(u®v)e(x)
u)(e(x), v}k
ee*(k),e(u))x

(
(
{
(e"(k), e"e(u))n
{
{

e

v

<

v
ol )y

(v ®u)(z)

v u=M\e (A €R).

It follows that |A| = 1 and A = +1. Therefore we get

e=0VQU

or e=(—v)®u.

e’ (k),uyy +v{h,u)y

[]

We extend below the result in [37] for Hermitian Hilbert ternary algebras to

Hilbert ternary algebras using the new concept of primitive tripotents.

Proposition 3.4.11. Let V' be a simple abelian Hilbert ternary algebra. Let L

be a ternary left ideal of V' and R a ternary right ideal of V.. Then the following

assertions hold.

(i) If LN R = {0}, then L = {0} or R ={0}.

(ii) If L and R are closed and nonzero, then LNR contains a primitive tripotent.
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Proof. (i). Suppose that L N R = {0}. Then [R,V,L] C RN L = {0} and by
Proposition 3.4.5 (i), we have L = {0} or R = {0}.

(ii). From (i), we have L N R # {0} which implies that L N R contains
a tripotent e by Proposition 3.4.3. Form the H*-algebra (V. = [e,V,e],0.) as
defined in Lemma 3.4.6. Then e is an idempotent in V.. By Lemma 2.3.2, ¢
can be expressed as a finite sum of idempotents e = p; + -+ + p, in which
pi oc pj = 0 for @ # j and every p; cannot be decomposed any more. This gives

b1 = [plaea 6] - [€,€,p1] elLn R, where

[p1,e,e] = [p1,e,p1+ -+ Dp] =D10ep1 + -+ P1 O Pp = P1.

Since e is self-adjoint in V,, Lemma 2.3.2 implies that p; is self-adjoint for every

1=1,2,--- ,n and we get
[p1,p1, 1] = [p1, 1% i
= [p1, e, 1, €l pi]
= [[p1,e,p1], €, p1]
= [p1oep1,e,p1]
= [p1,e pi]
= D1

Hence p; is a tripotent in L N R.

We want to show that p; is primitive. By Lemma 2.3.1, p; o. V, is a minimal
right ideal of the H*-algebra (V,,o.), and as in the proof of Lemma 3.4.9, one
can show that p, o, V, o, p; is a real division algebra with identity p;. Indeed, let
0#a€p o, V,o,p. Let a = p;o.yo,p for some y € V,. For any = € V,, we
have

a06$:(p1 Oeyoepl) Oc & = P1 O¢ (yoepl erL‘)
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which implies a o, V, C p; o, V.. Therefore a o, V., = p; o, V., by minimality of
p1 0 V.. Thus there exists b € V, such that ao.b = p;. Let ¢ = po.bo.p;. Then

@0, = a0, (p10.bo.p1) = (ao.b)o.p =p10.p1 =ps.

This proves that a is right invertible. Likewise one can prove that a is left
invertible in p; o, V, o, p;.
We note that
V;vm = [pla Mpl] = [[pb €, 6], ‘/a [6, 67?91“ = [[Ph €, ‘/6]7 eapl] = P1 ©e¢ ‘/e OeP1 C ‘/e
and for a,b € V,,, we have a o, b= ao.b. Indeed,
aop b = [a,p1,0]
= [(l, [ph [pb €7p1]7p1]a b]
- [[[a7p17p1]7 €7p1]7p17 b]

= la,e,[p1,p1,b]]
= [a,e,b]

= ao.b.

Hence (V,,,0,,) is a division algebra and p; is a primitive tripotent by Lemma

3.4.9. —~

Now we introduce two concepts which will be needed later. Two primitive

tripotents e and f are said to be horizontally connected if
(Ve, ) ={0}, [eV.flCVe and [f,Ve]CV}

where V, and V} are principal inner ideals of V' determined by e and f, respec-

tively. The primitive tripotents e and f are called vertically connected if

(Ve, /) ={0}, [e,V.f1CVy and [f,Vie] C Ve
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According to this definition, e is not vertically connected or horizontally connected
to itself.

We note that, if e and f are horizontally connected, then for any y € V4,

(e,y) = (e, [f, ful) = (e, f1, F) =

since (V;, f) = {0}. Hence (e, Vy) = {0}. The same is true when e and f are
vertically connected.

Two following propositions are extensions of similar results in [37] for Hermi-
tian Hilbert ternary algebras, but with a different definition for horizontal and

vertical connectedness. We also use the new concept of primitive tripotents.

Proposition 3.4.12. Let V' be a simple abelian Hilbert ternary algebra and let

e, f € V be horizontally connected primitive tripotents. Then we have
(i) [e.e, f1=1f f.e]l =
(ii) [e, f el =[f e, f]=0.
(iii) [e, f, fl=e[f e.e] = f.
(iv) (e,[f, V. V]) = (f,[e, V. V]) = {0}.
(v) llell =1I£1-

Proof. (i). Using the horizontal connectedness, we have [e, e, f] € V. and

lle.e. fIF = (le,e, fl e, e, £I)

= (le.e,lese 111, 1)
(lle,e.el e, f1, 1)
([e.e, f1. f) =
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since [e, e, f] € V.. Similarly [f, f,e] = 0.
(ii). We have

e, frell* = (le, f.e] [e, fre])
= {e[le. fiele, f)
= (ele f.le;e fI) =0
which yields [e, f,e] = 0. Likewise [f, e, f] = 0.

(iii). By the horizontal connectedness of e and f, we have [f,e,e] € V7,

le, f, f] € V. and

e, /i flocle £ ] = e S, fl e [es £ f]]
le, f[[f,e.el, f, f]]
= le.filf e €]
[le, f, f],e. €]
[

€7f7f]

which implies [e, f, f] =0 or [e, f, f] = e in V.. In the first case,

[faa:ae] = [[f?xae]afaf] = [f?xa[eafaf]] =0

for all z € V' by horizontal connectedness. But this is impossible by Proposition
3.4.5 (i) and therefore [e, f, f] = e. Similarly [f,e,e] = f.

(iv). For arbitrary z,y € V, we have

(e,[f;@,9]) = (ellf. f, [l 9l)
= (e [f. f,[f, 2, y]])
= ([f: fiel,[f,2,0]) =0
since [f, f, €] = 0 for horizontally connected primitive tripotents e and f. Likewise
(f.e,V.V]) = {0}.
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(v). We have
lel* = (e;e) = ([e.f, fl.e) = (£, [f,e.e])
= (.0 ="
O

We note that two horizontally connected primitive tripotents e and f are not

ternary orthogonal since however [e, e, f] =0 = [f, f,e] but [e, f, f] = e # 0 and
[f,e.el=F#0.

Remark 3.4.13. One can see that if e and f are horizontally connected primitive

tripotents in a simple abelian Hilbert ternary algebra V', then
[evvvf]:‘/e and [f,V,e]:Vf
by Proposition 3.4.12 (iii). In fact, V. C [e,V, f] since

[671:76] = [[evaf]7x>[e>f>f]] = [ev[xvfuf]a[eaﬁf]] = [67{ ,6,[$,f,f]],f]
for any x € V. Likewise, V; C [f,V, €.

Proposition 3.4.14. Let V' be a simple abelian Hilbert ternary algebra and let

e, f €V be vertically connected primitive tripotents. Then we have
(i) [e. . f1=1[f e el =0.
(ii) [e, f.e] = [f.e, f]=0.
(iii) [e,e, f]=f.[f. f.el =e.
(iv) (e, V.V, f]) = (f,[V. V,e]) = {0}.
(v) llell =1I£1-
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Proof. Each statement can be proved in the same way as in Proposition 3.4.12.

]

Analogous to Remark 3.4.13, for two vertically connected primitive tripotents
e and f in a simple abelian Hilbert ternary algebra V', we have [e, V, f] = V; and
[f,V,e] = V.. Also, one can see that two vertically connected primitive tripotents
e and f are not ternary orthogonal.

Now we establish the following classification theorem for abelian Hilbert ternary
algebras. A similar result in the context of associative H*-triple systems is proved

in [6].

Theorem 3.4.15. Let V' be a simple abelian Hilbert ternary algebra. Then V
is isomorphic to the ternary algebra C5(H, K) or its dual C5(H, K)_ for some
Hilbert spaces H and K over F and some k > 0, where F =R, C or H.

Proof. Let V contain only tripotents (cf. Proposition 3.4.5). Let ugy be a primi-
tive tripotent in V. Let

{ugo} U{uao : a € A}
be a maximal family of pairwise horizontally connected primitive tripotents and

{ugo} U{ups : p €T}

a maximal family of vertically connected primitive tripotents. We may assume
that 0 ¢ A and 0 ¢ .
For any a € A and 8 € T', define

Uap = [Uam Uoo, Uog]-

We show that u,s is a primitive tripotent with the same norm as ug. Also, we

prove that u,g is orthogonal to ugg, horizontally connected with wuyg and vertically
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connected with wu,g for all @ € A and g €T

By Proposition 3.4.12 and Proposition 3.4.14, we have

[tag: Uap, Uap] = [[Uao, too, tos]; [Uao, too, Uos], [tao, too, tos]]
= [Uao, Uoo, [U0/37 [Uao, Uoo, UO,B]a [Uao, Uoo, Uogm
= [ua07 Uoo, HUOﬂa Uoga, Uoo], U0, [ua07 Uoo, Uogm
= [Ua0, o0, [U00; Ua0; [Uan, Uoo, UOB]]]
= [Uao, Uoo, Huoo, U0, Uao], Uopo, UO,B]]
= [Uao, Uoo, [Uoo, Uoo, Uog]]

= [ua07 Uoo, UOB]

= UaB

and hence u,gs is a tripotent.
Now we show that u,g is primitive, using the condition (iii) of Lemma 3.4.9.

For this suppose v = [uag, U, uap) for v € V. Then we have

[uog; v, Uao] = [uog, [Uag, v, Uag], Uao]
= [[uog; tag, v]; tap, Uao]
= [[uog, [ttao, w00, uog], v, [Uao, uoo, Uos), Uao]
= [[[uog, uog, too], Uao, V], o, [to0, Uao, Uao]]

= [u007 [u0,37 v, uaO]a u00]

and since ugg is primitive, [ugg, v, uao] = Augp for some A € R by Lemma 3.4.9. It
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follows that

ANag = [Uao, [Uos, U, Uao), Uog]
= [[choa Ua0, U], U, Uog]
= [[4a0, Uao, [tiag, v, Uag]], tos, Uog]
= [[[ta0, a0, tag], v, tag], tos, Uog]
= [[Ua0, tao, [tao, oo, top]], v, [[Uao, too, tos], uos, tos]]
= [[[Uam U0, Uao], Uoo, UOB]7 v, [Uao, Uoo, [U057 Uoga, Uog]]]
= [Uag, v, Uag]

= .

Then v € Ru,s and by Lemma 3.4.9, u,p is primitive.
We now show that V,, , = [ta0, Vigy, tog]. Pick € V,,_, \ {0}. There exists

a € Vy,, such that o = [ua, a, ugs] because

[uaﬁv V, uaﬁ] = [[Uam Uoo, UOB], V, [%0, Uoo, an]]
= [Uam [V, Uop, U00]> [ua07 Uopo, UOBH
= [Ua0, [W00; Uao, [V, Uog, Uoo]], Uog]

= [Uam [UOOa [U057 V, Uao], UooL UOB]-

Hence V,,., C [ta0, Vigy, tog]- On the other hand, for any z € V,,,, we have

[ua07 Z, Uo,@] = [[UaO, Uoo, u00]7 Z, [u007 Uoo, Uog]]
= [[ua07 Uoo, [uO,B7 Uogs, Uoo]], Z, HU‘OOu U0, Uao] » U0, an]]
= H[Uam Uoo, UOﬂ]a Uop, Uoo], Z, [U00> U0, [Uao, Uoo, UD,B]H

- [UQB, [ua()a [UOO, Z, U/OO] ) uOB]; uocﬁ]

which implies [ta0, Vo, Uog] C Viu,s- Therefore Vi, , = [tao, Vigy, tog]. We note
that dimV,, , = dimV,

Uuoo *

For if {vy,--- ,v,} is an orthogonal basis of V,,,,, then

00
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the elements [uq0, V1, %og), - -+, [Uao, Un, tog] form an orthogonal basis in V,, , =

(a0, Viggs Uos]. Indeed, we have

<[ua07 Uy, uO,B]; [ua(b vy, UOBD = <uoz07 [[ua(b vy, uOﬁ]a Uog, U1]>
= <[U0,Ba (a0, Vj, UO,B]7 Uao], Vi)

= <Uj7 Ui> =0
where

(U0, [Ua0, Vi, Uog, Uao] = [[Uog: Uogs V5], Uao, Uao]
= HUOﬂ, [Uoo, Uoo, UogL Uj], [Ua(), Uoo, Uoo], Uao]
= H[UO,B> Uogs, U00]7 Upo, Uj], Uoo, [Uom U0, Uao]]

= Huoo, Uoo, Uj], Uoo, Uoo]

_ *ugp *ugg
Yj

by vertical connectedness of ups and ugy, and horizontal connectedness of g

and ugg. Hence all V., Vi, ., V. . and V,

w00> Viuaor Vuog uap Are isomorphic to the same division

algebra F where a € A and § € I', and we can identify

Vuaﬁ = uagF. (31)

Next, we show that wog, uss are horizontally connected, and uq0, uas are ver-

tically connected. For v € V| we have

[U05,U,Uaﬁ] = [[Uoo,uoo,uo,e],v, [Uao,uoo,UO/a]]

= [Uoo, [Uooa [UO,B, v, Uao], u00]7 UOB]

which means [ugg, V, uag] C V,

uos Since ugo and wugg are vertically connected. By
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vertical connectedness of ugs and ugg, we have

[Uap, V,uogl = [[Ua0, oo, uogl, V, [too, oo, tog]]
= [ua07 [Uoo, [uOﬁ; V, Uoo], Uoo], Uog]
- [U’aOJ Vuooa u()ﬁ]

=V,

Uag*

In a similar way, one can show that [uag, V, tao] C Vi, and [uag, V, uag] = Vi,

Also, we have

<Vuaﬁ7u00> = <Vua57ua0> = <Vua57u06> = {0}

Indeed, for instance,

<Vua5, Uoo) = <ua/37 [V, uoz,Ba“OO]) = <ua67 [V, Upg, [UOOaua())uOO]D = {0}

by Proposition 3.4.12 (ii). This proves horizontal connectedness of ugg and uqg,
and vertical connectedness of u,o and u,.s. By Proposition 3.4.12 (v) and Propo-
sition 3.4.14 (v), we have ||uas||? = ||tuaol|? = ||Juosl|* = |Juool|* = &, say.

Now pick two pairs («, 8) # (7,n) € A x I' such that a # . Then we get

(U0, Uo) = 0. By horizontal connectedness of g, uao and u,g, we have

<uaﬁ7 U7n> = <[Ua0, Upo, uOﬁ]u [u’}'Oa U0, Uon]>
(%07 [[Uyo, Upo, Uon], Uogs, Uoo])
= (Uao, [Uyo, [U0,37 Uon, Uoo], Uoo])

= 0

since [0, [Uog, Uoy, Uoo); Uoo) € Vi, by horizontal connectedness of .o and ugo.

Similarly, (uag, uy,) = 0 for the case 8 # 1. Therefore the family

S = {uas: a € AU{0}, 8 € TU{0}}
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of tripotents are mutually orthogonal with respect to the inner product (-,-) of
V.
Let Ag = AU{0} and I'y = ' U {0}. Define the orthogonal sum

L=@BIV,V, up)

Belo
where the sum is orthogonal since for every 8 # n and any x € V', we have
” [u0f37 Uon, l‘] “2 = <[u0/57 Uon, 1’], [UOBa Uy, $]>
= <u0/37 [[UO/B,UOU,ZU],IE,U(}OD

= <u0,37 [UOB’ [l’, Z, uon]>u0n]> =0
by vertical connectedness of ugg and wuy,, and therefore

<[Va V. uUn]7 [V7 V. UO,BD = <V7 HV> V. UOB], Uon V])
= (V.[V,V, [uog, uoy, V]) = {0}

Since L is a ternary left ideal, L+ is a (closed) ternary left ideal by Lemma
3.2.4 (i). We want to prove that V = L. We define a closed ternary right ideal

of V by R = [ug, V,V]. In fact, since the ternary product is abelian,

R = {a eV:ia= [Uoo,UOO,a]} 7é {0}

We show L+ = {0}. Suppose otherwise. Then L+ N R contains a primitive
tripotent e by Proposition 3.4.11 (ii). By Proposition 3.4.12 and Proposition
3.4.14, S C L and therefore (e, 5) = {0}. Also, from V,

uOB

C L, we get (Vy,,,€) =

{0}. Furthermore, e = [uqo, a, b] for some a,b € V. This gives
[ea V: U’O/J)] = HuOOu a, b]7 V7 Uoﬁ] = [u007 [‘/7 b7 CL], uO,B]

which implies [e, V. ugs] C Vi

wos Dy vertical connectedness of ugy and wugg. Since

e = [e, e, €], we have
[UOOa a, b] = [67 €, [u007 a, b]] = [[67 €, uOD]a a, b]
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Hence ugg = [e, €, ugo] because V is simple and Vy = {0}. Using the latter equality,

we have

[uog, Vie] = [[uoo, oo, uog], V. ]
= [uoo, [V, uos, wool, €]
= [le, e, uool, [V, wog, uoo), €]
= e, [[V, uos, wool, uoo, €], €]

= [6, [Va o 6], 6]

which implies [ugg, V, €] C V.. It follows that e is vertically connected with all ugg
where § € Ty, contradicting the maximality of the family {ugo} U {uos}. Hence
L+ N R = {0} and L+ = {0} by Proposition 3.4.11 (i). Now we have

V=BV, V, ul.

BeTlo

In a similar way, one proves that that V' = ¢y, [tao, V, V].
Pick an element [uq0,7,y] € [uao,V; V] and write y = 3 slag, b, us] with
ag,bg € V and B € I'y. This gives, for each x € V,

[uoz(]vxay] = [ua():maZ[aﬁab,BauO,BH
Belo

= Z [ua07 [b57 ag, l‘],’uOg]

Belo

D a

Belo

where x5 € V,,,, because [uqo, V, uog] = Vi,

V= B V.

a€ho,B€l)

@ ’Lba/g]F.

a€ho,B€ly

This implies, by (3.1),

12
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We can now define a ternary isomorphism 7 : @, 3 uas F — C5(H, K) by

D Uaghas > ) _(fa ®€s)Aas
op B

with A\,g € F, where H and K are F-Hilbert spaces with dimH = |I'y| and
dimK = |Ag|. Hence V ~ C§(H, K).
If V contains negative tripotents, then we have V ~ C(H, K)_ for some

F-Hilbert spaces H and K. O

3.5 Ternary isomorphisms and isometries

In this section, we characterize completely the ternary isomorphisms and ternary
anti-isomorphisms between Hilbert ternary algebras. An immediate consequence
is that the ternary isomorphisms and ternary anti-isomorphisms on abelian Hilbert

ternary algebras are isometries. The converse is false.

Definition 3.5.1. Let (V,[-,-,-]) and (W, [-,-,-]') be two Hilbert ternary algebras.

A linear bijection 7 : V — W is called a ternary isomorphism if
Ty, 2] = [rx, Ty, 72)
for all z,y,z € V.

A ternary isomorphism from a Hilbert ternary algebra onto itself is called a

ternary automorphism. Also, a linear bijection 7 : V. — W, where (V,[-,-,])
and (W, [-,-,+]’) are Hilbert ternary algebras, is called a ternary anti-isomorphism
if

Ty, 2] = [r2, Ty, 7]

for all z,y,z € V.
We begin by showing that ternary automorphisms arise from derivations of

Hilbert ternary algebras in a canonical way. Let V be a Hilbert ternary algebra
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with zero annihilator. We show that a ternary automorphism of V' with positive
spectrum is the exponential of a derivation.

We will make use of the fact that the family F of all continuous trilinear
mappings f : VXV xV — V on a Hilbert ternary algebra V' with the supremum

norm

LIV = sup {Lf G, )= Nl lyll A= <1, 2.y, 2 € Vi

forms a Banach space.
The following result is a real extension of the arguments in [37, Proposition

6] for Hermitian Hilbert ternary algebras.

Theorem 3.5.2. Let (V,[-,-,-]) be a Hilbert ternary algebra with zero annihilator
and AV — V be a ternary automorphism with spectrum o(A) C (0,00). Then
A = exp(D) for some derivation D of V.

Proof. Since o(A) C (0,00), we can define a continuous linear map D = log(A)
on V by functional calculus [25]. It suffices to show that D is a derivation. By
the spectral mapping theorem, D has a real spectrum. We can define continuous

linear operators Dy, Do, D3, Dy : F — F by

(D1f)(@,y,2) = D(f(z,y,2))
(Dof)(z,y,2) = f(Dx,y,z)
(Dsf)(z,y,2) = flz,Dy,z)
(Daf)(z,y,2) = flz.y,D2)  (f€F, (v,y,2) € V7).

Let T = Dy — Dy — D3 — Dy and let Ay, Ay, A3, A4 be mappings from F to F

80



defined by

(Aif)(@,y,2) = A(f(z,y,2))
(Aof)(z,y,2) = f(AT'2,y,2)
(Asf)(x,y,2) = flz,A7ly,2)
(Aaf)(w,y,2) = fle,y, A7) (FeF, (x,y,2) € V7).

Let S = AjAsA3A4. We have Ay = exp(D;) and A; = exp(—D;) for i = 2,3,4.
We note that Dy, Dy, D3 and D4 are mutually commuting and therefore
exp(T) = exp(D1 — Dy — D3 — Dy)

= exp(D1) exp(—Ds) exp(—Ds) exp(—Da)

= A1 AA34,

= S.
Let fo = [+, -, ] be the given ternary product in V. Then S(fy) = fo since A is a
ternary automorphism. We have o(T) C o(D;) — o(Ds) — 0(D3) — o(Dy). From

the definition of D;’s, it is not difficult to verify that o(D;) C o(D). Hence T has

a real spectrum. We have

Dy fo — Dafo — Dsfo — Dafo=T(fo) =
by Lemma 2.1.3 which yields
Diz,y,z| = [Dx,y, z] + [z, Dy, z| + [z, y, Dz].
Hence D is a derivation of V. O

Now we describe the structure of ternary isomorphisms between two simple
abelian Hilbert ternary algebras which are algebras C5(H, K) of Hilbert-Schmidt

class operators. We prove two lemmas first.
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Lemma 3.5.3. Let u € H and v € K. Then for each x € C5(K, H), we have
(v@u)(z*z(v @u))*(v@u) = (v&u)|zv|?.
Proof. Let h € H. Then we have
(vev)r'z(v@u)(h) = (vev)(x*zv)(h,u)y
= v(z*zv,v)g(h,u)y
= v(zv,zv)g(h,u)y
= (vlzv]]* ® u)(h)
= (v@u)|zv|*(h).
Hence
(veu)(zrzveu) (veu) = [vRu,[z" " v®ul,v®ul
= [[v®u,v@u,z"], 2", v®ul
= [(v®u)(u®v)z,z*,v & ul
= [(v@v)z", 2", v u
= (vev)z'z(v® u)
= (v®u)|zv|?
[
Lemma 3.5.4. Let u € H and v € K. Then for each z € C5(H, K), we have
(v@u)((v@u)z*2)*(v@u) = (v u)zul*
Proof. Let h € H. Then we have
(v uueu)h) = (0@ u)(="zu)(h )y
= v(z"zu,u)g(h,u) g
= v(zu, zu) g (h,u) gy
= (v]zull* ® u)(h)

= (v®u)lzul*(h)



and therefore

(vRu)(veu)z2)" (veu) = veu|vdu,zz],v® ul
= [vRu,z [z,v®u,v® ul
= [vRu,z 2(u®v)(veu)
= [v®u,z z(u®u)
= (v@u)z"z(u®u)
= (veu)|aul*
[
Theorem 3.5.5. Let 7 : C¥(H,K) — C¥'(H',K') be a bounded linear map,

where H, K, H'" and K' are Hilbert spaces over F = R, C or H. Then 7 is a

ternary isomorphism with respect to the ternary product |-, -, -] if and only if there
exist isometries j : H — H and J : K — K’ such that 7(x) = Jxj for

r € CY(H,K).

Proof. 1f 7(x) = Jxj for isomtries j : H' — H and J : K — K’| then it is
straightforward to verify that 7 is a ternary isomorphism.

Conversely, let 7 be a ternary isomorphism with respect to [, -,-]. Then 7
preserves ternary orthogonality and therefore sends primitive tripotents to prim-
itive tripotents. Fix unit vectors v € K and u € H so that v ® u is a primitive

tripotent in C5(H, K) (see Lemma 3.4.10). We have
To®u)=£®n
for some unit vectors £ € K’ and n € H'. We now construct two maps j* : H —
H' and J : K — K’ such that j*(u) =n and J(v) = &.
Each h € H is of the form zv for some x € C¥(K,H). Indeed, we have
h = (h®v)(v) with (h @ v) € C5(K, H). Hence we can define j* : H — H' by
Jj (xv) = T(x")*E.
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The following shows that j* is well-defined and an isometry.

7 @)l = (5" (zv), j* (zv))
(&) & 7(27) )
(&) 7 (") (0 @ u)n, §)
(" )15 €) ke

( )T

{

{

{

(T(z"x(v @ u)
(T(@*2(v@u))T(v@u)E, (v u)n) K

= ((rv@u)r(@"z(v @ u)) T(v @ u)"E,n
(r((v @ u)(@"z(v @ u)) (v @ u))*E, )
(r((v @ w)l|lzvl*)"§, n) (3.2)
(€@ n)"&m)mllav]?
{

n,n) m || zv|?

= vl

where, the equality (3.2) follows from Lemma 3.5.3. Moreover, j* is surjective
since for any y € H' we have y = (£ ® y)*(§) = 7(a)*¢ = j*(a*v) for some
a € C5(H, K) by surjectivity of 7. Also, we have

7 () = 7" (v @v)o) = 7((u @ 0)")" ¢ = (E@nN)"E = 1.

Similarly, each k € K is of the form zu for some z € C§(H, K) since k =
(k ® u)u where (k®u) € C5(H,K). We define J : K — K’ by

J(zu) = 7(2)n.
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The following shows that J is well-defined and an isometry.

1T (zu)|* =

7((v ® )l zul*)n, &) (3.3)
(€@ m)n, &) rllzull?

& &) x|l zull”

= |lzull®

{
{
{
{
=
{
{
{
{

where, the equality (3.3) follows from Lemma 3.5.4. For any w € K’, we have
w = (w®n)n = 7(2)n = J(zu) for some z € C5(H, K) by surjectivity of 7. Hence
J is surjective. Observe that
J(v) = J((v@uu) =70 @u)n = (E@n)n =&
Now pick any y € C5(K, H), we have
(Jzj)(r(y")E) = (Jaj)i*(yv)

= J((zy(v®@u))u)

= 7(zy(v@u))n
(@)7(y") (v @ u)n
(
(

|
\]

= 7(x)T(y")" (E@n)n
(y")"¢

which implies 7(z) = Jzj for all z € C5(H, K) where j : H — H, being the

= 7(x)

\]

dual of j*, is also an isometry. O
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We have a complete description of ternary isomorphisms between abelian

Hilbert ternary algebras.

Theorem 3.5.6. Let 7 : V. — W be a ternary isomorphism between abelian
Hilbert ternary algebras with zero annihilator. Then T is of the form 7 = @, Ta

where each 7o(x) = Jyxj, for some isometries J, and j, between Hilbert spaces.

Proof. Since 7 is a ternary isomorphism, it sends simple ideals onto simple ideals.
By Theorems 3.2.11 and 3.4.15, we have V' = @, I, where each simple ideal
I,, is of the form C§(H,, K,) for some Hilbert spaces H, and K, and k > 0. Let

To =Tl1, : I — T(1,).

Then 7(I,) is also a simple abelian Hilbert ternary algebra and (1) = C§ (H!, K)
for some Hilbert spaces H], and K| and k' > 0. Hence each 7, is of the form
To(x) = Jojo where j : H, — H, and J : K, — K/ are isometries by

Theorem 3.5.5. O

Analogously, we derive the following description of ternary anti-isomorphisms

between two simple abelian Hilbert ternary algebras C§¥(H, K) and C¥' (H', K').

Theorem 3.5.7. Let 7 : C5(H,K) — C§(H',K') be a bounded linear map,
where H, K, H'" and K' are Hilbert spaces over F = R, C or H. Then 7 is a
ternary anti-isomorphism with respect to the ternary product [-, -, -] if and only if
there exist isometries j : H — K and J : H — K’ such that 7(x) = Jx*j for
x € CE(H K).

Proof. Given 7(x) = Jz*j, where j : H — K and J : H — K’ are isometries,
a straightforward computation shows that 7 is a ternary anti-isomorphism.
Now, suppose that 7 is a ternary anti-isomorphism. As in the proof of the

Theorem 3.5.5, for unit vectors v € K and u € H we have
Tv®@u)=E£®n
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for some unit vectors £ € K’ and n € H' by Lemma 3.4.10. We construct the
isometries J : H — K’ and j* : K — H' such that J(u) = £ and j*(v) = 7.

Analogues to the proof of Theorem 3.5.5, each h € H is of the form zv for
some z € CY(K, H) and we can define J : H — K’ by

J(zv) = 7(2")n
where J is well-defined and an isometry. Indeed,

1 (@)l = (J(zv), J(zv)x
(@), (")) ke

(@) (@) (v @ u)"E, (v @ u) )
T(v @ u)(7(v @ u)T(2") T (2%))"E, ) i
T(v @ u)T(z*2(v ® u))* 1T(v @ u)n, &) Kk
T((v@u) (@ z(v @u)" (v @ u))n, §) K
7((v @ u)|zv]*)n, ) x

(E@n)n, &) xrl|v]|?

= [lavlf?

{
{
{
{
{
{
{
{

where, by Lemma 3.5.3, we have
(0@ uw)(@"a(v @ )" (v @ u) = (v & u)Jav]®

Moreover, J is surjective since for any y € K’ we have y = (y ® n)(n) = 7(a)n =
J(a*v) for some a € C5(H, K) by surjectivity of 7. Also, we have

J(u) = J((u®@v)v) = 7((u@v))n = (§@n)n = &

Each k € K is of the form zu for some z € C5(H, K ), we can define j* : K —
H' by
J*(zu) = 7(2)"¢.
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As in the proof of Theorem 3.5.5, one can use Lemma 3.5.4 to show that

17" (zu) I = [lzull®

and therefore j* is well-defined and an isometry. Hence the dual map j : H' — K
is also an isometry. For any w € H', we have w = (£ @ w)*{ = 7(2)*¢ = j*(2u)

for some z € C5(H, K) by surjectivity of 7. Hence j* is surjective. Note that

7 () =7 (v @uu) =T(v@u)d = ()¢ =1

Now Pick any y € C5(H, K), we have

(Jz*)(1(y)"E) = (Ja7j)i"(yu)

which implies 7(z) = Ja*j for all z € C5(H, K). O

A linear map 7 : Co(H) — Co(H) is called a *-map if

for all x € Co(H).

Corollary 3.5.8. Let 7 : Co(H) — Co(H) be a linear bijection. The following

conditions are equivalent.
(i) 7:Co(H) — Co(H) is a *-antiautomorphism.
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(ii) 7 is of the form 7(x) = ja*j~1 for some linear isometry j : H — H.

2

Further, T has period 2, i.e., 7% s the identity map id, if and only if 7 is a

conjugation or an anticonjugation.

Proof. We need only prove (i) = (ii). By Theorem 3.5.7, 7 is of the form
T(z) = Jx*j

where j,JJ : H — H are isometries. But 7(z*) = 7(x)* implies
Jrj =3 xJ”

and hence (jJ)xr = x(jJ)* for all x € Co(H). Since Co(H) is weakly dense in B(H ),
we have jJ = (jJ)*. It follows that (jJ)B(H) = B(H)(jJ) and so jJ = Aid.

If 72 = id, then we have x = 7%(x) = j2xj =% and j%r = zj? for all x € Co(H).
Hence ;2 is a scalar multiple of the identity operator. Since j2 is an isometry, we

must have j2 = Fid. O

Ternary automorphisms and ternary antiautomorphisms of Co(H) are isome-
tries. However, the converse is false. This is in contrast to the case of JB*-triples

where a linear isometry of a JB*-triple is necessarily a triple isomorphism.
Example 3.5.9. Let u € B(H) be a unitary. Define ¢ : Co(H) — Co(H) by
o(x) = ux (x € Co(H)).
Then
llo(2)||3 = Trace(p(x)*¢(x)) = Trace(z*u*uzr) = Trace(xz*z) = ||z|3.
Hence ¢ is an isometry.

If ¢ is of the form jzj~' for some linear isometry j : H — H, then we have

1

*

ur* = p(z*) = jo*j "t = (jaj ) = p(2)* = z*u
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for all x € Co(H) which cannot be true in general. Indeed, let H = C? and let
10 i

T = and u = . Then
0 0 0 1
1 —1 0 . .
ur® = = 2*u
00 0 O

We conclude by discussing the case of arbitrary, but not necessarily abelian,

Hilbert ternary algebras.

Lemma 3.5.10. Let 7 : V. — W be a ternary isomorphism between simple

Hilbert ternary algebras. Then there exists some A > 0 such that 77* = \idy .

Proof. For any a,b,c € V and z € W, we have
(t]a,b,cl, z) = (la,b,c], 7"2) = (¢, [b,a,T"2])

and
([ra, b, Tc|, z) = (rc, [T, Ta, z]) = (¢, 7"[Th, Ta, z]).
These identities imply 7*[rb, 7a, z] = [b,a,7*z]. Given z,y € W, there exist
a,b € V such that * = 7a and y = 7b. Hence
Xy, 2] = 717%[Ta,Th, 2]

= 7la,b,7"2]

= |[ra,7b,T7*Z]

= [z,y,77"z].
Similarly one can show that

Xy, 2| = [T, Yy, 2]

for all x,y,z € W. Therefore 77* € Z(V). It follows from Lemma 3.3.5 that

77* = Aidy for some A > 0. O
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Proposition 3.5.11. Fvery ternary isomorphism between simple Hilbert ternary

algebras is a scalar multiple of an isometry.

Proof. Let 7 : V. — W be a ternary isomorphism. By Lemma 3.5.10, 77 =
Aidy for some A > 0. Since 7 is invertible, we also have 77 = Aidy. It follows
that, for x € V,

(e, 1) = (T"12,2) = (A2, )

which gives ||7z|| = v/A||z|. Hence %’7’ is an isometry. O
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Chapter 4

Jordan structures in Hilbert

spaces

4.1 Jordan triple systems and Lie algebras

To motivate the concept of a Jordan triple system, we first recall the one-one
correspondence between Jordan triple systems and a class of Lie algebras, called
the TKK Lie algebras. Our construction of the correspondence is more general
than the one given in [9], we do not require the Jordan triple systems to be
non-degenerate.

Jordan triple systems were introduced by Meyberg [29] to extend the corre-
spondence between Jordan algebras and 3-graded Lie algebras, discovered inde-
pendently by Tits [35], Kantor [19, 20] and Koecher [24] to whom the name TKK
Lie algebra is due (see also [28]).

Definition 4.1.1. A real vector space V' is called a Jordan triple system or simply,

a Jordan triple, if there exists a trilinear map {-,-,-} : V3 — V satisfying
(i) {I7 Y, Z} = {Zv Y, ZE}
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(ii) (Jordan triple identity)
{a,b,{z,y,2}} = H{a, b, 2}y, 2} = {z, {b a, 9}, 2} + {2,y {a, b, 2}}

for all a,b,z,y,z € V.

A complex vector space V with a ternary product {-, -, -} which is linear in the
first and third variables, but conjugate linear in the second variable, and satisfies
conditions (i) and (ii) above, is called a Hermitian Jordan triple. Restricting to
the real scalar field, a Hirmitian Jordan triple can be regarded as a (real) Jordan
triple.

Given a Jordan triple system V' with a,b € V. We define the box operator
aob:V — V by left multiplication:

(anb)(z) ={a, bz}  (zeV).
The Jordan triple identity can be written in the form

{a,b,x}oy — zo{b,a,y} = ac{y,z,b} —{z,y,a}ob
or {a,b,x}oy —xo{b,a,y} = [anb,x0y] := (anb)(zoy) — (xoy)(and).

Definition 4.1.2. Let V be a Jordan triple system and a € V. As in the case of
Hilbert ternary algebras, we define the quadratic operator Q, :V — V by

Qu(z) ={a,z,a} (xeV).

A Jordan triple V' is called degenerate if there exists an element a € V'\ {0}
such that the quadratic operator @), = 0.
In what follows, a Lie algebra is a real vector space g of any dimension, with

a bilinear multiplication, called the Lie product,
(X,)Y)egxgr—[X,Y]€eg
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satisfying [X, X] = 0 and the Jacobi identity
(X, Y], Z] +[[Y. 2], X] + [[Z, X], Y] =0

for all X,Y,Z € g. A linear subspace £ of g is called a Lie subalgebra of g if
[X,Y] € tforall X,Y €t
We define the Jacobian of X,Y,Z € g to be

J(X,)Y,2)=[[X,Y],Z]+ Y, Z], X] + [[Z, X],Y].

The Jacobi identity can be written as J(X,Y, Z) = 0.
Given two subspaces ¢ and h of a Lie algebra g, we denote by [¢, h] the linear
span of

{(X,)Y]: X et; Y eh}

which is a Lie subalgebra of g.
Let g =g_1 D go P g1 be a direct sum of subspaces. We say that g is graded
if
(80, 85] C Gatsp
for a, = 0,£1, and goy5 = {0} if o+ 5 # 0, £1.
A linear map 6 on g such that

0[X,Y]=[0X,0Y] (X,Y €g)

is called a Lie algebra homomorphism. An automorphism of g is a bijective Lie
algebra homomorphism 6 : g — g. It is called an involutive automorphism or
involution if 6% is the identity map id : ¢ — g. By an involutive Lie algebra (g, 0),
we mean a Lie algebra g equipped with an involutive automorphism 6 : g — g.
Since 02 = id, the automorphism 6 has eigenvalues 1. Let £ be the 1-eignespace

of 6 and p be the (—1)-eignespace of . Then we have the canonical decomposition
g=tdp.
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Following [9], we call a Lie algebra g orthogonal if there is a positive definite
quadratic form

qg:pxp—R

satisfying
q([Z,X],X)=0 (Z € tand X € p),

where we define ¢ to be positive definite if ¢(X, X) > 0 for X € p \ {0}.

Example 4.1.3. On the von Neumann algebra B(H) of bounded linear operators

on a real Hilbert space H, there is a natural Lie product
(S, T)=ST -TS (S, T € B(H))

which turns B(H) into a Lie algebra. We will assume this Lie structure of B(H).
In B(H), the Hilbert-Schmidt operators Co(H) form a Lie subalgebra. Further,
both B(H) and Cy(H) are involutive Lie algebras with involution 0(7") = T™.

Example 4.1.4. Let V be a (real) Jordan triple system. Let VoV be the real
linear span of {zxoy : z,y € V} in L(V), the real vector space of linear self-maps

on V. Using the Jordan triple identity
[zoy,uov] = {z,y,u}ov —uo{v, z,y},
we can define a Lie product on VoV by
[h,k] = hk — kh € VoV (h,k e VoV).

With this product, VoV is a Lie algebra.
The Cartesian product (VoV)? = (VoV) x (VaV) is a Lie algebra in the

coordinatewise Lie product.
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Definition 4.1.5. A Tits-Kantor-Koecher Lie algebra or simpliy, a TKK Lie
algebra, is a graded Lie algebra g = g_1 @ go € g1 with an involution 6 such that

0(9a) = 9-a
for « = 0,1, —1. We call g canonical if [g_1, 81| = go-

For completeness and later reference, we now show the correspondence be-

tween Jordan triple systems and TKK Lie algebras.

Theorem 4.1.6. Let V' be a Jordan triple system. Then there exists a canonical

Tits-Kantor-Koecher Lie algebra g(V') with grading
g(V) =9(V) 1P a(V)ePa(Vi
and an involution 0 such that g(V)_1 =V =g(V); and
{z,y, 2} = [[,0y], 2]
for all x,y,z € g(V)_;.

Proof. Let VoV be the Lie algebra in Example 4.1.4. Let Ind(V, V') be the real

linear span of the set
S = {(zoy, —yox): 2,y € V} C (VaV)?

and write d,, = (voy, —yoz) for z,y € V. We call d,, an inner derivation

pair. Then Ind(V, V) is a Lie subalgebra of (VoV)?. Indeed for any (h™, h™) =
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(hiohg, —hsohy) and (kT k™) = (kyoke, —kooky) in S, we have

(A7 B7), (K7 7))

(P k], [ k7)
= ([MDhg, kioks], [—hoohy, —koOky])
(

(h1 0 he) (ki 0ks) — (ky0ka)(hy D hs), (haohy)(kaok:) — (keoks)(heohy))
= ({1, ho, k1 Yok — ko {ho, by, koY, {Ro, b, ke Y ok — koo {hy, ho, k1))

= ({1, ho, k1 } oks, —koo{hy, ho, k1)) — (kyo{ha, by, Ko}, —{ho, by, ke Y oks)
€S—5cdV,V).

Form the direct sum

o(V) =V Pmd(V, V)P W

where V_; =V, = V. We write x @ (h*,h™) @y for (z,(hT,h™),y) and also,

x for (x,0,0)
y for (0,0,y)
(Wh) for(0,(h,h0),0)

if no confusion is likely.

Define the following product on g(V') by

[z® (W )y, ud (kT k™) @ v

= (W (u) = kT (), (R 7)), (T, k7)] + dow — duy, b~ (v) — k™ (y)).  (4.1)
We show that g(V') is a Lie algebra in the above product. Plainly

[z (" h7)@y,x@ (W h7)©yl =0
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and the Jacobi identity J((z,0,0),(y,0,0),(2,0,0)) = 0 is satisfied. Note that
[V_1,V_1] = [V1, V4] = 0. For convenience, we write Vj = Ind(V, V). We have

J(Vflavflavfl) = J(Vflavfla%):J(Vflavflavl)
= J(Vo, Vi, Vi) = J(Vo,Vi, Vi) = J(Vi, Vi, Vi) = 0.

We also have J(Vy, Vg, Vo) = 0 since V; is a Lie algebra. Hence the Jacobi identity

is satisfied if and only if
J(Vfla %7 ‘/1) + J(Vfla %7 Vb) + J(‘/Ov %7 ‘/1) =0.

Pick (T, h7), (kT, k™) € Vo, u € V_1 and v € V5. Then we have J(u, (h™,h7),v) =
0 if and only if

(=h*(u)ov,voh®(u)) + (—uoh™ (v),h” (v)ou) + ([~uov, ht], [vou, h"]) =0

or
ht(u)ov+wuoh™(v) = —(uov)h® +ht(uow)
voht(u)+h” (v)ou = —(vou)h™ +h (vou)
which holds since, for h™ = zoy, these identities are just the Jordan triple
identities
{z,y,utov —uo{y,z,v} = —(uov)(zoy)+ (zoy)(uov)

vo{z,y,u} — {y,z,v}ou = (vou)(yoz) — (yoz)(vou).
Hence J(V_1,Vp, Vi) = 0.
We also have
J(u, (W, h7), (K7 k7))
= [=h"(w), (K B + (W7 ET] [, B7]) u] + (K7 (), (R, B7)]
= ETht(u) + (hThY — kTR (w) — hYET (u)
= 0.
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Hence J(V_1, Vo, Vo) = 0.
Similarly we have J(Vp, Vg, Vi) = 0. Hence g(V) is a Lie algebra. Moreover,

it is canonical. For if x € V_; and y € V;, we have
[ZL’, g] = [(l‘, 07 O>> (07 07 y)] = (07 dwyv 0)

which gives [V_q, V] = Ind(V, V).
Now define a linear map 6 : g(V') — g(V') by

bz (K h)oy) =y (h ,h")dx (4.2)

for @ (h",h7 )@y € Voi@PInd(V,V)EPVi. Then 0 is an involution. By
identifying V,, as subspaces of g(V'), we see that

O(Vy) =V_q for  a=0,%£1.
For z,y,z € V_; with d,, = (xoy, —yox), we have
[z, 0y],2] = [[z,9],7]
= [(0,dqy,0), (2,0,0)]
= (zoy)(z)
= {z,y,z}.

This proves that g(V) = g(V)_1 @ g(V)o P g(V); is a canonical TKK Lie algebra
with g(V)a, = V and g(V)o = Vp. O

Conversely, given a TKK Lie algebra, one can construct a corresponding Jor-
dan triple system as described below. Without loss of generality, we may assume
g1 = g1 in a TKK Lie algebra g = g_1 € go €P g1 since the involution 6 identifies
g-1 and g;.
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Theorem 4.1.7. Let g = g1 P go P g1 be a canonical Tits-Kantor-Koecher Lie
algebra with involution 60 and g1 = g_1. Then there exists a Jordan triple system

V(g) with the triple product defined by

{z,y,2} = [[,0y], 2]
for all x,y,z € V(g) where [-,-] is the Lie product of g.

Proof. Let V(g) = g—1. We show that V' (g) with the above triple product is a
Jordan triple system. From J(z,0y,z) =0 for all x,y,z € g_; = V(g), we get

[[z, 0y, 2] + [0y, 2], 2] = 0
since g is graded and [g_1,g9_1] = 0. Hence

{xa%z} = [[$’9y]’z]
= —[[0y,z], 2]
= [[Z,@y],]?]

= {z,y,z}.
It follows from the Jacobi identity that
Ha’a eb]a [[l’, ey]a Z]] - Hxv Hy]v [[au 9b]7 Z“

= [la, 00], [z, 0y], 2] + [[, 0y], [z, [a, 60]]
= —[z [[a, 00], [, 6y]]]

and

[[HCL> Qb],x], Hy], Z] - H$v HHb» Ga],y]], Z]
= _[[an [I’ [067 a]]]? Z] - [[%, [[Qb’ a]a eyHa Z]
= [[[va a]v [va JIH, Z]

100



for all a,b,x,y,z € g_1 = V(g), which implies the Jordan triple identity

{aa b7 {l’,y,Z}} - {x7ya {a7b7 Z}} = {{G,, bax}aya Z} - {ZL’, {b,a,y},z}
for all a,b,x,y,z € V(g). ]

Remark 4.1.8. Let g = g 1P go P g1 be a canonical TKK Lie algebra such
that g = g_1. Then g induces a Jordan triple system V(g) = g_; by Theorem
4.1.7. Consider the TKK Lie algebra

@Ind @V =g_ 169111(1 @91

constructed from g in Theorem 4.1.6, where V(g) = g_;. Since g and V(g) are
canonical, we have go = [g_1,81] = Ind(V (g), V(g)). In other words, g(V(g)) =g

n our notation.

Example 4.1.9. The Lie algebra sl(2,R) = :a,b,y € R 3 with

the usual brackets [A, B] = AB — BA has grading

sI(2,R) = sl(2,R)_; P sl(2, R)o P sl(2, R

where

=}
o

sI(2,R)., = :heR

j=p)
[a=)

5[(2, R)O =

(.
sl(2,R); = { ca€eR,,

where we have [s[(2,R)_1,s[(2,R);] = sl(2,R)y. Define the involution ¢ on
s[(2,R) by

)
Q

e}
e}
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We see that (sl(2,R), ) is a canonical TKK Lie algebra. The corresponding
0 0

Jordan triple system is V(sl(2,R)) = sl(2,R)_; = :beR ), with
b 0
triple product
0 0 0 0 0 0
a0) \bo) \co
0 0 00 0 0
= 70 )
a 0 b 0 c 0
0 0
2abc 0

which identifies with R with triple product {a, b, ¢} = 2abc.

Remark 4.1.10. A Jordan triple system V' is called non-degenerate if for each a €
V', we have a = 0 whenever {a,z,a} = 0 for all z € V. The construction above of
the TKK Lie algebras does not require non-degeneracy of the Jordan triple system
V. However, for a non-degenerate Jordan triple system V', the construction is the
same as [9] where the TKK Lie algebra is defined by g(V) =V VoV HV. In
fact, if V' is non-degenerate, we can identify Ind(V, V') naturally with VoV by
the mapping

> a;0b; € VoV — (3 a;0b;,— Y bioa;) € Ind(V, V)
i i=1 i=1
which is well-defined by non-degeneracy [9]. In this case, the involution 6 defined

in (4.2) identifies with the involution ¢ : V@ VoV PV — VP VoV PV
defined by ¢'(x & > a,0b; y) =y S —>_ b;oa; G x.

For later use, we recall some basic identities in Jordan triple systems and refer
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to [26, 27] for a derivation of the following ones:

{{Ly,m},y,z} = {ZE, {y,x,y},z}
{z,y,{z, 2, 2}} {z{y 2,2}, o} (4.3)
{{z.y. 2t 2 {z,y, 23t = {o{y {z, 2,2}y, }o}.

We will make use of the polarization formula
2{@,(1}713} = {a+b,x,a+b} - {CL,I,CL} - {b7xub}

in a Jordan triple system V.

A subtriple of a Jordan triple system V is a subspace W of V such that
{z,y,2z} € W whenever z,y,z € W. To show that a subspace W of a Jordan
triple system V' is a subtriple of V| it is sufficient to show {a,z,a} € W for all
a,r € W by the polarization formula.

A subspace I of V' is called a triple ideal, or an ideal when there is no confusion

with ternary ideal defined before, if
{LLV,V}+{V,I,V} C I

Evidently, every triple ideal is a subtriple of V.
Let Qo = {a €V : Q,=0}. Then @ is a triple ideal of V. Indeed, the
identities
{{$, a, y}7 2 {$, a, y}} - {JI, {a7 {y> <, y}v CL}, I} =0
{{CL, &€, y}7 2, {CL, xz, y}} = {CL, {I’, {y7 <, y}7 ZE}, CL} =0

with a € Qg and z,y, 2z € V imply that {z,a,y} € Qp and {a,z,y} € Qo for all
z,y e V.

We now discuss some basic structures of Jordan triple systems for later use.
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Definition 4.1.11. A Jordan triple system V is called abelian if

{aab’ {ZL’,y, z}} = {{aa b,ZL‘},y, Z}
holds for all a,b,z,y,z € V.

We note that an abelian Jordan triple system V' also satisfies the identity

{a7b7 {l.7y7 Z}} = {a7 {y7l.7b}7z} (a7 b? ‘1.7y7z e V)
by the Jordan triple identity.

Definition 4.1.12. A Jordan triple system V is called flat if
aob=boa
for all a,b € V.

Definition 4.1.13. Let V' be a Jordan triple system. An element a € V is called

a tripotent if
{e,e e} =e,

and a negative tripotent if {e, e, e} = —e.

Definition 4.1.14. Two tripotents e and f in a Jordan triple system V are
(triple) orthogonal if
enf =0

in which case, we also have foe =0 (see [8, 13]).

As in the case of Hilbert ternary algebras in Definition 3.3.1, a linear operator

C on a Jordan triple system V' is called a centralizer if

C{x,y,z} = {Cx,y, 2}

for all z,y,z € V. We denote by Z(V') the algebra of centralizers on V' where as

usual, the product is the composition of operators.
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Lemma 4.1.15. Let V be a Jordan tripe system. Then for each C' € Z(V'), we
have

C{z,{a,b,c},z} = {x,{a,Cb,c},z}

forall a,b,c,x,z € V.

Proof. The Jordan triple identity can be written as

{z.{b;a,y}, 2} = —{a,b,{z,y,2}} + {{a, b, 2}, y, 2} + {2,y {a, b, 2}}

for a,b,z,y,z € V. Now replace a by Ca, we have

{z,{b,Ca,y}, 2}
= —{Ca,b{z,y,2}} + {{Ca,b,z},y, 2} + {x,y,{Ca,b,z}}
= C(Ha,b{z,y. 23} + Ha,boahy. 2} + {2y, {0, b, 21)
= C{z.{ba,y},z}.

]

Lemma 4.1.16. For any Jordan triple system V', the following statements are

equivalent.
(i) V is abelian.
(ii) anbe Z(V) for all a,b e V.

Proof. (i) = (ii). Let a,b € V. Since V is abelian, for x,y, z € V| we have

(aob){z,y,z} = {a,b{zy, z2}}
= {{a, b2}y, 2}
= {(avb)z,y, 2}
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and

(anb){z,y,z} = (anb){zy,z}
= {(aob)z,y,z}
= {z,y,(a0b)z}

which imply aob € Z(V) for all a,b € V.
(ii) = (i). For all a,b,z,y,2z € V, we get

{a> b’ {I, Y, z}} = {{av b, l‘}7 Y, Z}
since aob is a centralizer. OJ

Definition 4.1.17. A triple isomorphism between Jordan triple systems (V, {-, -, -})
and (W, {-,-,-}) is a linear bijection 7 : V — W satisfying

m{x,y, 2z} = {re, 7y, 72}

for all x,y,z € V. A triple isomorphism from V onto itself is called a triple

automorphism.

4.2 Inner derivations on Jordan triples

To discuss analysis in Jordan triples, we need to consider their topological stru-
tures and continuity of various mappings on them. It has been shown in [9] that a
normed and non-degenerate Jordan triple I admits continuous inner derivations
if and only if the symmetric part s(V') of its TKK Lie algebra g(1) is a normed Lie
algebra. In this section, we improve this result by removing the non-degenerate
condition on V.

Let V be a Jordan triple system equipped with a norm and let B(V') be the
normed space of continuous linear operators on V. We call V' (topologically)

simple if {V,V,V} # 0 and, {0} and V are the only closed triple ideals of V.
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Definition 4.2.1. A normed Lie algebra is a Lie algebra g which is a normed
linear space such that the Lie product is continuous, that is, there is some C' > 0
such that

XY < CIXYl (XY €g).

Let V' be a Jordan triple system and

s(V)=V.EPpvPpwn

the corresponding TKK Lie algebra with involution 6, as constructed in Theorem

4.1.6 where Vy = Ind(V, V). The symmetric part of g(V') is defined to be
s(V)={(z,(h",h7),—2): 2 €V, 0(h",h7) = (h",h7)}.

The condition §(h™, h~) = (h™, h™) implies that ht = h™, by (4.2). In particular,
if At =30 a;ob;, then ht = h™ = ="  b;oq; implies 2hT = Y7 (a;0b; —

b;oa;). Hence we can write s(V') as follows

B(V) = {(ZL’, (h7 h)? —l‘) : h’ = Z(aimbi - biDa'i)y xaaiabi € V} .
i=1

A straightforward computation shows that (V') is a Lie subalgebra of g(V).
Note that the restriction of 6 to s(V'), also denoted by 6, is an involution on s(V).
Analogous to Hilbert ternary algebras, an inner derivation of a Jordan triple

system V' is a linear map d(z,y) : V. — V of the form
d(x,y) =xoy —yox (x,yeV).

For each (0, (h, h),0) € s(V), we can write h = > d(a;, b;) in terms of the inner
derivations.

We show that the symmetric part (s(V'),0) is a normed Lie algebra if and
only if V' has continuous inner derivations. The following result is proved in [9]
for non-degenerate Jordan triple systems. However, the proof also applies to the

case without the assumption of non-degeneracy.
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Proposition 4.2.2. Let V be a Jordan triple system and g(V) =V_1 P Vo P Vi
its TKK Lie algebra in Theorem 4.1.6, with symmetric part s(V'). The following

conditions are equivalent.
(i) s(V) is a normed Lie algebra.

(ii) V is a normed linear space such that the bilinear map d : (z,y) € VXV —

d(z,y) € B(V) is well-defined and continuous.

Proof. (i) = (ii). Let (s(V'), ||-|[s(v)) be a normed Lie algebra such that ||[X, Y]|[s) <
CI| X sy |Y ||sqvy for some C' > 0 and X,Y € (V). We define a norm on V' by

2]l = [, 0, =) llsv)

for all x € V. We first show that the inner derivation d(z,y) = xoy — yox :

V — Vis || - ||-continuous. For all z,y,2z € V', we have

2||d(z,y)(2)[| = [[(d(z,y)(2),0, —d(z,y)(2))llsv)
= |I[(0, (d(z,y), d(z,9)),0), (,0, =2)][lsv)
I[(y, 0, =), (z,0, =x)], (2,0, =2)]l|sv
C [y, 0,=y), (x,0, =2)]llsev) (2, 0, =2)|s(v
C* 11y, 0, =y)llsvy | (=, 0, =) [ls(v (2, 0, =) ls(v

= 8C [lyllll=[l] =]l

I

IN

This proves that d(z,y) is continuous on V' and moreover, d: V x V. — B(V) is
well-defined and continuous.

(ii) = (i). Let V' be equipped with a norm || ||y such that the inner derivation
map d : V x V. — B(V) is continuous and let C' > 0 be such that

ld(z, )l < Clizllvliylly — (z,y € V).
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Then each h € VoV with

h=>Y dab):V—V

i=1
is a continuous linear map with norm ||h|| < >, ||d(a;, b;)||. We define a norm

on the Lie algebra s(V') by
Gz, (s h), =) sy = 2 [lzllv + V2|l

for all (z,(h,h),—x) € s(V). Let x® (h,h) ® —z and y ® (g, 9) ® —y be in s(V).

Then we have

[z & (h,h) @ —2,9 S (9,9) © —ylllsv)
= |(h(y) = g(z), ([h, g], [, 9]) + da(—y) = dy(—a), M(=y) — g(=2))ls(v)
= |l(h(y) — g(z), ([h, 9] + yoxr — zoy, [h,g] + yor — voy), —(h(y) — 9(x)))lls(v)

2||h(y) — g(@)|lv + V2 |hg — gh + yox — xoy|

2|1lllyllv + 2 lglllzllv +2v2 Rlllgll + CV2 llzllvilyllv

IN

< @40z (hh) e —zlwlly @ (9,9) © —yllsv).
Therefore s(V') is a normed Lie algebra. ]

Remark 4.2.3. In the sequel, if a Jordan triple system V' is equipped with a
norm || - ||, then we will always equip the Lie algebra s(V') with the norm || - ||s(v)

defined above.
Example 4.2.4. Let V be the Jordan triple system

0 =z
V= s,y € R p C My(R)

Y

with the triple product defined by {4, B,C} = 1ABC + 1CBA and the inner
product (A, B) = Trace(A*B) for A, B,C € V. Then V is degenerate since, for
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example,

for any x,y € V. Let
o(V)=VEPmd(v,V) PV
be the canonical TKK Lie algebra of V' with involution 6 given by
i=1 i=1

for all A;,B; € V.

Direct computation shows that the box operator Ao B : V — V has matrix

representation
1 asby aqb
AoB=>| % "7 (4.4)
2 0 2a2b2
. ) 1 0 0 0 ay
with respect to the basis , , where A = and
0 0 0 1 0 as
0 b
B = . Let
0 by

s(V) = {(X,(h",h7),=X): (h",h7) = (h*,h") e md(V,V), X e V'}

be the symmetric part of g(V'). It follows from (4.4) that AuB = —BoA =0 for
all A, B € V. Hence

s(V) = {(X,(0,0),—X): X €V},

Example 4.2.5. Consider R as a (non-degenerate) Jordan triple system with the
inner product (x,y) = xy and the triple product {z,y,z} = zyz for x,y,z € R.
By Remark 4.1.10, the TKK Lie algebra (g(R), #) is given by

o(R) =REPRoREPR
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QladbDc)=cd -bdDa.

Each box operator aob : R — R is represented by the 1 x 1 matrix (ab) and we

can identify RoR with R. The TKK Lie product, as in (4.1), is given by
[((l, b; C)) (:Ea Y, Z)} = (bZL‘ —ay,az — Ccxr,cyY — bZ)

for a,b,c,z,y,z € R (cf. [9]). In fact, g(R) is isomorphic to the cross product Lie

algebra R? via the Lie isomorphism
¢ :(a,b,c) € g(R) — (c,b,a) € R®.
The TKK Lie algebra g(R) is canonical. The symmetric part of g(R) is given by
5(R) = {(a,0,—a) : a € R}.
Example 4.2.6. Let V' be the Jordan triple system

y T
V= cxyy € Ry C My(R)

r -y
with the triple product defined by {A, B,C} = %ABC’ + %C’BA for A,B,C €

V. Then V is non-degenerate. By Theorem 4.1.6 and Remark 4.1.10, g(V) =
V@ VoV @V is the TKK Lie algebra of V' with involution 6 given by

0 (iAiDBZ) = _iBz’DAi
i=1 i=1

for all A;, B; € V. Direct computation shows that the box operator Ao B : V —

V' is exactly the left multiplication by the matrix AB, that is,
(AoB)(X) = ABX (X eV).
Consider V as a real Hilbert space with the inner product
(A, B) = Trace(A*B) (A,BeV)
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and basis ,

ar a
We can embed V into B(V') by v = (ay,a2) — S IS B(V') where v

0 O
is a linear combination of the above basis elements with coefficients a;,as € R,

and B(V') identifies with the space M3(R) of 2 x 2 real matrices.
With respect to the above basis the box operator AuB : V — V can be

represented by the matrix
asby + a1by  ashy — aiby
CleQ — CLle a1b1 + a262

as ay by b
where A = and B = . We have the embedding

a1 —ag by —by

s(V) =V VvV < BV)EPBV)EPB(V).

Let
s(V)={(X,Z2,-X):0Z=Z€VaV, X eV}

be the symmetric part of g(V). Let Z = AoB € VoV. Then 0Z = Z implies

0 =z
—BoA = AoB. It follows from (4.5) that Z = for some z € R.

-z 0
Hence every element in (1) has the form

0 0
r -y
0 =z
0 0
—z 0
-y —x
0 0 Y
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where z,y, z € R. Note that g(V') is not canonical since

y x b a 0 2(ay — bx)
T —y a —b 2(bx — ay) 0

implies [V, V] # VoV = go in g(V).

By [9, Theorem 4.7], the symmetric parts (V') in the above three examples

correspond to the Lie algebras of Riemannian symmetric manifolds.

4.3 Jordan Hilbert triples

Jordan triples which are Hilbert spaces are called Jordan Hilbert triples. They
occur in the study of infinite dimensional manifolds (see [9]). In this section, we
study the structures of a subclass of Jordan Hilbert triples, namely, the J H-triples

introduced in [9].

Proposition 4.3.1. Let (V,(-,-),{-,-,-}) be a Jordan Hilbert triple which satisfies

({a,b,z},x) = (x,{b,a,z}) (4.6)

for all a,b,x € V.. Then (V,(-,-)) is a Hilbert ternary algebra with the ternary
product defined by
la,b,x]g = d(a,b)z (a,b,x € V)

where d(a,b) = aob — boa is an inner derivation.
Proof. We first observe that condition (4.6) is equivalent to

(d(a,b)x,y) = (x,d(b,a)y) (a,b,x,y € V). (4.7)
Indeed, given (4.6), the following identity

((apd)(z +y),z +y) = (z+y, (boa)(z +y))
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implies ((aob)x,y) + ((aob)y, x) = (z, (boa)y) + (y, (boa)x) and hence

{((aob)z,y) = {(boa)z,y) = (z, (boa)y) — (z, (anb)y).

Conversely, the above identity clearly implies (4.6) and (d(a,b)z,z) = 0 for all
a,b,x e V.

By the above remark, we already have
(la,b,7]a, y) = (z,[b, a,yla)
for all a,b,z,y € V. Using the identity

d(a,b)r = d(a,z)b+ d(z,b)a,

we have
(z,[b,a,yla) = (z,d(ba)y)
= (z,d(y,a)b + d(b,y)a)
= (d(a,y)x,b) + (d(y, b)z,a)
= (d(a, )y, b) + (d(z,y)a, b) + (d(x,b)y, a) + (d(y, )b, a)
= 2(a,d(y, x)b) + (y, d(x, a)b) + (y, d(b, ¥)a)
= 2(a,d(y, z)b) + (y, d(b, a)z)
= 2(a,d(y, z)b) — {d(b,a)y, x)
= 2{a,d(y, x)b) — (z,d(b, a)y)
which gives (z, [b, a,yls) = (a, [y, z,bq). O
The ternary product [, -, -] in Proposition 4.3.1 has been introduced in [8] to
study the structure of a JH-triple (V,{:,-,-}), we call [-, -, ]; the derived ternary
product of (V,{-,-,-}), and call (V, (-,-), [, -, ]a) the derived Hilbert ternary algebra
of (V, (), {5 3)-
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Corollary 4.3.2. Let (V,{(-,-),{-,-,-}) be the Jordan Hilbert triple in Proposition

4.3.1. Then every inner derivation on V is continuous.

Proof. By Proposition 4.3.1, (V, (-,-), [, -, ]a), with the derived ternary product
[-,,]a, is a Hilbert ternary algebra. Then the inner derivation d(a,b) is the left
multiplication operator d(a,b)z = [a, b, ], on this Hilbert ternary algebra and by

Proposition 3.1.10, it is continuous. O

Given the Jordan Hilbert triple V' in Proposition 4.3.1 and Corollary 4.3.2,
the continuity of the derivations d(a,b) is not sufficient for the symmetric part
5(V') to be a normed Lie algebra. For this, as shown in Proposition 4.2.2, we need
continuity of the map (a,b) € V x V +— d(a,b) € B(V). This motivates the

following definition.

Definition 4.3.3. A Jordan Hilbert triple (V, (-,-),{-,+,-}) is called a JH -triple
if its triple product {-,-,-} is continuous and the inner product (-,-) satisfies
condition (4.6) above.

This definition is more general than the one given in [9] where non-degeneracy

is assumed in the definition of a JH-triple.

Let V be a JH-triple and g(V) = V@ Ind(V, V)@V be the corresponding
TKK Lie algebra with involution #. The symmetric part is given by

s(V)

= {(x, (h,h),—x): h =" d(a;b;), z,a:,b; € V}
=1

= {(O, (h,h),0): h= Zn:d(ai,bi), a;,b; € V} @ {(2,0,—z): x €V}

= Dy

where ¢ is the 1-eigenspace and p is the (—1)-eigenspace of the involution #. Since
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we have

ld(a, 0)| < Cllal[ ol (a;b€ V)

for some constant C' > 0, (s(V), | - |s(v)) is @ normed Lie algebra by Proposition
4.2.2. By the definition of the norm || - ||sv) on s(V'), the inherited norm on p is
given by

1(z, 0, =2)|| = 2||z[lv-

Since V' is a Hilbert space, (p, || - ||) is complete. We have
tC Ind(V,V) C (VaV)*c B(V)~

Let & be the closure of £ in B(V)? where B(V)? is equipped with the norm
|(h, k)|| = max{]|h]|, ||k||}. Then the direct sum

with the obvious norm (cf. Remark 4.2.3) is called the completion of s(V'). Since
the Lie product is continuous on s(V'), it can be extended to a Lie product on
s(V).

The following result characterises JH-triples in terms of their TKK Lie al-
gebras. It is an improvement of the result in [9, Lemma 3.7] from which the

non-degenerate assumption is removed.

Theorem 4.3.4. Let V' be a normed Jordan triple in which the triple product
is continuous. Let s(V') be the symmetric part of the TKK Lie algebra of V
with eigenspace decomposition s(V) = €@ p. Then the following conditions are

equivalent.
(i) V is a JH-triple.

(ii) s(V) = €@ p is a normed Lie algebra such that p is a Hilbert space in the
inherited norm and the completion 5(V) = €@ p is orthogonal with respect

to the inner product (-,-), of p.
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Proof. (i) = (ii). By the above remark, the symmetric part §(V) = ¢ @& p is a

normed Lie algebra and p = {(z,0, —z) € s(V) : € V'} is complete in the norm
1(z,0, —2)lls0ry = 2[[zllv ~ (z€V)

where || - || is the Hilbert space norm of V. Let (-,-)y be the inner product of

V. It induces an inner product (-, ), : p X p —> R defined by

<<$, 07 —JZ), <y7 07 _y)>P =4 <$, y>V

and (p, (-, -)p) is a Hilbert space. For

Z = (0,(h,h),0) € t= {(O, (h,h),0): h= id(ai,bi), a;,b; € V} ;

=1

we have

<[27 (u’ 07 _u)]’ (uv 0’ _u)>P = <(h<u)> 07 _h(u))’ (u7 07 _u>>P
— (hlu),uhy =0 (4.8)

where for h = > | d(a;, b;) with a;,b; € V, we have

n

(h(u),u) = Z(d(ai,bi)u, u)y

= Z(((aimbi)u,wv — ((bimai)u, u)y)

= ) ({(a;ob)u, uhy — (u, (a;0b;)u)y)

i=1

= 0.
It follows that, for Z € € C B(V) x B(V), we also have
(1Z, (u, 0, —u)], (u, 0, _u)>P =0

by (4.8) and continuity of the triple product. Therefore (5(V'),#) is orthogonal
with respect to (-, -),.
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(ii) = (i). Let (-, -)p be the inner product on p such that ([Z, X], X), = 0 for
all Z € £ and X € p. Define an inner product on V by

<w7 y) = <($7 0, _I)v <y7 0, _y)>P'

Then (V, (-, -)) is a Hilbert space. Let h = d(a,b) with a,b € V. Then (0, (h,h),0) €

€ and for any z € V, we have (h(z),z) = 0 since
0 = ([(0,(h, 1), 0), (x,0, =2)], (x,0, —x)),
= ((W(x),0, =h(x)), (x,0, =)
= (A(z), 7).
Hence ((aob)z,z) — ((boa)z,x) = 0, that is,
((aob)x,z) = (z,(boa)x) (Va,b,z € V).
Therefore (V, (-, -)) is a JH-triple. O
For a JH-triple V, we define
Z(V)y={a €V :aob=boa, Vb eV}
which is a closed subspace of V. Given a € Z(V'), we have
{a,b,2} = {a,z,b}
for all b,z € V. In fact, {a,b,x} = {b,a,2} = {x,a,b} = {a,x,b}.

Lemma 4.3.5. If (V,(-,-),{-,-,-}) is a JH-triple and [-,-, |4 the derived ternary
product on V', then Z (V') is exactly the annihilator of the Hilbert ternary algebra

(Vo God b la)-
Proof. Let a € Z(V'). Then aob = boa for any b € V' and we have
la,b,z]q = d(a,b)x = (aob —boa)r =0
for all b, x € V. The converse can be proved easily. n

118



We call a linear operator D : V. — V on a JH-triple V' a derivation if it

satisfies
D{z,y,z} ={Dz,y,z} + {z, Dy, z} + {x,y, Dz}

for all x,y,z € V.
We give below an interesting application of the derived Hilbert ternary struc-

ture in a JH-triple.

Proposition 4.3.6. Every deriwation on a JH-triple V. with Z(V) = {0} is

continuous.

Proof. Let D be a derivation on a JH-triple V' with inner product (-, -) and triple
product {-,-,-}. Let [-,-, ]4 be the derived ternary product on V. We have, for
all x,y,z €V,

Dlz,y, zla = D(d(z,y)z)
= Diz,y,z} = D{y,z,z}
= {Duz,y,z} +{z,Dy,z} + {z,y, Dz}
—{Dy,x,z} —{y, Dz, 2z} — {y,z, Dz}
= d(Dx,y)z +d(z,Dy)z + d(x,y)Dz

- [Dl’,y, z]d + [anya Z]d + [x7y7DZ]d

which shows that D is a derivation on the Hilbert ternary algebra (V, [, -,]4). By
Lemma 4.3.5, the Hilbert ternary algebra (V, [+, -, ]4) has zero annihilator. Hence
D is continuous on V' by Theorem 3.3.14. O]

Definition 4.3.7. We define a JH*-triple to be a Hermitian Jordan triple V

which is also a complex Hilbert space and the inner product (-, -) satisfies
((anb)z,z) = (z, (boa)x) (4.9)
for all a,b,z € V.
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By restricting to the real scalars and real part of the inner product, a JH*-
triple can be regarded as a (real) JH-triple.

We say that the inner product in a Jordan Hilbert triple V' is associative if

<{a> b, x}’ y) = <$? {b7 a, y}>

holds for all a,b,z,y € V.
For a complex Jordan Hilbert triple V', associativity of the inner product is

equivalent to condition (4.9). Indeed, assume (4.9), then for a,b € V| we have

((apd)(z +y),z +y) = (z+y, (boa)(z +y))

((aob)(x + 1y),x +iy) = (x + iy, (boa)(x + iy))

for all z,y € V, which imply

((apb)z,y) + ((avb)y,z) = (z,(boa)y) + (y, (boa)z)
—((aob)z,y) + ((avbly,z) = —(z,(boa)y) + (y, (boa)z).

Therefore ((anb)z,y) = (z, (boa)y) for all a,b,z,y € V.

Hence a JH*-triple always has an associative inner product. However, we
will give examples to show that the inner product in a JH-triple need not be
associative.

A real JH*-triple is defined to be a (real) JH-triple with an associative inner
product.

We note that a JH-triple (V, (-,-), {,-,-}) with associative inner product is a
real Hilbert ternary algebra (cf. Definition 3.1.1). Conversely, an abelian Hilbert
ternary algebra (V/ [-,-,-]) is a JH-triple if the ternary product satisfies

[z,y, 2] = 2,9, 2] (r,y,z € V).

Remark 4.3.8. Given an element a in a JH-triple (V, {, -, -}), we have [a, a, z], =
d(a,a)x =0 for all x € V. Hence the derived Hilbert ternary algebra (V,[-, -, ]q)
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contains no nonzero tripotent. Therefore the derived Hilbert ternary algebra

(V,[-,-,]a) cannot be an abelian Hilbert ternary algebra by Corollary 3.4.4.

Lemma 4.3.9. Let (V,{-,-,-}) be a JH-triple and let (V,|-,-,-]a) be the derived
Hilbert ternary algebra defined in Proposition 4.3.1. The following are equivalent.

(i) [z,y,2la = [2,y,x]q for all z,y,z € V.
(i) (V,[--,-]a) is a real JH*-triple.
(iii) (V.- -,-}) is flat.
(iv) (V) [, ]a) is a degenerate JH-triple or V = {0}.

Proof. (i) = (ii). Applying the Jordan triple identity for the triple product

{+,+,+}, we have

a0, [z, y,2la]la = {a,b,{z,y,2}} —{a,b,{y,z, 2}}

—{b,a,{z,y, 2}} + {b,a, {y, 2, 2}}

= {{a,b,2},y, 2} —{z,{b,a,y}, 2} + {z,y.{a,b, 2}}
—{{a, by}, 2 2} + {y, {b,a, 2}, 2} = {y, 2, {a,b, 2}}
—{{b.a.z},y, 2}t + {z. {a,b,y}, 2} — {2, 4, {b,a, 2}}
+{{b,a,y}, w2} = {y, {a, b, 2}, 2} + {y, 2, {b.a, 2}}

= {la,b,7]a,y, 2} — {z,[b, a, yla, 2} + {9, [a, b, 2]a}
+{[b, a, yla, z, 2} = {y, [a, b, 2]a, 2} — {y, x, [a, b, 2]a}

- [[CL, b? x]dv Y, Z]d - [J}, [ba a, y]d> Z]d + [I, Y, [a7 b? Z]d]d

for all a,b,x,y,z € V. Hence [-,-,]; satisfies the Jordan triple identity and
(V,[-,-,+]a) is a Jordan triple. Since (V,[-,-,]4) is a Hilbert ternary algebra, the

inner product in V' is associative with respect to [, -, :]4. Therefore (V,[-,-,|q) is
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a real JH*-triple.
(i) = (iii). We have [z,vy, z]q = [z, y, z]q for all z,y, z € V| that is,

{xa%z} - {%xa Z} = {Z,y,LC} - {y7 Z,ZC}

which implies {y,x,z} = {y, z,2}. Hence zozx = xzoz for all z,z € V and V is
flat.
(iii) = (iv). We have |[a, b, z]; = 0 for all a,b,z € V since (V,{-,-,-}) is flat.
(iv) = (i). By the definition of a Jordan triple, [x,y,z2]s = [z,y,]s for all
x,y,z€V. O

Lemma 4.3.10. Every one dimensional JH-triple has associative inner product

and 1s flat.

Proof. Let V' be a one dimensional JH-triple. We show

((anb)z,y) = (z, (boa)y)

for all a,b,z,y € V. Let V = Rv and v # 0. Then z = av and y = pv for
some real numbers «, 3. The above identity always holds since ((aob)z,y) =
af{(aob)v,v) = af{v, (boa)v) = (z, (boa)y).

Similar argument proves that xoy = youx for all z,y € V. O]

Now we give examples of JH-triples of every dimension > 2, in which the

inner product is not associative.

Example 4.3.11. Consider the complex numbers C with the real inner product
(x,y) = Re(xy) and triple product {z,y,2} = zyz. Then C is a flat JH-triple
where the inner product is not associative. For instance, if a =2, b =y = and

x = 3, we have ((aob)z,y) = (6i,7) =6 # —6 = (3, —2) = (z, (boa)y).

Example 4.3.11 shows that flatness of a JH-triple does not always imply

associativity of its inner product.
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Example 4.3.12. Let R® = {(a,b,¢) : a,b,c € R} with the usual inner product
((a,b,c),(x,y,2)) =ax + by + cz

and triple product defined by

{(a,b,¢),(x,y,2), (u,v,w)} = ((ax—by)u—(ay+bzx)v, (ax—by)v+(ay+br)u, czw).

Then R? is a flat JH-triple. In fact, if we consider R* = C R as a vector space
direct sum, then the triple product defined above is the direct sum of the triple
product {p,q,r} = pgr in C and the usual triple product in R. In this case, the

above inner product is not associative.

Example 4.3.13. Let H be the real Hilbert space of quaternions with basis
{1,4,7,k}. One can define the canonical triple product on H by

T z —TYZ + =2ZYx.
'Y, 9 Yy 9 Yy

Equip H with the usual inner product (z,y) = Re(zy). Then for z = x + 11 +
29j + x5k, we have Re(zyz) = Y0 _, 2,Re(y)x,. Using this, it can verified that

({a,b,z},x) = (x,{b,a,z})

for a,b,z € H. Therefore H with the above canonical triple product is a JH-
triple.

It is not flat and its inner product is not associative. Indeed, let a = ¢ and
b=j. Then (aob)(i) = j # —j = (boa)(i) and ((20k)(1+2k),3) = =12 £ 12 =
(1+ 2k, (ko2)3).

We show that H is simple. Let I # {0} be a closed triple ideal of H. Fix
0 #0be I. Then for any z € H, we have

{x,H,b} + {,b,H} C I.

Hence %xhb + %bhx + %mbh + %hbx € [ forany h € H. Let h = b. We get
2|[b||*x € I which implies = € I. Therefore I = H and H is simple.
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Example 4.3.14. Let H be the JH-triple defined in Example 4.3.13. Then
H" = {(ai, - ,a,) : a; € H} with the inner product

n

<(a17 to 7an)7 (b17 T 7bn)> = Re ZCLJ)Z

=1

and the coordinatewise triple product

{(ala"' ’an)v<bla"' 7bn)v(cl7"' 7Cn>} = ({alvblacl}a"' 7{an’bnacn})

is a JH-triple in which the inner product is not associative.

Given JH-triples Vi, V5, -+, V,,, we define the JH-triple structure on the
direct sum @, V; and the tensor product @), V; coordinatewise. Then @, V; is a

real JH*-triple if, and only if, each Vj is such. The same holds for tensor products.

Example 4.3.15. Let V = @, V. be a Hilbert space direct sum, where each

ael

V, = H for all o in an infinite set I. We note that the triple product on H is
continuous. In fact, we have ||zy|| = ||z] ||y|| for all x,y € H and ||{x,y, z}|] <

llz|| lly|l lz]] where x,y, z € H. Hence the coordinatewise triple product

{<Ia)a617 (ya)aeb (Za)ael} = ({:L’a, Ya, Za})ael

on V is well-defined since

H{(xa)aEI’ (ya)aela (Za)a61}||2 = Z “{xav Yo Za}H2

a€l

< S lealllvallzal?
a€cl

< Q.

Then V is an infinite dimensional JH-triple in which the inner product is not

associative.

Let V be a JH-triple and a € V. The smallest closed subtriple V'(a) of V/

containing a is the norm closed real linear span of the odd powers a! = a, a® =
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{a,a,a}, a® = {a® a,a}, ---. Tt is a JH-triple with the inherited inner and triple
products. The JH-triple V (a) is flat by power associativity of the triple product.

Lemma 4.3.16. Let V be a JH-triple and a € V. Then the inner product of

V(a) is associative if and only if ana : V(a) — V(a) is a symmetric operator.

Proof. 1t suffices to prove the sufficiency. If the box operator aoa is symmetric
on V(a), then by power associativity of the triple product and induction, a"oa

is also symmetric for odd n. Power associativity also implies that

n m an+m+1 O

a oa = a

for odd n and m. Hence a”oa™ : V(a) — V(a) is symmetric.
Since V'(a) is the real closed linear span of odd powers of a, it follows from

continuity of the triple product that

((zoy)z,w) = (2, (yoz)w)
for all z,y,z,w € V(a). ]

Example 4.3.17. Let M(R) be the Jordan Hilbert triple of 2 x 2 real matrices,

with the usual triple product {A, B,C} = %ABC’ + %CBA and inner product

11
(A, B) = Trace(AB*). Let a = € My(R). Then the closed subtriple

0 1
V(a) generated by a is a JH-triple. However, the inner product in V' (a) is not

associative. We have ((aoa)a,a®) = 11 # 7 = (a, (ana)a®).

Proposition 4.3.18. Let V' be a JH-triple. Then the following statements are

equivalent.

(1) V is simple and abelian with associative inner product.
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(ii) V' is the one dimensional space R equipped with the usual triple product

{z,y,2} = £ xyz and inner product
(v,y =kay  (z,y €R)
for some k > 0.

Proof. (i) = (ii). Let (V,{-,-,-}) have associative inner product. Then it is a
Hilbert ternary algebra. Further, if it is simple and abelian, then there is a

ternary isomorphism 7 : V — C5(H, K)1 with

T{$v Y, Z} = (Tm)(T?J)*(T'Z)a

where H and K are F-Hilbert spaces with F = R, C or H, and k£ > 0 by Theorem
3.4.15. This implies [a, b, c] = ab*c = cb*a in C§(H, K)+ and it is only possible if
dimH = dimK = 1. Indeed, suppose dimH > 2. Let e; and ey be two nonzero
orthonormal vectors in H. Pick f € K with || f|| = 1. Then we have

[fReynfRe, fRe]=0 and [fRe, fRe, fRe]=[f®es.

Since the triple product in V' is symmetric in outer variables, we have f ® e; = 0.
This gives f(h,es) = 0 and hence (h,es) = 0 for all h € H. Therefore e; = 0
which is a contradiction. Likewise dimK = 1. Since the identity ab*c = cb*a is
not true in C5(C) = C5(R?) and C5(H) = C5(R*), we have H = K = R.

(ii) = (i). The one dimensional space (R, (-, )x,{-,-,-}) is a simple abelian

J H-triple and its inner product is associative by Lemma 4.3.10. O]

We have seen in Proposition 4.3.1 that if (V,{-,-,-}) is a JH-triple, then V'
is a Hilbert ternary algebra in the derived ternary product [a,b, z]q := d(a,b)z.
Conversely, every abelian Hilbert ternary algebra gives rise to a JH-triple.

The following result has been proved in [8], we include the proof for complete-

ness.
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Proposition 4.3.19. Let (V,[-,-,:]) be an abelian Hilbert ternary algebra. Then

V' is a real JH*-triple under the symmetrized ternary product

1 1
{xayaz}s = —[37;%2] + _[Z7y7x]
2 2
where x,y,z € V.. Moreover, if V' is simple with respect to |-, -, -], then V is simple

with respect to {-,-,}s.

Proof. Continuity of the triple product {-,-, -}, follows from that of the ternary
product [+, -, -], by Proposition 3.1.10. For all a,b,z,y,z € V, we have

{a,b,{z,y, 2}s}s

= QM@m%m+Ww%&@+hhM%ﬂ+Wﬂﬂﬁ@)

and since the ternary product [+, -, | is abelian, we deduce that

{{a’7 b7 x}svyv Z}S - {xv {bv a, y}87 Z}S + {JJ, Y, {a7 b’ Z}S}S
1

= ;[0 2]y, 2] + (2,9, 0, b, 2] + ([, b, ], y, 2] + 2,9, [, b, o]
—l,[b,a,yl, 2] = [z, [b,a, yl, 2] = [2, [y, a, 0], 2] = [2, [y, a, 0], 2]
+x,y, [a, b, 2]] + [[a, b, 2], y, 2] + [z, y, [2,b,a]] + [[2, b, a], v, x])
=ihh@%ﬁ+%h&%ﬂ+@@%%d+W&ﬂ@d
—lz,[b,a,y], 2] = [z, [b,a, 4l 2] = [, [y, 0, 0], 2] = [z, [y, @, b], 2]
+, [b,a, 9], 2] + [a,b, [2,, 7)) + [[2,9, 2], b,a] + [, [y, 0, 8], 2])
={a,b,{z,y,z}s}s
by canceling terms of opposite sign. Hence {-,-, -}, satisfies the Jordan triple
identity. Evidently, the triple product {-,-,-}s is symmetric in the first and third
variables. If a,b,z,y € V', then

<{a,b,1}}57y> = %([mbv J}],y> + %qva? a]>y>

= %<LE, [b, a, y]> + %<£IZ’, [y7a7b]>
= (x,{b,a,y}s).
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Hence (V,{-, -, }s) is a JH-triple with associative inner product.
Now let V' be a simple Hilbert ternary algebra with respect to [-, -, -] and let
I be a nonzero closed triple ideal of (V,{-,-,-}5). Then we have

{LV,Vs+{V,I,V},CI

or

1 1

SILVVI+ SV + [V, LV] C L.
Hence [ is a nonzero closed ternary ideal of the Hilbert ternary algebra (V. [-, -, -]).
It follows that I =V and JH-triple (V,{-,-,-};) is simple. ]

Given a subspace W of a Hilbert space V, we will always denote by W+ the
orthogonal completement of W in V.
The following result has been proved in [8], we include the proof for complete-

ness.

Proposition 4.3.20. Let V' be a JH-triple and let
Vi={aeV: (aox)" =zoa, Ve € V}.

Then V; is a closed subtriple of V and for every monzero a € V2, we have

(aoy)* # yoa for somey € VL.

Proof. Let a,b € V;. We show that {a,b,a} € V;. Using the Jordan triple
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identity, we have

(({a,b,ayo)y, 2)

{{a,b.a}, 2.y}, 2)

{a,0.{a, 2y} +{a, {b,a, 2}, y} —{a,2,{a,b,y}}, 2)
aob){a,z,y},z) + ((ac{b,a,2})y, 2) — ((anz){a,b,y}, 2)
anz)y, (boa)z) + (y, ({b, a,2}0a)z) — ((anb)y, (v0a)z)

ys (xoa)ib,a,z}) +{y, {{b,a, 2}, a, 2}) — {y, (boa){z,a, z})
y Az, a,{b,a,z}} + {{b,a,x},a, 2} — {b,a, {z,a,2}})
y:{w,{a,b,a}, 2})

y. (xo{a,b,a})z)

=
=
= ((
= ((
=
=
=
=

for all a,b,x,y,z € V. This proves that {a,b,a} € V. Hence V is a subtriple of
V. It is closed by the continuity of the triple product in V.

Now if @ € V& and a # 0, by definition of Vj, there exists some y € V such
that (aoy)* # yoa. Let y = 2 + 2 for z € V, and 2z € VX, Then we have

(aox)* + (aoz)" = (any)* # yoa = xoa + zoa
where (aox)* = xoa. Hence (a0z)* # zoa. O

It is evident that the inner product in V, defined above is associative. We call
Vs the associative part of V. For the JH-triple V' in Examples 4.3.11, 4.3.13 and
4.3.17, we have V; = {0}. But in Example 4.3.12, the associative part of R? is
given by R? = {(0,0,7) : = € R}.

Lemma 4.3.21. Let 'V be a JH-triple. Let Vy be the associative part of V defined
in Proposition 4.3.20. Then

{VSJ_7 vs?‘/s} - {0} - {‘/Sv Vsj_7 ‘/S}
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Proof. Let a € V-, Since V; is a subtriple of V' by Proposition 4.3.20, we have

(a,{z,y,2}) =0

where z,y,z € V;. Also, by definition of V;, we get ({a,z,y},2) = (a,{z,y,2})
which implies that {VX,V,,V,} € V2. On the other hand, for a € V2 and

b,c € Vi, we have

({{a,b, ¢}, 2y}, 2)

{a,0,{c.z,y}} + {c, {b,a, 2}, 4} — {c, 2, {a, b,y}}, 2)

= ({ezy}{ba,2) + (y, {{b,a, 2}, ¢, 2}) — ({a, by}, {w, ¢, 2})
(y,{x,c,{b,a,z}} + {{b,a,z},c,2} — {b,a,{x,c, z}})

{y, {z,{a,b,c}, 2})

for all z,y, 2 € V, which implies {V.*, V;, V,} C V,. Hence
{‘/5L7 ‘/;7‘/;} cVsn V;L = {O}

For a € V., we know that 0 = (a, {z,y, 2}) = ({y,z,a},2) = (y, {x,a, z}) for
arbitrary elements y,x,z € Vi. Thus {V,, V. V,} C V. Likewise we can show

that b € VX and a,c € V, imply
(({a,b,cyoa)y, 2) = (y, (zo{a, b, c})z)
for all z,y,2 € V. This gives {V,, VX, V,} C V,. Therefore
{Vo, V5 Vel cven v = {0}
[

Corollary 4.3.22. Let V' be a JH-triple and let V be the associative part of V/

defined in Proposition 4.3.20. Then we have
Vi Ve, Vila = [Va, Vi, Vila = [Va, Vi, Vita = {0}

S
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Proof. By Lemma 4.3.21, we have
[V87 ‘/;L7 VS]d = {‘/Sv vsJ_v ‘/;} - {VsJ_7 Vs, ‘/;} = {0}
The other identities can be shown in the same way. O]

Proposition 4.3.23. Let V be a JH-triple. Then the associative part V is a

ternary subalgebra of the derived Hilbert ternary algebra (V|- -, ]a).

Proof. By the above corollary, we have
(Vi Vi, Vida, Vib) = (Vi [V, Vi, Vila) = {0}
which implies [V;, Vi, Vila C Vi. O
The above result can be strengthened as follows.

Proposition 4.3.24. Let V be a JH-triple and let V be the associative part of
V. Then we have [V, V, Vi|q C V.

Proof. To show d(a,b)z € V; for any arbitrary element x € Vj, we prove that, for
ally e V,

(d(a, B)roy)s, w) = (=, (yod(a,Ba)u) (5w e V).
By the Jordan triple identity and (4.7), we have

(2, (yod(a, b)r)w)
= (zAy,{a, bz}, w} —{y,{b,a, 2}, w})
= (z—{bafy,z,wi} + {{ba,y}, 2, w} +{y, 2, {b,a,w}}
+{a,0.{y,z,w}} — {a, by}, 2, w} = {y,z,{a,b,w}})
= (2, d(a, b){y, z,w} + {d(b,a)y, z,w} + {y, z,d(b, a)w})
= (d(b,a)z,{y, z,w}) + {z,d(b, a)y, 2}, w) + ({2,y, 2}, d(b, a)w)
= ({z,y,d(b,a)z} + {,d(b, a)y, 2} + d(a, b){z,y, 2}, w)
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where

{z,y,d(b,a)z} + {z,d(b,a)y, z} + d(a,b){x,y, 2z}
= A{z,y.{b,a,2}} —{z,y,{a, b, 2} } + {z,{b,a, y}, 2}
—{z.{a,b,y}, 2} + {a, b, {z,y, 2}} — {b,a, {z,y, 2}}
= —{baz}hy, 2} + {{a, b2}y, 2}
= {d(a,b)z,y,z}.

This completes the proof. O

Proposition 4.3.25. Let V be a JH-triple. Then the orthogonal complement
V- is a ternary ideal of the derived Hilbert ternary algebra (V[ ]4).

S

Proof. Let a,b € V. Then we have

<[a7 b, VJ_]dv VZ@) = <Vsl7 [ba a, VS]d> - <Vsl7 VS> = {O}

S

by Proposition 4.3.24. This shows that [V, V, V. ]; C VF and V' is a left ideal of

S

(V,[-,+,"]a). Again using Proposition 4.3.24 and also Corollary 4.3.22, we get

<[‘/;L7‘/:V]d7%> = ‘/7 [v VJ_ s]d>

o

) [V Vl V] > + <V5J_? [V7 VsJ_7 V;‘]d>
Ve, [V, Vi, Vila)

(
(
(
= (Vo, Ve, Vi, Vila) + (Ve [VS5 Vi Vi)
(Ve, ViR Ve Vila)

(

[VS> Vs, VL]Cb VJ_)
= {0}

and [V1,V,V]y C V2. Hence V- is also a right ideal of (V,[-,,-]4). Therefore

S

V1 is an ideal of V with respect to ternary product [, -, ]4 by Lemma 3.2.5. [
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Remark 4.3.26. Note that V, = (V.5)* is a closed ternary ideal of (V,[-, -, ]4)
by Lemmas 3.2.4 and 3.2.5.

Lemma 4.3.27. Let (V,{-,-,-}) be a JH-triple with the associative part Vs. The

following statements are equivalent.

(i) V=V,
(i) (VA [+, ]a) is an abelian Hilbert ternary algebra.
Proof. (ii) = (i). If (V5 [+, -, -]4) is an abelian Hilbert ternary algebra and V- #

{0}, then it has a nonzero tripotent a by Corollary 3.4.4, which gives the contra-
diction

a=la,a,aly = d(a,a)a = 0.
Hence VX = {0} and V = V. O

In particular, if the inner product of a JH-triple V' is nonassociative, then

(VA [-,-,]a) is never abelian.

Lemma 4.3.28. Let (V,{:,-,-}) be a JH-triple and V; the associative part of V.
Then
(Vo Vv c v

Proof. By Lemma 4.3.21, we have
(Ve VI VL Va) = (Vi AV Ve, Vi) = {0}
which yields {V,, V£, VL) € VL. 0
Likewise, one can see that {V;5, V;, V:*} € V. and also {V;-, V:F Vi} C VE

Lemma 4.3.29. Let (V. {-,-,-}) be a JH-triple and V; the associative part of V.
Then
[V% Vsj_v VSJ_]d = [Vsla Vs, ‘/SJ_]d = [Vsla ‘/SJ_7 VS]d = {O}
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and for x € V, and a,b € V-, we have

{z,a,b} ={a,z,b} = {a,b,x}.

Proof. By Proposition 4.3.25 and Remark 4.3.26, both V, and V! are closed

ternary ideals of the derived Hiberty ternary algebra (V) [, -, ]4). Then

Ve, V5 Vil c Ve Ve = {0},

S

Consequently, we have
{z,a,b} —{a,z,b} = [z,a,blq =0

for x € V, and a,b € V. Hence {z,a,b} = {a, z,b}.
Similar argument yields that VX, V,, Vt]y = [V VA Vi]s = {0} as well as
{a,z,b} = {a,b,z}. O
Applying the above lemmas to the orthogonal decomposition V = V, @ V.1,

a straightforward computation gives the following identities:

{V> V7 V} = {‘/Sv ‘/:97 V;} + {‘/8’ ‘/sl7 ‘/sL} + {‘/slv ‘/5L7 ‘/;L}
[‘/7 ‘/7 V]d - [‘/sa ‘/S7 V;]d + “/:_7 ‘/3L7‘/19L]d
[‘/:97 VS7 ‘/s]d = [‘/:97 ‘/7 V]d = [‘/7 ‘/:97 V]d = [‘/7 ‘/7 ‘/S]d

Two nonempty subsets A, B of a Jordan triple V' is said to be triple orthogonal
if AoB :={aob: a€ A, be B} ={0}. We give criteria below for V; and V- to
be triple ideals of V.

Proposition 4.3.30. Let V be a JH-triple and V; the associative part of V.

Then we have

(i) Vi is a triple ideal of (V,{-,-,-}) if and only if VoVt = {0}, that is,
{VS7‘/SJ_7V} = {0}.
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(ii) V. is a triple ideal of (V,{-,-,-}) if and only if V: is a subtriple of V.

S

Proof. (i). By Lemma 4.3.21 and Lemma 4.3.29, we have

Vo, V,V} = {V,, Vi, Vi} +{V,, V5, V)
(V,\V,V} = {V, Vo, V.} +{V V., V)
= {V,, Vo, Vi} +{V,, V Vi)

S

Since V; is a subtriple of V| the above identities imply that Vj is an ideal of V' if
and only if {V;, VX, V:t} = {0} by Lemma 4.3.28. The last equality is equivalent
to {V4, VA, V} = {0} since {V,, V1, V,} = {0} by Lemma 4.3.21.

(ii). We only need to show sufficiency. We have, from V =V, @ V.*,

{V;,J‘,V,V} - 2{‘/3J_7VSL7V;}+{V3J_7VSL7V;‘J_}
(Vv vy = 2V VE VI +{VE Vi Vi

by Lemma 4.3.21 and 4.3.29. Therefore Lemma 4.3.28 implies that V- is an ideal
of V whenever V- is a subtriple of V. O

We note that, for the JH-triple R® in Example 4.3.12, the associative part R?

is a proper triple ideal of R? with respect to the triple product {-,-,-}.

4.4 Nonabelian Hilbert ternary algebras

We have seen that JH-triples and Hilbert ternary algebras are closely related.
Moreover, JH-triples provide examples of nonabelian Hilbert ternary algebras,
namely, the derived Hilbert ternary algebra (V, |-, -, -]4) of a JH-triple (V,{,-,-}).
The abelian Hilbert ternary algebras have been classified in Chapter 3. To com-
plete the picture of Hilbert ternary algebras, we give systematically examples of
nonabelian Hilbert ternary algebras in this section. They can be divided into two

classes, the class of alternative algebras and the nonalternative ones.
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A Hilbert ternary algebra V' is called alternative if it satisfies the following

identities

la,b, [x,y, ]| = [[a, b, x],y, 2] + [z, [b,a,y], 2| — [z,y, [a,b, 2]]
[a>b’ [x,y,xﬂ = Ha7 b’ l‘],y,l’] (410)

la,b, [a, b, x]] = [[a,b,al,b,z]

for all a,b,z,y,z € V.

Alternative Hilbert ternary algebras need not satisfy the Jordan triple identity,
and hence need not be Jordan triples. However, they contain tripotents (cf. [7,
Proposition 2)).

In [7], a so-called H*-triple system is defined to be a real or complex Hilbert
space V with an involution * : V' — V and a trilinear map [-,-,-] : V¥ — V
satisfying

[y, 2]" = [27, ", 2]
and
([z,y, 2], w) = (2, [y", 2%, w]) = (y, [, w,2"]) = (z, [w, 2", y7])
where z,y, z,w € V.

If (V,[-,-,-]) is a simple alternative Hilbert ternary algebra, then with the
involution being the identity map id : V. — V or —id, (V,[,-,-],*) is a simple
alternative H*-triple system according to the above definition. Conversely, we

have the following result.

Lemma 4.4.1. If an H*-triple system (V,[-,-,-],*) is a Hilbert ternary algebra

with zero annihilator, then * is either the identity map id or —id.

Proof. Let V be an H*-triple system with involution *. If V' is a Hilbert ternary

algebra as well, then we have
[z,y,2]" = [2%,y, 2] = [2,y,2"]  (z,y,2€V)
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which implies that * is a centralizer of Hilbert ternary algebra V. Also, we have
[y, 2]" =[x, y", 2] (z,y,2€V).

The latter implies that * is self-adjoint on V', by Lemma 3.3.8, since the annihilator
of V' is zero. By Lemma 3.3.5, every self-adjoint centralizer of a Hilbert ternary

algebra is a scalar multiple of the identity map. Hence the involution * = +id. [

Using the classification of alternative H*-triple systems given in [7, Theorem
8], alternative nonabelian Hilbert ternary algebras can be classified, the simple
alternative nonabelian Hilbert ternary algebras of dim > 4, up to a positive
multiple of the inner product, are isomorphic to the following algebra (V,[-, -, -])
or its dual (cf. Definition 3.1.13):

V is a real Hilbert space with inner product (-,-), equipped with an anticon-

jugation j on V and the ternary product

[l‘,y,Z] = <y,Z>l‘ - <l‘,j2>]y

for all z,y,z € V.

We now turn to nonalternative Hilbert ternary algebras. We first consider
real JH*-triples. The following lemma shows that an alternative Hilbert ternary
algebra satisfies the Jordan triple identity if and only if it is abelian. There-

fore nonabelian real JH*-triples are nonalternative nonabelian Hilbert ternary

algebras.
Lemma 4.4.2. An alternative Hilbert ternary algebra (V,[-,-,-]) is abelian if and
only if the ternary product [-,-, -] satisfies the Jordan triple identity.

Proof. Evidently, every abelian Hilbert ternary algebra satisfies the Jordan triple
identity. Conversely, let V' satisfy the Jordan triple identity. Comparing the
Jordan triple identity

[a’ b, [xaya ZH = [[avbv x],y,z] - [xv [b’a>y]7z] + [a:,y, [a7b’ Z]]
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and the first alternative condition in (4.10)
la,b, [z,y, z]] = [la, b, x],y, 2] + [z, [b,a,y], 2] — [z,v,[a,], 2],
for all a,b,z,y,z € V, we have
[a, b, [, y, 2] = [la, b, 2], y, 2]
which is the abelian condition for a Hilbert ternary algebra. O

In Proposition 4.3.19, we showed that, given a simple abelian Hilbert ternary

algebra (V,[-,+,]), the Hilbert space V' equipped with the triple product

1 1
{a,b,c}s = 5[@, b, c] + 5[0, b, al

is a real JH*-triple which is usually nonabelian. In fact, we know from Proposi-
tion 4.3.18 that the only simple abelian real JH*-triples are C5(R)..

From [30], we have the following list of simple nonabelian real JH*-triples,
they are of the form (V,{-,-,-},k(-,-)) where k& > 0 and (V,(-,-)) is one of the
following real JH*-triples or their dual (cf. Definition 3.1.13).

1. V = Cy(H,K) where H and K are Hilbert spaces over R, C or H, but
cannot be both R. Equip V with the inner product

(a,b) = Re Trace(ab")
and the triple product
1 1
{a,b,c} = éab*c + écb*a
where a* denotes the adjoint of a in Co(H, K).

2. V={{a€Cy(H): a' = —a} where Co(H) = Co(H, H), V inherits the Jor-
dan triple structures of Co(H) and H is a Hilbert space over R or C. Each
a € Co(H) has a matrix representation a = (aqp) with a,s € R or C. Denote

by a' = (ag,) the transpose of a.
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3. V.={aeCy(H): a" = (a)y)} where 0 is an involution of F = R,C or H
and we have the following different choices of 9, namely, the usual involution
for F = R, C, H, the identity for F = C or the involution of the second kind
for F = H, as defined in Section 2.1.

4. V is one of the real JH*-triples V}, V2 and V3 defined below. Let M;(K)
be the real vector space of 3 x 3 matrices over K where K is the octonions
O, real split octonions O, or complex split octonions O,. Let § be an
involution on K which commutes with the usual involution ~ for K = O;
but commutes with the involution ’ for K = Q, or O,, defined in Section
2.1. For a = (a;;) € M3(K), we let a* = (a;) and define the inner and triple
products on M3(K) by

(a,b)s = Re Trace(ab") (4.11)

and

{a,b,c}s =(aob*)oc+ao(b*oc)—b"o(aoc) (4.12)

where a o b = %(ab+ ba) and a,b,c € M3(K). We define the following real
JH*-triples with the above inner and triple products.

Vi = {(aij) € M5(0) : (a;;) = (aj;)} for which § == in (4.11) and (4.12);
Vo = {(ai;) € M3(Qy) : (a;;) = (a;,)} for which (4.11) and (4.12) are de-
fined by the involution § => defined in Section 2.1;

Vs = {(ay) € M3(O;) : (ay;) = (a;)} for which (4.11) and (4.12) are de-
fined by the involution 6 =* defined in Section 2.1.

5. V. = Mi«(K) which consists of 1 x 2 matrices over K where K is the

octonions O, real split octonions @, or complex split octonions O;. Define
5
a

(a1, a9)* = " | where § is the usual involution for K = O, and § =*

5
)
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for K = Qs or O4. Equip V' with the inner product
(a,b) = Re Trace(ab")

and triple product
1 1
{a,b,c} = §a(b*c) + Qc(b*a)

for a = (ay,a2), b= (b1,be) and ¢ = (c1, c2) in Myy2(K).

6. V is the real restriction of a complex spin factor, the latter is a complex
Hilbert space V¢ with complex inner product (-,-) and a conjugation J :
Ve — Vi (see Definition 2.2.1) satisfying (Jx, Jy) = (y,z) for z,y € V¢,
and is equipped with the triple product

{.’I?,y, Z} = <.CI?,y>Z + <Z,y>l’ - <£L’, JZ>Jy

7. V is a real Hilbert space with a linear isometry J on V such that J? = id
and is equipped with the triple product

{2y, 2} = (z, Jy)z + (2, Jy)x — (x, 2) Jy
where (-, -) is the inner product of V.

Apart from real JH*-triples, we have other examples of nonabelian Hilbert
ternary algebras. We give examples of nonabelian Hilbert ternary algebras which
contain tripotents. Let (V,(-,-)) be a real Hilbert space and let j : V. — V be
an anticonjugation (cf. Definition 2.2.1) such that (jz, jy) = (y,x). Then V with
the ternary product defined by

1 1 1

[:U,y,z]:§<x,y>z+§<z,y)aﬁ—§<x,jz)jy (x,y,zEV)

is a Hilbert ternary algebra. Indeed, we have (z,jz){(jy,w) = (jw,y)(z, jz)
which implies that ([x,y,z],w) = (z,[y,x,w]) for all z,y,z,w € V. Simi-
larly ([z,y, z],w) = (x,|w,z,y]). If dimV > 3, then V is nonabelian. For if
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[a,b, [z, y, z]] = [la, b, x],y, 2], we get

(x,y}((z,b>a - <CL,]Z>]b) - <$a]2>(<aay>]b+ <]y7b>a) =

(2, 0)({a,9)2 = {a,j2)jy) + {a, j2)((z,0)7y = (3b,9)2).

Let a =b=2 =y and (z,ja) = 0. We have

(2,a)

Z=-——0a
[all?

which is not true if a and z are nonzero and orthogonal.

Every nonzero element of V' with norm 1 is a tripotent. Note that (z,jx) =
—(x, jz) implies that [z,y, z| # [z,y, z] for some z,y,z € V, that is, (V,[-,-,]) is
not a Jordan triple, in particular, not a JH-triple. We also know that V' is not

alternative. For instance, the identity [a, b, [z, y, z]] = [[a, b, x], y, ] gives us

(z,y)(z,b)a+ (z,y)(x, ja)jb = (x,b)(a, y)x + (z,ja) (jb, y)x

which is not always true if dimV > 3. For example, let a #0 and xt =b =1y # 0
such that (z,a) = (z,ja) = 0. Then we have

lz[|*a = 0

which is impossible.

Finally, apart from the derived Hilbert ternary algebra of a JH-triple and the
Hilbert ternary algebra (V,[-,,-];) in Section 3.1, which are not ternary isomor-
phic to each other since the latter contains nonzero box operator ata, we have
the following examples of nonabelian Hilbert ternary algebras without nonzero
tripotents.

Let (V. [, -, +]) be any Hilbert ternary algebra. The same Hilbert space V' with
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each of the following ternary products

1 1
[a,b,cls = §[a,b, | — é[b,a,c]

1 1
[a,b,cl3 = §[a,b, | — 5[@, ¢, b] (a,b,c € V)

1 1
[a,b,c]y = 5[@, c, b — 5[0, a,b)

is a nonabelian Hilbert ternary algebra without nonzero tripotent. Each ternary
product in the above is not symmetric in its first and third variables. Hence V
cannot be a JH-triple.

If (V,[-,-,+]) is abelian, then [-, -, ]2 does not satisfy the Jordan triple identity.
Hence (V, [, -, ]2) is non-isomorphic to the derived Hilbert ternary algebra of a
JH-triple. Also, (V,[-,-,]2) is non-isomorphic to (V, [, -, ]3) since the box oper-
ator aoa need not vanish on (V, [, ]3). The quadratic operator ), vanishes on
(V,[-, -, ]4) but not always on (V, [-,-,]2). If (V,[-,-,]) is abelian, then (V[ -, ]1)
satisfies the Jordan triple identity while (V,[-,-,]4) does not. Hence (V,[-, -, ]1)

and (V,[-,,]4) are non-isomorphic.
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