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TERNARY OPERATOR CATEGORIES

ROBERT PLUTA AND BERNARD RUSSO

ABSTRACT. T*-categories are introduced as a ternary generalization of C*-categories. Their
linking C*-categories are constructed and the Gelfand-Naimark representation theorems of Zettl
for C*-ternary rings and for W*-ternary rings, are generalized to T*-categories. Biduals of C*-
categories and of T*-categories are considered.
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1. INTRODUCTION AND PRELIMINARIES

1.1. Introduction. To provide motivation for this paper, consider a C*-algebra A and an
idempotent linear map P : A — A. If A is unital and P is completely positive and unital,
then P(A) is a C*-algebra with the product a - b = P(ab) for a,b € P(A), [3]. If instead P is
just positive and unital, then P(A) is a Jordan C*-algebra (=JB*-algebra) with the product
aob = P((ab+ba)/2) for a,b € P(A), [8]. Finally, if P is just a contractive projection, then P(A)
is a JB*-triple with the triple product {abc} = P((ab*c + cb*a)/2) for a,b € P(A), [10]. Thus,
by removing a hypothesis on P, one is forced to consider a larger category than the category of
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2 PLUTA AND RUSSO

C*-algebras and completely positive maps. In fact, the category of JB*-algebras is stable under
the action of a positive projection and the category of JB*-triples is stable under the action of
a contractive projection, [6, Theorem 3.3.1],[13, Theorem 14.4.1],[4, Theorem 5.6.59].

Now consider the notion of a C*-category, [11]. It consists of objects XY, ... and morphism
sets Hom(X,Y') which satisfy a set of axioms relevant to C*-algebras. In particular, in a C*-
category, Hom(X, X)) is a C*-algebra. A W*-category was defined to be a C*-category with the
additional requirement that Hom(X,Y") is the dual space of a Banach space. Sakai’s theorem for
WH*-algebras was extended to W*-categories showing that Hom(X,Y"), which is not necessarily
a von Neumann algebra, has a unique predual. In [11], the Gelfand-Naimark theorem for C*-
algebras was extended to C*-categories, and it showed that Hom (X, Y) is isomorphic to a ternary
ring of operators (TRO). Although this fact was not explicitly mentioned, nevertheless, it was
implicitly suggested by the following quote from [11, pp.79-80]:

Naturally, the idea of using bounded linear mappings between different Hilbert
spaces is such an obvious one that this paper may have many published and
unpublished forerunners quite unknown to the authors. Indeed one of us (J. E.
R.) has been toying with the idea of writing such a paper for many years but
initially felt that the time was not yet ripe for such a development. In any case,
the roots of this development go right back to the beginnings of the theory of
operator algebras and perhaps the basic example of mappings between different
Hilbert spaces are the intertwining operators of representation theory. The set
of such intertwining operators forms a W*-category.

In addition, according to [11, p.79],

There are at present many interesting directions of current research where W*-
categories arise naturally: For example the representation theory of groupoids,
the harmonic analysis of the action of non-Abelian groups on von Neumann
algebras, the action of group duals on von Neumann algebras, and non-Abelian
cohomology in an operator algebraic context.

It is also noteworthy that category theory is being used in physics, see for example [12]. It thus
appears that, in order to take full advantage of the theory which has been developed for TROs
and W*-TROs, it would be beneficial to extend these two concepts to the operator category
setting. We begin that process in this paper, and are planning a sequel in some non-associative
contexts.

We define a T*-category and a TW*-category, which are modeled on TROs and W*-TROs in
much the same way that C*-categories and W*-categories are modeled on C*-algebras and W*-
algebras. As an example, consider the Murray-von Neumann classification of W*-algebras into
finite and infinite and types I, II, III. As of this writing, no such classification of W*-categories
has been undertaken since the morphism sets (X,Y’) are not necessarily W*-algebras. However,
there is a Murray-von Neumann classification of W*-TROs [20], which can be used to decompose
WH-categories in the same way that W*-algebras can be decomposed into types LILIII, and
finite, infinite (see Proposition 4.9). Thus, by extending the notion of W*-category to TW*-
category, such a decomposition is possible without leaving the category (see Proposition 4.24).

More precisely, in this paper we give, in section 3, a purely algebraic definition of a “ternary
category” (a concept which seems to have been overlooked in the literature) and construct its
corresponding “linking category.” Turning to “operator categories” we define, in section 4, a T*-
category and show that its linking category is a C*-category. We extend the Gelfand-Naimark
theorem for C*-ternary rings, which characterizes them in terms of TROs, [22, Theorem 3.1],
to T*-categories. We also define a TW*-category and show that its linking category is a W*-
category, and we extend the Gelfand-Naimark theorem for W*-ternary rings, which characterizes
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them in terms of W*-TROs, [22, Theorem 4.1], to TW*-categories. We also show, in section 5,
that the bidual of a C*-category is a W*-category, and the bidual of a T*-category is a TW*-
category.

1.2. Associative triple systems. The following construction is taken essentially verbatim
from [17] (see also [18, pp. 28-30]) and is central to the paper. The complications due to taking
direct sums, which were not necessary in [22], are unavoidable since the module actions defined
in Lemma 1.2(ii) make essential use of the second component and are critical to the proof of the
key Proposition 2.3(iv).

A vector space V' with a trilinear map m : V x V x V — V with m(z,y, z), called the triple
product, and denoted by (z,y, z) is called an associative triple system if it satisfies

(.9, (z,u,0)) = ((z,y,2),u,v) = (z, (u,2,9),v)
for all elements x, y, z,u,v € V. Many examples will appear in this paper. If the base field is the
complex numbers, the triple product is assumed to be conjugate linear in the middle variable.

Let M be an associative triple system with triple product denoted by [hgf]. Let

E(M) = End (M) & [End (M)]?,

where the notation V for ~a complex vector space means that the scalar multiplication in V is
(M) €eCx Vi Aov= ).
We shall often denote the products in E(M)° and in [End (M)]? by X oY = Y X. Explicitly,
for A= (A1, As) and A" = (A}, AS) belonging to E(M),
AA" = (Ay, Ag) (A7, Ay) = (A1 A, Ay 0 Ay) = (A1 4], Ay Ay),
and for B = (B1, By) and B’ = (B}, B}) belonging to E(M)°?,

BoB'=(By,By) o (By, By) = (B, By)(Bi1, B2) = (By By, B 0 By) = (B1B1, B2By).
Involutions, that is, conjugate linear anti-isomorphisms of order 2, are defined on E(M) by
A= (Al,Ag) — Z = (AI,AQ) = (AQ,Al),

so that AA’ = A’ A, and
M = (M1, Ao Az) = (A1, AAs) = (Mg, A1) = (M2, A0 Ay) = X 4
and on E(M)° by

B = (Bl,Bg) — E = (Bl,Bg) = (BQ,Bl),
so that Bo B’ = B’ o B and
AB = (AB1, )0 By) = (AB1,AB3) = (AB2,A\B1) = (ABa, Ao B1) = \ B.
For g,h € M, define L(g, h) = [gh-], R(g, h) = [-hg],
(g, h) = (L(g, h), L(h, 9)) = (lgh-], [hg']) € E(M)

and
r(g,h) = (R(h,g), R(g, h)) = ([-gh], [-hg]) € E(M)**.
Next, define
L =L(M)=span{l(g,h) :g,h € M} C E(M)
and

R=R(M) =span{r(g,h) : g,h € M} C E(M).
The next three lemmas follow straightforwardly from the above construction so their proofs

are left to the reader. Their statements have their origins in [17] and are reproduced in [18, pp.
28-30].
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Lemma 1.1. With the above notation
(i): R(f.g)L(h.k) = L(h K)(R(f.9)"
(ii): £(g, h)l(g", 1) = L(lghg], h') = (g, [h'g'h])
(iii): r(g,h)or(¢',h') =r(g, [hg'h']) = r([¢'hg], h'), where, as indicated, the product on the
left is taken in E(M)°P.
(iv): L is a *-subalgebra of E(M) and R is a *-subalgebra of E(M )P
Lemma 1.2. Let A= (A;,As) € E(M), B=(B1,B2) € E(M)°, and f € M. Then
(i): M is a left E(M)-module via
(Aaf)'_)Af:Alfa
a right E(M)°P-module via
(faB) HfB:Bl.ﬂ
and an (L, R)-bimodule.
(ii): Let M denote the vector space M with the element f denoted by f and with scalar
multiplication defined by (X, f) — Ao f = Af. Then
M is a left E(M)°P-module via
(Bv?) HBf:BQfa
a right E(M)-module via
(?aA) H?A:Alfv
and an (R, L)-bimodule.

Thus we have

(AA) - f=A- (A" f)and f- (BoB)=(f B) B,
f(AA) = (? A)-A'and (Bo B)- f =B-(B'- f),
(A-f)-B=A-(f B)and (B-f)- A=B-(f-A),

where the product B o B’ is taken in F(M)°P
Given an associative triple system M, let
A=AM)=LM)® M dM & R(M)

and write the elements a of A as matrices

o= E f} (A€ L(M),BeR(M),fgeM).

B
Define multiplication and involution in A by
(1.1) i = |4 LA L) (AU fg) A B
' g Bllg B| |g-A+B-g r(gf)+BoB
(the product B o B’ taken in E(M)°) and
A f1* 4 g
§— =z Z
0 NN

Lemma 1.3. A(M) is an associative *-algebra and for f,g,h € M,

[N R 6

IThis is needed in the proof of the bimodule statements in Lemma 1.2.
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Remark 1.4. The map f — [8 é] is a triple isomorphism of M into A(M ), the latter considered

as an associative triple system with triple product ab*c, for a,b,c € A(M), We refer to A(M)
as the standard embedding of M. If the associative triple system M is a normed space, and
Ag 1 < I llglllll, then the normed standard embedding of M is defined in the same way but
with R and L replaced by their closures in B(M). In this case, the modules in Lemma 1.2 are
continuous modules, and Banach modules if M is a Banach space.

In certain cases, the correspondence M — A(M) will be a functor from the category of
associative triple systems and triple homomorphisms to the category of associative *-algebras and
*_homomorphisms. In the present context, we have the following lemma, whose straightforward
but tedious proof is omitted.

Lemma 1.5. Let ¢ : My — My be a surjective triple homomorphism between associative triple
systems My and Msy. There is a *~homomorphism A(y) : A(M1) — A(Ms) defined by

A(w)([? JJ;D_ 901(;)1) o (f)

1
o(g)  ©2(B)
where if A =73",([gihi], [higi’]) € L(M),
p11(A) = Z([@(gi)w(hi)-], [o(hi)e(gi)]) € L(My),

and if B =Y _,([-gihi], [-higs]) € R(M1),
p22(B) =Y _([(g)p(ha)], [p(hi)e(g:)]) € R(Mp).

(2
1.3. Ternary rings of operators. Let H and K be complex Hilbert spaces. Denote by
B(H, K) the set of all bounded linear operators from H to K, and write B(H) for B(H, H).
Consider B(H, K) as a Banach space with the usual operator norm and additional algebraic
structure given by ternary product (x,y, z) — xy*z, so that for every z,y, z € B(H, K) we have:

3
ey zll < [lz[l lyll Izl and fzz”z| = {=[°.

A Banach subspace X of B(H, K) is called a TRO (ternary ring of operators) if xy*z € X
for every choice of x,y,z € X. A TRO X C B(H, K) is called a W*-TRO if it is weak* closed
(equivalently, weak operator closed, or strong operator closed) in B(H, K). A TRO that is dual
as a Banach space is a W*-TRO [9, Theorem 2.6, and every W*-TRO has a unique Banach
space predual, up to isometry [9, Proposition 2.4]. TROs are studied extensively in [2, §4.4,
§8.3, 8.5.18], where we can find the following on page 351:

Around 1999, interest in TROs picked up with the important paper [9]. As
evidenced by the number of recent papers using them, it seems that TRO and
C*-module methods are playing an increasingly central role in operator space
theory at the present time.

Let X be a TRO contained in B(H, K). The left C*-algebra of X, denoted by C' is the C*-
subalgebra of B(K') generated by elements of the form zy* with z,y € X. Similarly, the right
C*-algebra of X, denoted by D, is the C*-subalgebra of B(H) generated by elements of the form
y*z with y,z € X (C and D need not be unital algebras). The connection between C' and D is
made via the linking C*-algebra of X, defined as Ay = [ & ¥, where X* = {z* : z € X} is
the space of adjoints of elements of X. It is often convenient to make the identification

B(K) B(H,K
B(K & H) = [B<§<}I) z(s(H))]
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and regard Ay as a C*-subalgebra of B(K @ H). The linking C*-algebra Ax is uniquely
determined by X and is independent of the Hilbert spaces H and K on which X is represented.
Thus, for the most part, we may assume that TROs X C B(H, K) act non-degenerately on H
and K (X H is norm dense in K and X*K is norm dense in H). In this case, the C*-algebras C
and D act non-degenerately on K and H, respectively. It is clear that CX C X and XD C X,
so X is a C-D bimodule. In fact, CX = X = XD and X can be regarded as a non-degenerate
and faithful Hilbert C-D bimodule with inner products ~(z,y) = zy* and (z,y) , = ="y defined
on X.

Let X be a W*-TRO contained in B(H, K). The left von Neumann algebra of X, denoted
by M, is the von Neumann subalgebra of B(K) generated by elements of the form xy* with
x,y € X. The right von Neumann algebra of X, denoted by N, is the von Neumann subalgebra
of B(H) generated by elements of the form y*z with y, z € X. The linking von Neumann algebra
of X is defined as Ry = [ ¥ X] and it is viewed as a von Neumann subalgebra of B(K @& H).
The weak* closure X of a TRO X is a W*-TRO.

Ezample 1.6. If M is a TRO, then A(M) (see Remark 1.4) is a C*-algebra which is *-isomorphic
to the linking algebra Aj,; of M via the map

> Ty z >oillziyil, [yiwic]) z
Sl S 3} u;vj] H[ w 5 (Fugog) Loju))) € A
(cf. Example 4.15).

1.4. Categories. In this subsection, we record the basic definitions in category theory that we
use. See, for example, [12, Chapter 0].

Definition 1.7. A category C = (Ob(C), Mor(C), o) consists of the following entities.

(1) A class Ob(C) of objects.
(2) For each X,Y in Ob(C), a class Hom(X,Y") of morphisms (or maps) from X to Y, with

f in Hom(X,Y) written X Ly or f: X — Y. The class of all morphisms is denoted
Mor(C), so Hom(X,Y) C Mor(C).

(3) For each object X, there is a morphism 1x € Hom(X, X) such that 1y o f = folx = f
for each f € Hom(X,Y).

(4) For each X,Y,Z in Ob(C), a function

Hom(X,Y) x Hom(Y,Z) — Hom(X,Z2)
(f,9) = gof=gf
called morphism composition (or just composition), which is associative in the sense that
(hg)f = h(gf) for all composable morphisms in the category.

When convenient and not confusing, we shall often, as in [11], denote Hom(X,Y") simply by
(X,Y).

Definition 1.8. Let C and D be categories. A (covariant) functor F': C — D consists of the

following entities.

(1) A function Ob(C) — Ob(D) that associates to each object X in C an object F/(X) in D.
(2) For each X,Y in Ob(C), a function Hom(X,Y) — Hom(F(X), F(Y)) that associates to

each morphism X Lyinca morphism F(X) ) p (Y) in D such that

F(gof)=F(g)o F(f) and F(lx)=1lpx)

for all composable morphisms f, g in C.
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Definition 1.9. A subcategory of a category C is a category S whose objects are objects in C and
whose morphisms are morphisms in C with the same identities and composition of morphisms.
If X,Y are objects of S, then the morphism set of S from X to Y is denoted (X,Y)s, and we
have (X,Y)s C (X,Y) := (X,Y)ec.

Definition 1.10. Let K be a field. A category C = (Ob(C), Mor(C), o) is called a K-linear
category (or a K-algebroid) if each Hom(X,Y) C Mor(C) has the structure of a vector space over
K and composition of morphisms
Hom(X,Y) x Hom(Y,Z) — Hom(X,Z2)
(f;9) = gof

is K-bilinear.

For any object X in a K-linear category, (X, X) is a unital associative algebra. For any
such associative algebra A, the category with A as its sole object, and A as its morphisms, is a
K-linear category with composition being the product in A.

Definition 1.11. Let A be a K-linear category and J a subcategory. Then 7 is an ideal of A
if for objects X,Y of J, (X,Y)7 is a linear subspace of (X,Y’) and objects X,Y, Z

(right ideal) (Y, Z)70(X,Y) C(X,Z)7
and
(left ideal) (Y, Z)o(X,Y)s C (X, Z)7
(composition in A).
If J is a two-sided ideal in C, the quotient C/J is the category with the same objects as C and

with morphism sets the quotient spaces (X,Y)/(X,Y) 7. There is a natural quotient functor
from C to C/J (see [19, section 4]).

Definition 1.12. Let C and D be K-linear categories. A functor F': C — D is a linear functor
if the map F': Hom(X,Y) — Hom(F(X), F(Y)) is linear.

2. C*-TERNARY RINCS

Recall that a C*-ternary ring was introduced in [22] as a complex Banach space (Z, || - ||) with
a ternary operation (-,-, ) : Z X Z x Z — Z which is linear in the outer variables and conjugate
linear in the middle variable, associative in the sense that

(v, w,2),9,2) = (v, (y,2,w), 2) = (v, w, (2,y,2)),
and for which ||(z, v, 2)|| < ||lz||lly||||z|| and ||(z,z,z)|| = ||z||®. In addition, if Z is a dual Banach
space, it is called a W*-ternary ring.

In order to prove our main results in this section (Theorems 4.11 and 4.14 below), we shall
invoke the following Gelfand-Naimark theorem for C*-ternary rings, which uses the following
terminology. A linear bijection ¢ : Z1 — Zs between two C*-ternary rings (Z1, (+,-,-)1) and
(Za, (+y+,+)2) is an isomorphism if p((x,y,2)1) = (p(x), p(y), p(2))2 and an anti-isomorphism if
o((z,y,2)1) = —(e(x), ¢(y), ¢(2))2-

Theorem 2.1 (Theorem 3.1 in [22]). Let Z be a C*-ternary ring.

(i): Z is the direct sum of two C*-ternary subrings Zy and Z_which are respectively iso-
metrically isomorphic and isometrically anti-isomorphic to a ternary ring of operators
(TRO).

(ii): The decomposition is unique: if Z1 and Zs are C*-ternary subrings of Z with Z =
71 @ Zs, Zy isomorphic to a TRO, and Zs anti-isomorphic to a TRO, then Z, = Z
and Z_ = Zy.
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(iii): There exists one, and only one, operator T : Z — Z satisfying
o T2 =1;
o T((z,y,2) = (Tx,y,z) = (2, Ty, z) = (z,y,Tz) forx,y,z € Z;
e (Z,To(x,y,z)) is a C*ternary ring which is isomorphic to a TRO.

Remark 2.2. Zettl shows ([22, Proposition 3.2 and p. 130]) that if a C*-ternary ring (Z, (z,v, 2))
is a right Banach 2f-module for some C*-algebra 2, and there is a conjugate bilinear form
a:Z x Z — A with ||af <1 satisfying

(i): a(z - a,y) = a(z,y)a

(i): a(z,y)" = aly,z)

(iii): (l‘,y,Z) =T O[(Z,y)

(iv): spana(Z, Z) is dense in 2,
then Zy = {z € Z : a(z,2) > 0} and Z_ = {z € Z : a(z,2) < 0}, and that Z; and Z_ are
orthogonal, so that ||(«a, 8)|| = max(||«|, ||B]]) for (a,8) € Z+ & Z_.

Let (M, [, -,]) be a C*-ternary ring. Recall that, M being a normed associative triple system,
it is, by Remark 1.4, a left L(M)-Banach module via L(M) x M > (A, f)— A- f=A1fe M
and a right R(M)°P-Banach module via M x R(M) > (f,B) — f-B = By f € M, and that

A={a= E IJ;} . A€ L(M),B € R(M), f,g € M),

is an algebra with multiplication (1.1) and involution (1.2).

We note that the C*-algebra 2 in Remark 2.2 is the closed span of {[-gh] : g,h € V'} and it is *-
isomorphic to R(M) via the map 2 5 By — o(B;) = (B1, B}) € R(M). Similarly 7: B — L(V)
is the *-isomorphism A; — (A;, A}), where B is the close span of {[gh:] : g,h € V}. The C*-
ternary ring M is thus both a Banach (L, R)-bimodule and a Banach (8, 2l)-bimodule.

The following proposition is a key to the proof of Theorem 4.11. Because of the length of the
proof of (iv), we defer it to section 6. Also, although the proof of (i) follows from the fact, just
noted, that R(M) is *-isomorphic to 2, we give a direct proof in the present context.

Proposition 2.3. Let M be a C*-ternary ring. With the above notation, we have

(i): R(M) is a C*-algebra with the norm from B(M).
(ii): M is a right Banach R(M)°P-module.
(iii): With (flg) = (flg)ar : M x M — R(M) defined by (flg) = (g, f) = ([-9f1, [ f9]), we

have

(f-Blg) = (flg) o B.
(iv): If M is a right R(M)°P-Hilbert module, then A can be normed to be a C*-algebra.

Proof. (i) Recall that R = R(M) is the closed span of
{r(f,9)=(f9l.[9f]) : f.9 € M} C B(M) & [B(M)]*.

Let U = ), 7(fi,9:) = O ;1 figil, > ;l-9:fi]) = (U1,U2) € R, and recall that U = (U, 1) is
the invoh&ion2 on R. We shall show, by mimicking the proof of [22, Proposition 3.2 (1)], that
|U||> = |[UU||, proving that R is a C*-algebra.

2U is obviously well defined. However, that fact, proved in [22], that ) [ fig:] = 0 implies that > [-gifi] =0,
requires proof using associativity of the ternary product. We don’t need that argument here since it is obvious
that if (U17 UQ) = (0,0)7 then (Ul7 UQ) = (UQ,Ul) = (0,0)
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Let h = (h1,h2) € M & M. We have
[Uh,Uh,UR| = [Uihy,Urh1, Urth1] & [Uzha, Usha, Ushs]
= D _[mfigil, Uthy, Urha] @ Y _[hagifi), Usha, Uzhs]
= > [l [Uha, gi, fil, Utha] @ _[ha, [Uaha, fi, gil, Ushs]
= [ @ha,(_[Uih1,gi, fil) ® (D _[Ushs, fi, gi]), Urtha @ Ushs)]
[hl ® ho, UsUrh1 ® U Ushs,Urh1 & Ughg]
— [n,UUR, UK,
so that o
|URIP = [[[UR, UR,UR]|| < [IW[[|TUR]|UA]
and o o o
IURIP < [IWNTUR] < [BIPITU] < [TV = [U]2[lA]>.
(ii) This is immediate from Lemma 1.2(i), as noted in Remark 1.4.
(iii) Let B = (Bi, By) = r(h, k) = (|-hk], [kh]). Then
(f - Blg) = (B1flg) = r(g. B1f) = r(g,[fhk]) = ([-glfhK]], [-[fhK]g])

and

(flgyo B = r(g,[f)o (B, B2)

= ([gf].[-f9]) o ([-hk], [-kR])
= ([-nK], [ER)([-9f]: [ f9])
= ([-rkl[-9f],[-fqll-kR])
= ([[9fInk], [[-kR]fq]),
as required.
(iv) See section 6. O

Lemma 2.4. If M is a C*-ternary ring with decomposition M = M & M_, then My is a right
R(M)°P-Hilbert module.

Proof. In Remark 2.2, with a(f,g) = (flg) = 7(f, g), (i) holds by Proposition 2.3(iii), and (ii)
and (iv) follow from the definition of a. To prove (iii) in Remark 2.2, it suffices to show that

[hgf] = h-(flg). But h-(flg) = h-([gf],[-fg]) = [hgf]. Thus My = {f € M : a(f, f) = 0}
and is therefore a right R(M)°P-Hilbert module. O

Lemma 2.5. A surjective homomorphism between C*-ternary rings is contractive.

Proof. Let ¢ : M — N be a surjective homomorphism of C*-ternary rings M = M, & M_ and
N =N;®N_. Then N = ¢(M;) D p(M_) is the sum of two orthogonal ideals. Also, ¢p(M) ~
M /ker ¢|pr, which is isomorphic to a quotient of a TRO, which, by ([9, Proposition 2.2]) is a
TRO. Similarly ¢(M_) ~ M_/ker ¢|p_ is anti—isomorphic to a TRO. So by uniqueness of the
Zettl decomposition, ¢(M) = Ni. Note that a TRO homomorphism of TROs is contractive ([9,
Proposition 2.1]), and since ¢ restricts to a homomorphism of My onto N4, ¢|nr, is contractive.
For example, if ¢ is an isomorphism of My onto a TRO V, and ¢ is an isomorphism of N
onto a TRO W, then € o ¢ o ¢p~! is a homomorphism from V to W, hence contractive, and
l6@ Il = l€a(4) | = (€ 0 60 w1 w(ws)| < l¥(e:)] = sl Thus, if & = w4 + - € M,
16@)I = lé(z+) + ¢ )] = max(lé(z) . [é(z-) ) < max(z- ], lle_[) = |lz]. 0
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Lemma 2.6. Let ¢ : M — N be a surjective homomorphism between C*-ternary rings M and
N. There is a *-homomorphism A(¢) : A(M) — A(N) defined by

(2.1) A@<BQ>:<mWD o(f)

o(g)  ¢2(B)
where if A=Y .([gihi"], [higi-]) € L(M),
(2.2) p11(A) = Z([Sﬁ(gi)@(hi)'], [p(hi)p(g:)-]) € L(N),
and if B =73 _,([-gihi],[-higs]) € R(M),
p22(B) = Z(['@(gi)ﬂhi)]a [p(hi)p(g:)]) € R(N).

%

)

Proof. 1t is enough to show that the mapping (2.1) is well-defined, which will follow from
le11(A)|| < [|A]l and ||p22(B)|| < ||B]|. The rest of the proof involves straightforward but
tedious algebra. In fact the contractivity of ¢11 and of ¢o9 follow by direct calculation from
Lemma 2.5 and surjectivity of ¢. O

Proposition 2.7. If M is a C*-ternary ring, then A(M) is a C*-algebra.

Proof. With M = M, & M_, A(M,) is isomorphic to a C*-algebra by Lemma 2.4 and Propo-
sition 2.3(iv). If M_ is anti-isomorphic to a TRO V, then by Lemma 2.6, A(M_) is *-
isomorphic to A(V'), which by Example 1.6 is *-isomorphic to the linking algebra of V. Thus
A(M) = A(My) & A(M-) is a C*-algebra. O

3. TERNARY CATEGORIES
3.1. Ternary categories. The following definition is basic to this paper.

Definition 3.1. A ternary category C = (Ob(C), Mor(C), o) consists of the following entities.
e A class Ob(C) of objects.
e For each X,Y in Ob(C), a class Hom(X,Y') of morphisms (or maps) from X to Y, with
f in Hom(X,Y") written X Ly or f: X — Y. The class of all morphisms is denoted
Mor(C), so Hom(X,Y) C Mor(C).
e For each XY, Z, W in Ob(C), a function
Hom(X,Y) x Hom(Z,Y) x Hom(Z, W) — Hom(X,W)
(f,9.h) = hogof = hg'f
called morphism composition (or just composition), which is associative for all compos-
able morphisms in the category, namely

(3.1) (Ik*h)g* f = U(gh™k)* f = 1K™ (hg" f)
whenever
xhveézhwiuvbv
To be precise, because of the twist in the middle term, (3.1) is defined only if U =Y,
that is, for f € (X,Y), ke (Y,W),he (Z,W),g€ (Z,Y), L € (Y,V).

Definition 3.1 differs from Definition 1.7 in two respects. First, there is no stipulation for
the existence of an identity morphism for each object (however, see Remark 3.5). Second,
composition of morphisms is a ternary operation as opposed to a binary one. By an abuse of
language, we use the term ‘ternary category’ even though it may not be a category. In addition,
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by an abuse of notation, we warn that the notation ¢g* is symbolic, without independent meaning
(An exception occurs, for example, in Remark 4.8).

A linear ternary category is a ternary category in which Hom(X,Y) is a linear space over a field
K and composition is linear in the outer variables and conjugate linear in the middle variable.
In a linear ternary category, Hom(X,Y) is an associative triple system (see subsection 1.2).

Example 3.2. If M is an associative triple system, then the category with M as its sole object,
and M as its morphisms, is a K-linear ternary category with composition being the triple product
in M.

Ezample 3.3. The class of all sets (as objects) together with all binary relations between them
(as morphisms), with composition of relations, forms a category which we denote by R. Thus,
if X,Y are sets, Hom(X,Y) = P(X xY) is the power set of X x Y. If F C X xY is a
relation then F* = {(y,z) : (z,y) € F} CY x X is its converse. We have (F*)* = F and
(Go F)* = F* o G* for all composable relations. It follows that R is a dagger category (i.e.
category with involution). It can be viewed as a ternary category with the natural (ternary)
composition of relations, F'o G* o H.

Definition 3.4. Let C be a K-linear ternary category and [J a subcategory. Then [J is an
(ternary) ideal of C if for objects X,Y, Z, W of J, (X,Y) 7 is a linear subspace of (X,Y’) and

(Z,W)g0(Z,Y)e(X,Y)C (X,W)g,

(Z,W)o(Z,Y)go (X Y) (X, W)y,

(Z,W)o(Z,Y)o(X,)Y)7 C (X, W)z

If J is an ideal in C, the quotient C/J is the category with the same objects as C and
with morphism sets the quotient spaces [X,Y]:= (X,Y)/(X,Y) 7. There is a natural quotient
functor from C to C/J, given by (X,Y) > f— f = f+(X,Y) 7 € [X,Y]. The composition in
C/J is given by
(f,g.h) = [hgf],

and is easily seen to be well-defined and associative in the sense of Definition 3.1.

Remark 3.5.

e As in the case of non-unital categories (cf. [19, Definition 3.1}), there are no identity
morphisms per se in ternary categories. However, one can call a family of morphisms
{ux : X object of C} in a ternary category C which satisfy uyuj f = f = fulux a “uni-
tary” and more generally morphisms (ux) which satisfy ux = uxuux “tripotents,”

r “partial isometries”.?

° A unitary ternary category is a ternary category C containing a unitary element (ux). In
this case, one has a (unital) category A with the same objects and the same morphisms
as C, but with composition given by f o g = fujg for g € (X,Y), f € (Y, 2).

Ezample 3.6. The class of all complex Hilbert spaces (as objects) together with all bounded linear
operators between them (as morphisms), with morphism composition (f, g, h) — hg* f, forms a
unitary ternary category which we will denote by Hy (cf. Example 4.2 and Remark 4.13(iii)).

Definition 3.7. Let C and D be ternary categories. A (covariant) functor F': C — D (or ternary
functor for emphasis) consists of the following entities.
3In this case, a maximal tripotent in a T*-category (Definition 4.6) would satisfy

[uyuy f] + [fuxux] = f+ [[uyuy fluxux]

for f € (X,Y). Tripotents and Peirce decompositions in T*-categories are worthy of further study.
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e A function Ob(C) — Ob(D) that associates to each object X in C an object F'(X) in D.
e For each X,Y in Ob(C), a function Hom(X,Y) — Hom(F(X), F(Y)) that associates to

each morphism X L yinca morphism F(X) ") g (Y) in D such that?

F(hog o f)=F(h)oF(g)" o F(f)
for all composable morphisms f, g, h in C.

3.2. The linking category of a linear ternary category. Let C be a C-linear ternary
category with objects X,Y, Z, ... and morphisms (X,Y), (Z,W),.... Denote the composition of
morphisms f € (X,Y),g € (Z,Y),h € (Z,W) by [hgf].

For a pair of objects X,Y, (X,Y) is an associative triple system, so all of the machinery in
subsection 1.2 is available by replacing M there by (X,Y). Thus,

E(X,Y):=End ((X,Y)) @ [End ((X,Y))]?,
and for g,h € (X,Y),
(g, h) = (L(g, h), L(h, 9)) = ([gh-]; [hg"]) € E(X,Y),
r(g,h) = (R(h, g), R(g, h)) = ([-gh], [-hg]) € E(X,Y),
L=L(X,Y)=span{l(g,h) : g,h € (X,Y)} C E(X,Y), and
R =R(X,Y)=span{r(g,h) : g,h € (X,Y)} C E(X,Y)".
Recall that there are two reverses of multiplication in the definition of E(X,Y )%, and invo-

lutions are defined on E(X,Y) and E(X,Y)? by (A1, A2) = (A2, A1 and (By, Be) = (Bag, By).
From Lemmas 1.1 and 1.2,
e L is a *-subalgebra of E(X,Y) and R is a *-subalgebra of E(X,Y ).
e (X,Y)isaleft E(X,Y)-module via (A, f) — A- f = A1f,
a right F(X,Y)-module via (f,B) — f- B = By f, and an (L, R)-bimodule;
e (X,Y)is aleft E(X,Y)-module via (B, f) — B - f = Baf,
a right E(X,Y)-module via (f, A) — f- A= Asf, and an an (R, L)-bimodule.

Given objects X,Y in a linear ternary category C, let

A=AX,Y)=L(X,Y)& (X,Y)® (X,Y)& R(X,Y)

and write the elements a of A as matrices

o= E IJ;} (A€ L(X,Y),BeR(X,Y), f.g € (X,Y))

Define multiplication and involution in A by

(3.2) [A f] [A’ f’] _ [AA’+£(f,g’) A +f B ]

g B||gd B g-A+B-g r(g.f)+BoB

and
R

From Lemma 1.3, A(X,Y) is an associative *-algebra and for f,g,h € (X,Y),

[N R o

4The reader is reminded that g™ and F'(g)* are symbolic notations for the middle term of a ternary composition,
so have no meaning if isolated.
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Definition 3.8. Given a linear ternary category C, the linking category Ap of C is as follows.
The objects of the category Ay are the same® as the objects of C. The morphism set Hom(X,Y)
is defined to be {0} if X # Y, and Hom(X, X) = A(X, X), with composition as follows. If
a € Hom(X,Y) and b € Hom(Y, Z), then b o a must be {0} unless X =Y = Z, in which case
boa is defined to be the product ab in A(X, X).

In general, Ap is a non unital category. By adjoining the identity operator to L and to R,
one can define a unital linking category, but this is not needed for our purposes.

Remark 3.9. The category Ap can be considered as a ternary category under the composition

[abc] = ab¥c and, by Lemma 1.3, we obtain a linear ternary functor F' from C to Ac by
associating the object X of C to the object X of Ay and the morphism f € (X,Y) to0if X #Y

and otherwise to the morphism [8 ‘é} e A(X, X).

It is possible to define the morphism sets of Ay as (X, Y)AC =AX,Y) evenif X #Y. In

that case, we could then define boa to be 0 unless X =Y = Z and otherwise to be the product
ab in A(X, X). In either case, the price paid is that the linear ternary functor of C into Ap in
Remark 3.9 is not faithful (see Theorem 4.11 below).

FEzample 3.10. If M is an associative triple system, A(M) its standard embedding (see Re-
mark 1.4) and C is the category with M as its sole object and M as its morphisms with com-
position given by the triple product in M, then by [17, Satz 1] (reproduced in [18, Theorem 2,
p.30]), Ae is the category with A(M) as its only object and the elements of A(M) as morphisms
with composition being multiplication in the associative algebra A(M).

Definition 3.11. If the linear ternary category C is normed, that is, if (X,Y") is a normed space
and || f o g* ohl < [[fllllglll||l, then the normed linking category of C is defined in the same
way but with R and L replaced by their closures in B((X,Y’)). In this case, the modules in
Lemma 1.2 are continuous modules, and Banach modules if (X,Y") is a Banach space.

4. OPERATOR CATEGORIES

4.1. C*-categories. In this subsection we recall the notion of C*-category from [11] and [19].
Definition 4.1. A C*-category is a C-linear category C = (Ob(C), Mor(C), o) with the following
additional properties.

(i): (X,Y) is a complex Banach space.

(ii): Composition is bilinear.®
(iii): There is an involution, that is, a collection of maps (X,Y) > f — f* € (Y, X) which

are conjugate linear, involutive, and satisfy (go f)* = f*og* for f € (X,Y), g € (Y, Z).

(iv): llge fIl < [Ifllllgll for f e (X,Y), g € (Y, 2).
(v): ||h]|? = |h*h]| for h € (X,Y).
(vi): For all h € Hom(X,Y), h*h = g*g for some g € Hom(X, X).

A C*-functor is a linear functor between C*-categories which satisfies F'(f*) = F(f)*.

50r could be considered as the same as the objects of C, for example, in one to one correspondence with the
objects of C.
6This is part of the definition of C-linear, but included here for easy reference.
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For any object X in a C*-category, (X, X) is a C*-algebra, and as a consequence of Theo-
rem 4.5 and Remark 4.8, (X,Y) is a C*-ternary ring which is isomorphic to a TRO. For any
C*-algebra A, the category with A as its only object, and A as it morphisms, with composition
and involution being multiplication and involution in A, is a C*-category.

Ezample 4.2. The class of all complex Hilbert spaces (as objects) together with all bounded
linear operators between them (as morphisms), with morphism composition (f,g) — f o g,
forms a C*-category which we denote by H.

Ezample 4.3. Let A be a C*-algebra and let (H,p), (K, o) be a pair of *-representations of A
on Hilbert spaces H, K. An operator t € B(H, K) with tp(a) = o(a)t, for all a € A, is called
an intertwiner, the collection of all intertwiners between p and ¢ is denoted by Hom(p, o). If
t € Hom(p, o) then t* € Hom(o, p), it follows that Hom(p, o) is a weakly closed TRO contained
in B(H, K) and Hom(p, p) is a C*-subalgebra of B(H). The class of all *-representations of A on
Hilbert spaces (as objects) together with intertwiners of these representations (as morphisms) is
a C*-category, denoted Rep(A), which can be viewed as a T*-category with the natural (ternary)
composition of intertwiners.

Ezample 4.4. Let T' be a countable discrete group and let (H,p), (K,o0) be a pair of unitary
representations of I' on Hilbert spaces H, K. The collection Hom(p, o) of intertwining operators
between p and o, i.e. operators t € B(H, K) with tp(g) = o(g)t for all g € T, is a weakly closed
TRO contained in B(H, K), and Hom(p, p) is a von Neumann subalgebra of B(H). The class
of all unitary representations of I' on Hilbert spaces (as objects) together with intertwiners of
these representations (as morphisms) is a C*-category, denoted Rep(I'), which can be viewed as
a T*-category (see Definition 4.6) with the natural (ternary) composition of intertwiners.

It is shown in [11] that every C*-category C can be realized as a “concrete” C*-sub-category of
H (see also [19], which among other things, gives the proof of Theorem 4.5 below in more detail).
Theorem 4.5 can be viewed as a generalization of the celebrated Gelfand-Naimark representation
theorem which says that every abstract C*-algebra can be realized as a concrete C*-subalgebra
of some B(H), and it serves as the motivation for the results in this section.

Theorem 4.5 (Proposition 1.14 in [11]). For every C*-category A, there is a faithful C*-functor
from A to H.

4.2. T*-categories.

Definition 4.6. A T*-category is a ternary category C = (Ob(C), Mor(C), o) with the following
additional properties’.
(i): (X,Y) is a complex Banach space.
(ii): For each XY, Z, W in Ob(C), a function
Hom(X,Y) x Hom(Z,Y) x Hom(Z,W) — Hom(X,W)
(f,9,h) = [hog”of]
called morphism composition (or just composition), which is associative in the sense that

[(1E*h)]g* f] = [llgh*k]*f] = [lk*[hg* f]], whenever the compositions are defined (see
Definition 3.1).

(iii): Composition is linear in the outer variables and conjugate linear in the middle vari-
able.
(@v): Ngh*fIl < IRlLF gl for fe (X,Y),he(Z,Y),g€ (2,W).

"Ttems (ii) and (iii) are parts of the definition of ternary category, but included here for easy reference.
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(V): [IBBR]| = B, for h € (X,Y).

A T*-functor is a linear functor between T*-categories. A T*-category is a TW*-category if each
morphism set is a dual space.

For any objects X, Y in a T*-category (resp. TW*-category), (X,Y) is a C*-ternary ring (resp.
WH-ternary ring). A C*-ternary ring X, or its concrete analogue, a ternary ring of operators
(TRO), can be viewed as a T*-category with one object and the elements of X themselves as
morphisms, with morphism composition given by the ternary operation in X.

As mentioned in subsection 1.1, Zhong-Jin Ruan [20] presented a classification scheme and
proved various structure theorems for weakly closed ternary rings of operators (W*-TROs) of
particular types. A W*-TRO V of type I, II, or III was defined according to the Murray-von
Neumann type of its linking von Neumann algebra Ry, defined in subsection 1.3.

A W*-TRO V is of type I, II, or III according as Ry is a von Neumann algebra of the
corresponding type. A W*-TRO of type II is said to be of type I 5, where €, € {1,00}, if
M (V) is of type II. and N(V) is of type Il5. A sample result is that a W*-TRO of type I is
TRO-isomorphic to &qL>®(Qq, B(Ka, Ha)) ([20, theorem 4.1]).

Definition 4.7. A TW*-category is of type I (resp. ILIII) if each morphism set (i.e. C*-ternary
ring) (X,Y) is isomorphic as a C*-ternary ring (for example isomorphic or anti-isomorphic) to
a W*-TRO of type I (resp. ILIII).

In connection with Theorem 4.5, it is also proved ([11, Proposition 2.13]) that for every W*-
category there is a faithful normal C*-functor into H, which is obviously a W*-category. What
is missing however, as mentioned in subsection 1.1, is a type classification of W*-categories into
WH-categories of types I, II, and III. We remedy this in Propositions 4.9 and 4.24.

Remark 4.8. A C*-category (resp. W*-category) becomes a T*-category (resp. TW*-category)
with ternary product [hgf] = f o ¢g* o h, and by Theorem 4.5 (resp. [11, Proposition 2.13)),
each morphism set (X,Y) in a C*-category (resp. W*-category) is isomorphic to a TRO (resp.
W*-TRO).

Proposition 4.9. Each W*-category C, considered as a TW*-category, is the direct sum C; &
Crr®Crry, where C;, i = I, 11,111, is a TW*-category of type i.

Proof. By [11, Proposition 2.13], in a W*-category, each morphism space (X,Y") is isomorphic
to a W*-TRO. By Ruan’s classification (X,Y) = (X,Y);® (X,Y )7 ® (X,Y)r7 and it suffices
to take C; to be the T*-category with morphism sets (X,Y);. O

Let C be a T*-category. Since A(X,Y) plays no role in what follows if X # Y, we will focus on
the morphism sets (X, X) and for notation’s sake, denote (X, X) by X, L(X,X) by L, R(X, X)
by R, and A(X, X) by A. Recall that X is a left L-module via LxX 3 (A, f) — A-f = A f € X
and a right R°’-module via X x R > (f,B) — f-B = Bif € X, and that

A -
Az{a:[g é] :AeL,BeR, f,ge X},

is an algebra with multiplication (3.2) and involution (3.3).

Remark 4.10. If C is a T*-category and J is a closed ideal (meaning (X,Y") 7 is a closed subspace
of the Banach space (X,Y")), then C/J is a T*-category.

Proof. Ttems (i)-(iii) in Definition 4.6 are clear. To prove (iv), let f € [X,Y],g € [Z,Y],h €
[Z,W] and choose f' € (X,Y) 7, ¢ € (Z,Y) g, W' € (Z,W) g such that [|f + f'|| < [[f] +e,
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lg +g'll < 1[gll + € [+ || < [[Al] + €. Then

Irgflll = Nh+W,9+g, F+Fll=h+HW,g+d, f+f]l
< Nh+Wsg+g f+ P < N+ Rlllg + gL+ f)
< [IplliglllFll + Ofe).

As for (v), if h € [X,Y], then
A2 = inf |h+k|>= inf |[h+kh+kh+E]|
kEE(X,Y) kE(X)Y)

3 j ) J
_ inf hhh lement of (X,Y
ke(;gy)jl\[ ] + an element of (X,Y) 7||
> inf hhh) + k| = |[[hhR]| = ||[R, B, |-
> ke(;{r}y)jl\[ | + k|| = [|[hhR]]| = || 1l

The following theorem is the first main result of this paper.

Theorem 4.11. If C is a T*-category then Ap is a C*-category and there is an ideal K # C of
C and a faithful T*-functor from C/K to Ap, the latter considered as a T*-category.

Proof. It is clear that Ap, as defined in Definition 3.8, is a linear non-unital category which,
when considered as a ternary category, satisfies (ii), (iii) and (vi) in Definition 4.1. Items (i),
(iv), and (v) in Definition 4.1 are tantamount to the morphism sets of Ay of the form A(X, X)
being normed as C*-algebras. This fact is immediate from Proposition 2.7.

The ideal K of C defined by (X,Y ) = (X,Y)c if X # Y and (X, X)x- = 0, is the kernel
of the functor F' given by Remark 3.9, so it induces a faithful functor F = F/K from C/K to
Ac. O

The following is the category analog of the Hamana extension of a TRO homomorphism to a
*-homomorphism of the linking C*-algebras, [2, 8.3.5].

Remark 4.12. Let p be a T*-functor from a T*-category C to a T*-category D. Then there is a
C*-functor p from Ay to Ap which extends p.

Proof. For each object X of Ag, set p(X) = p(X), which is an object of D and hence of
Ap. If X # Y, then (X,Y)AC = 0, so set p((X,Y)AC) = 0. For ¢ = p|(X’X)AC where
(

(X,X)AC = A(X, X), let p(¢) be the element A(¢) € p(X),p(X))AD = A(p(X), p(X)) given
by Lemma 2.6. ]

Remark 4.13. Direct sums of categories were defined in [19, Definition 3.8]. The same definition
can be made for ternary categories.

(i) If C and D are categories (resp. ternary categories) whose objects may be considered
identical, then the direct sum C @ D is defined as the category (resp. ternary category) whose
objects are identified with the objects of C or D, and with morphism sets

Hom(X,Y)e,p = Hom(X,Y)e @ Hom(X,Y)p,

and composition defined coordinatewise.

(ii) If C is a T*-category, T*-subcategories C+ are defined as follows. Recall that by Theo-
rem 2.1, we have (X,Y) = (X,Y);+ & (X,Y)_ for each pair of objects X,Y of C. The objects of
C+ are the same as the objects of C, and for such objects X,Y,

(X,Y)e, = (X,Y)s.
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It is clear that C is isomorphic to C+ & C— and that Ap is isomorphic to Ac, & Ac_ .

(iii) The category H consisting of complex Hilbert spaces H, K, L, . .. as objects and bounded
linear maps B(H, K) as morphisms is a C*-category with composition ST for S € B(K, L) and
T € B(H, K) (See Definition 4.2). It is a T*-category with composition RS*T. We shall now
denote this T*-category H by Hy and let H_ denote H as a T*-category with composition
—RS*T.

The following may be called the Gelfand-Naimark theorem for T*-categories.

Theorem 4.14. Let C be a T*-category. Then there is an ideal K # C in C and a faithful
T*-functor from C/K to the T*-category Hy @& H_.

Proof. By Theorem 4.5, there is a faithful C*-functor G4 from ACi to H. With ACi considered
as a T*-category, we have that G4 is a T*-functor from ACi to H+. By Theorem 4.11, there
is a T*-functor F4 from C4+ to ACiv and it suffices to consider H/K, where K is the ideal in
Theorem 4.11, and H = (G4 o F}) & (G_o F_). O

We close this subsection with some examples of linking C*-categories.

Ezample 4.15. (Cf. Example 1.6) If X is a TRO, and C is the T*-category ({X}, X) with X
as its sole object and the elements of X as its morphisms from X to X, and with composition
[zyx] = xy*z, then Ap is the category ({ X}, A(X, X)) with X as its sole object and the elements
of A(X,X) as its morphisms from X to X, and with composition being the multiplication in
A(X, X). As expected, the C*-algebra A(X, X) is *-isomorphic to the linking algebra Ax of
the TRO X under the map

Zi Tiy; z Zi([xiyi']a lyixi-]) z
Ax > |7y zju;vj]H[ © 5 (v, Fuug)) | € AKX

Ezample 4.16. If (Z,(-,-,-)) is a C*-ternary ring, and C is the T*-category ({Z}, %) with Z
as its sole object and the elements of Z as its morphisms from Z to Z, and with composition
[zyz] = (v,y,2), then Ap is the category ({7}, A(Z,Z)) with Z as its sole object and the
elements of A(Z, Z) as its morphisms from Z to Z, and with composition being the multiplication
in A(Z, 7).

The C*-algebra A(Z, Z) = A(Z4+)®.A(Z_) is *-isomorphic to Ax @B where X is a TRO which
is isomorphic to Z4, and B is a C*-algebra which is related to a TRO Y which is anti-isomorphic
to Z_. Precisely, A(Z4) is isomorphic to Ax, which is the closure of

2Ty % }

i i

* *, :xivyiauj7vjaz7w€X
{[ v 25155

a z||ld | Jad+azy* axl+zp8

and A(Z_) is isomorphic to B, which is the closure of

> Ty} z ] }
DX, Yiy Wiy Vi, Z, W EY
{|: w* Z]ujvj 15 J1s Wy Vg <~y

a z||d | | ad -2y —azr! —azf
w* B w'™* 5/ - —y*Oz'—By’* _y*O/‘i‘ﬁﬁl .

with multiplication

with multiplication
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Ezample 4.17. If C is the T*-category M, of Hilbert spaces and bounded linear maps (see
Remark 4.13(iii)), then Agy, is the C*-category with the same objects as H, and for each such

object (Hilbert space) H, (H,H)q, = B(H) and (H’H)AH =A(H,H)=B(H)® B(H) =
+

My(B(H)).

Ezample 4.18. If C is any C*-category, considered as a T*-category then Ay is the C*-category
with the same objects as C, and for each such object X, (X, X)AC is a C*-algebra and (X, X)AC
A(X, X) = My ((X, X)).

Example 4.19. Let A be a C*-algebra. Then the class C of all Hilbert C*-modules over A
(as objects) together with all bounded A-linear and adjointable operators (as morphisms), with
morphism composition (f, g, h) — hg* f, forms a T™*-category. In this case A(X, X) is isomorphic

to the linking algebra as defined in [2, 8.1.17, pp. 303-304] and A is therefore a subcategory
of the C*-category of C*-Hilbert A-modules and bounded A-linear maps.

4.3. The linking W*-category of a TW#*-category. The proofs of the main results in
this section (Theorems 4.23 and 4.25 below) are based on the tools leading up to the following
Gelfand-Naimark theorem for W*-ternary rings, which recall are C*-ternary rings with a predual.

Theorem 4.20 (Theorem 4.1 in [22]). A W#*-ternary ring Z is the direct sum of two W*-ternary
subrings Z4 and Z_which are respectively normally isometrically isomorphic and normally iso-
metrically anti-isomorphic to a W*-TRO. Normally means the isomorphism and anti-isomorphic
are weak*-continuous.

Let V be a C*-ternary ring with triple product denoted by [hgf]. By Proposition 2.3, V' is
the off-diagonal corner of a C*-algebra A(V'), where
L Vv
and L = L(V) and R = R(V) are C*-algebras. Consider

(11) i =" e

where M (L) and M(R) are the multiplier algebras of L and of R.

Proposition 4.21. If the C*-ternary ring V is a dual space, then M(R(V')) and M(L(V)) are
WH*-algebras, and therefore V' is the off-diagonal corner of a W*-algebra.

Proof. In order to use the results of [22, section 4], we recall that the C*-algebra 2 in Remark 2.2
is the closed span of {[-gh] : g,h € V'} and it is *-isomorphic to R(V') via the map A > By —
o(B1) = (B1,BY) € R(V). Similarly 7 : B — L(V) is the *-isomorphism A; — (A4;, A}),
where B is the close span of {[gh‘] : g,h € V'}. The C*-ternary ring V is thus both a Banach
(L, R)-bimodule and a Banach (8, 2)-bimodule.

Using only the assumption that V' is a right Hilbert 2-module, it is proved in [22, section 4],
that M () is a W*-algebra. It follows that, provided V is a right Hilbert R°P-module, M (R) is
a WH*-algebra, and by a parallel argument, that M (L) is also a W*-algebra. The reduction to
V being a Hilbert module is obtained by considering V' with a triple product modified by the
operator 7" in Theorem 2.1(iii). It follows that

AV)y=ML)eV eV e M(R)
is the dual of } o
AV)w=M(L)s @V, & V. ® M(R)s,
where V; is the predual of V, so A(V) is a W*-algebra. O
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Recall that a TW*-category is a T*-category in which each morphism set is a dual space.
A W*-ternary ring was introduced in [22] as a C*-ternary ring which is a dual space. For
any objects X,Y in a TW*-category, (X,Y) is a W*-ternary ring. A W*-ternary ring X, or
its concrete analogue, a weakly closed ternary ring of operators (W*-TRO), can be viewed as
a TW*-category with one object X and the elements of X themselves as morphisms, with
morphism composition given by the ternary operation in X.

Definition 4.22. Given a TW*-category C, the linking W*-category flc of C is as follows. The
objects of the category Ay are the same as the objects of C. The morphism set Hom(X,Y') is

defined to be {0} if X # Y, and Hom(X, X) = A(X, X), as in (4.1) with V = (X, X), and with
composition as follows. If a € Hom(X,Y) and b € Hom(Y, Z), then b o a must be {0} unless

X =Y = Z, in which case bo a is defined to be the product ab in A(X, X).
The following is the W*-version of Theorem 4.11.

Theorem 4.23. If C is a TW*-category then flc is a W*-category and there is an ideal IC # C
of C and a faithful TW*-functor from C/K to flc, the latter considered as a TW*-category.

Proof. 1t is clear that flc, as defined in Definition 4.22; is a linear non-unital category which,
when considered as a ternary category, satisfies (ii), (iii) and (vi) in Definition 4.1. Items (i),
(iv), and (v) in Definition 4.1 are tantamount to the morphism sets of flc of the form A(X, X)
being W*-algebras. This fact is immediate from Proposition 4.21.

The ideal K of C defined by (X,Y)x = (X,Y)c if X # Y and (X, X)g = 0, is the kernel
of the functor F' given by Remark 3.9, so it induces a faithful functor F = F/K from C/K to
Ae. O

The following is the appropriate version of Proposition 4.9.

Proposition 4.24. Each TW*-category C is the direct sum C; ® Cr; ® Cyryr, where C;, 1 =
I,I1,111, is a TW*-category of type i.

Proof. In a TW*-category, each morphism space (X,Y) is isomorphic as a W*-ternary ring to
a W*-TRO. By Ruan’s classification

(X, V) =((X,Y)1)r & (X, Ye)ir © (X, Y)1 )
and it suffices to take C; to be the T*-category with morphism sets
(X,Y)i = (X, Y)4)i @ (X, Y)-)s

The following is the W*-version of Theorem 4.14.

Theorem 4.25. Let C be a TW*-category. Then there is an ideal K # C in C and a faithful
TW*-functor H from C/K to the TW*-category H4 ® H_.

Proof. By [11, Proposition 2.13], there is a faithful W*-functor G4 from ACi to H. With

flci considered as a TW*-category, we have that G4 is a TW*-functor from ACi to Hi. By

Theorem 4.23, there is a TW*-functor Fy from C4+ to flci, and it suffices to consider H/K,
where K is the ideal in Theorem 4.23, and H = (G o F}) @& (G- o F_). O
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5. BIDUAL CATEGORIES

5.1. The bidual of a C*-category. We begin by reviewing the well-known and celebrated
Arens multiplications. If A is an algebra with algebraic dual A’ and bidual A”, the following
two multiplications on A” were defined in [1], and are referred to as the first and second Arens
products, denoted by FG and F - G respectively for F,G € A”. Each product extends the
product in A when A is identified with its canonical image in A”.

domain First Arens product FFG [ Second Arens product F - G ‘
AXxA (a,b) — ba € A (product in A) (a,b) —abe A (product in A)
Al x A (f;b) = bf € A (bf,a) = (f,ba) (f;b) = foe A (fb,a) = (f, ab)

A" x A (F f)= fF€A  (fFb)
A" x A" (F,G)w— FGe€ A" (FG,f)

(Fofy (B f)—FfeA  (Ffb)=(F fb)
(F,fG) (F,G)—F-GeA” (F G f)=(GFf)

If p: A — B is an algebra homomorphism, then ¢” : A” — B” is an algebra homomorphism
in either product extending ¢. When the two products coincide, the algebra A is called Arens
regular. If A is a *-algebra, its involution extends to a mapping on A” via (F*, f) = (F, f*) and
(f*,a) = (f,a*) for f € A',a € A. However, since (FG)* = G*- F*, F — F* is not an involution
unless A is Arens regular.

In the following analog of the Arens construction for categories, there is essentially only one
Arens multiplication. This simplification is due to the fact that in the morphism spaces (X,Y),
aob and b o a are simultaneously defined only if X = Y. We shall therefore only use the
first Arens product, with the understanding that morphism spaces (X, X) might not be Arens
regular. Also, because the composition in categories is more akin to composition of functions, we
shall use the notation Go F' for the analog of F'G. For all other products, including composition,
for notation’s sake, we shall just use juxtaposition.

Definition 5.1. Let C be a linear category with objects X, Y, Z, ..., morphism spaces (X,Y) =
{a,b,c,...}, dual spaces (X,Y) = {f,g,h,...}, and bidual spaces (X,Y)” = {F,G, H,...}. For
objects X,Y, Z a composition defined on (X,Y)” x (Y, Z)" — (X, Z)" and given by the Arens
construction is as follows.

(X,Y)x (Y,Z)> (a,b) = ba:=boa € (X,Z2) ( composition in C)
(X,2) x (Y, Z)> (f,b) = bf € (X,Y) (bf,a) = (f,ba), a € (X,Y)
(X,)Y)" x(X,Z) > (F,f)—~ fFe(Y,Z) (fF,b)y = (F,bf), be (Y, Z)
(X,Y)' x (Y, 2)" 3 (F,G) s GoF e (X,2) (GoF,f)=I(G, fF), f e (X,2)

The composition
GoF: (X)) x(V,2)" = (X,2)'
is an extension of the composition
boa: (X, Y)x(Y,Z2) = (X,2)
in C. That is, if a — @ denotes the canonical inclusion of (X,Y) into (X,Y)”, then for (a,b) €
(X,Y) x (Y, 2),
boa = ba.

The following lemma is a straightforward consequence of Definition 5.1 and justifies Defini-

tion 5.3. We include the proof for completeness.

Lemma 5.2. For F € (X,Y)",G e (Y,2)",H € (Z,W)", we have Go F € (X,Z)", Ho G €
Y, W), and (HoG)oF =Ho(GoF).
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Proof. For f € (X,Z),

(Ho(GoF), f)=(H,f(GoF)),
and

(HoG)oF,f)=(HoG, fF)=(H,(fF)G).
Thus it suffices to prove
f(GoF)=(fF)G.
For a € (Z,W),
(f(GoF),a) =(GoF,af) = (G, (af)F),
and
(fF)G,a) = (G, a(fF)),
so it suffices to prove
a(fF) = (af)F.

For b e (Y, Z2),

(a(fF),b) = (fF,ab) = (F, (ab) f),
and

((af)F,b) = (F,b(af)),

so it suffices to prove

(ab)f = b(af).

For c € (X,Y),
((ab)f. ) = {1, (ab)e),
and
(b(af),c) = (af,be) = (f,a(bc)),
completing the proof. O

The composition G o F' is weak*-continuous in its first variable G, for if G, — G, then for
feY,2),(Ga, [) = (G, [)andsoifg € (X, Z)', (GaoF,g) = (Ga, gF) = (G, gF) = (GoF, g).

Definition 5.3. The Arens bidual of a linear category C, denoted by C”, or by (C”, Arens), is
the linear category having the same objects as C, morphism sets Hom(X,Y) = (X,Y)” and
composition given by the Arens construction in Definition 5.1. The category C is said to be
Arens reqular if the composition G o F is separately weak*-continuous, that is, it is also weak*-
continuous in the second variable.

Lemma 5.4. If C is an Arens regular *-linear category with involutions (X,Y) > a — a* €
(Y, X)), then the linear involution defined as

(X,Y)' 5 F— F*e (Y, X)" with (F*, f) = (F, f*), fe (Y, X),

Y, X) > fe ffe(X,)Y) with (f*a) =(f,a*), a € (X,Y),

is an algebra involution. Hence, the Arens bidual (C", Arens) is a *-linear category.

Proof. Let F € (X,Y)"”, G € (Y,Z)", and by Arens regularity, we may assume that F = a,
G=bforae (X,Y),be (Y,Z). Then

(GoF) [) =(GoF, f*) = (G, [*F) = (f*F,b) = (F,bf*)
= (bf*,a) = (f*,ba) = (f, (ba)") = (f,a"b")

and
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(F"oG", f) = (F", fG") = (F (fG*)*>=<(fG*)* a)
= (fG",a") = (G",a’f) = (G, (a" [)")
= ((a*)*,b) = (a’ f b*> (f;a"0%).

Lemma 5.5. A C*-category is Arens reqular.

Proof. ® Let p be a faithful C*-functor from a C*-category C to H, and for objects X and Y of
C, consider the following commutative diagram:

A
1C
x,v) & R 5 2R
I K I K IC

XYY 25 R ™. Sc B(Hy),
where by Remark 4.8, p = px,y is, in particular, a C*-ternary ring isomorphism onto a TRO
R =R(X,Y) = p((X,Y)), 7 = mx,y is the restriction to R of the universal representation of
the C*-algebra A generated by R on the Hilbert space H;, S = S(X,Y) is the weak operator
closure of the TRO w(R), and k denotes the canonical inclusion of a Banach space into its
bidual. By [16, Lemmal, the bi-adjoint 7" of 7 is, as well as a TRO-isomorphism of R” onto
S, a homeomorphism of R” with its weak*-topology and S with its the weak operator topology
from B(H;) (which coincides with its weak*-topology). It follows that composition at the level
of the R(X,Y)” spaces is separately weak*-continuous, and since each p')’gy is a weak*-weak*
homeomorphism, the same holds for composition at the level of the (X,Y")". ]

Proposition 5.6. If C is a C*-category, then it’s Arens bidual (C”, Arens) is a C*-category.

Proof. Ttems (i), (ii), and (iv) in Definition 4.1 are immediate. Item (iii) holds by Lemmas 5.4
and 5.5. By Remark 4.8, (X,Y) is a C*-ternary ring which is isomorphic to a TRO M. The
bidual M"” of M is also isomorphic to a TRO, by [16, Lemmal, from which items (v) and (vi)
in Definition 4.1 follow. Indeed, for (v), since the faithful C*-functor p from C to H satisfies
p(cob* oa) = p(c)p(b)*p(a), we have (by a familiar argument)

IHIP =" (H)IP = |lp" (H)p"(H)*p" (H)|| < [lp" (E) [l (H)*p" (H) |
= HIlp"(H" o H)|| = |H||H* o H|| < ||H?],

so ||H||? = ||[H* o H||. As for (vi), if H € (X,Y)", observe that p”(H)*p"(H) is a positive
operator in the C*-algebra p”(X, X) on the Hilbert space p(X). O

Let us now consider a different approach to the definition of the bidual of a C*-category
which is based on the Sherman-Takeda proof that the bidual of a C*-algebra is a C*-algebra
21, T11.2.4], [14, 10.1.12], [7, 12.1.3).

In the proof of Lemma 5.5, set ¢ := 7 o p, which is also a faithful C*-functor mapping
(X,Y) onto m(R), and set 7 = 7xy := ¢’ = 7" 0 p”, which is a homeomorphism of (X,Y)”
with the weak*-topology onto S with the weak operator topology. Then, for F € (X,Y)"” and

8 After giving this proof, we discovered that this Lemma follows as in the proof of Proposition 5.13. We are
including this proof since, besides its intrinsic interest, it is needed in the definition of the Sherman-Takeda bidual
of a C*-category (Definition 5.7).
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G € (Y, Z)", note that 7(G) € S(Y, Z), 7(F) € S(X,Y), so that for G =w*-limg b, bs € (Y, Z)
and F =w*-lim, a,, a, € (X,Y), we have
T(@)r(F) = 7(w*lim bg)T (W lim a;)
= (W—liéna(bg))(W—ligla(aa))
= W—liorln(W—liéna(bg))a(aa)
= W- li;nW— liéna(bgaa) €eS(X,Z2).

Thus we can define Ge F € (X,Z)", by
(5.1) GeF=1"Yr(G)r(F)),
more precisely,
G o F =71y (rv,2(G)rx v (F)),
and we have, for F € (X,Y)",G e (Y,2)",H € (Z,W)",
He(GeF) = 7 Hr(H)7(GeF)) =71 (r(H)r(G)7(F))
7 Y7 (H e G)(T(F)) = (H eG)eF.
Moreover, since 7(G e F') = 7(G)7(F), and 7" is a *-isomorphism, in the sense that
W;/(,Z(p/),/,Z(G)pl),(,Y(F)) = 7T§//,Z(pg//,Z(G))T‘-g(,Y(pl),(,Y(F))v
we have
p'(G e F) =p"(G)p"(F),
that is,
Pl)/(,Z(G ) = P&Z(G)Pl)/(,Y(F)-
Also, for a € (X,Y),b e (Y, 2),

[ b
Q>
Il
9
L
—
9
—
S
S~—
N
—~
Q>

) = (") (0" (0)p" (@)
so that X R o
p'(bea)=p"(b)p"(a) = p(b)p(a).
Definition 5.7. The Sherman-Takeda bidual of a C*-category C, denoted by C”, or (C”,S-T),

is the linear category having the same objects as C, morphism sets Hom(X,Y) = (X,Y)” and
composition defined on (X,Y)” x (Y, Z)" — (X, Z)" given by (5.1).

Proposition 5.8. If C is a C*-category, then it’s Sherman-Takeda bidual (C",S-T) is a C*-
category.

Proof. Ttems (i)-(iii) in Definition 4.1 are immediate. As for (iv) and (v), for F' € (X,Y)” and
Ge(Y,2),
|G o F|| = |[7(G)r(E)]| < [I(G)I[l[-(F)| = G F]
and since 7x, x is a *-isomorphism,
IF* o F|| = |[r(F*)r(F)|| = |7(F)*r(F)|| = l7(F)|* = | FII*

Finally, since 7(F)*7(F) is a positive operator in S(X, X), it equals A*A for some A € S(X, X),
and A = 7(G) for some G € (X, X)", so that F* ¢ FF = 7 1(7(G)*7(G)) = 7~ H7(G*)7(G)) =
G* e G, proving (vi) in Definition 4.1. O

Proposition 5.9. If C is a C*-category, then GoF = G e F, that is, the Arens bidual coincides
with the Sherman-Takeda bidual.
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Proof. For f € (X,Z), (GoF, f) = (G, fF) and °

(GoF.f) = <T_1(T(G)T ), f)

(0") " o (") (r(

(") " (@) (1)), f

(G)p ( ) (p)”

"(G),R "(F) ©

G.p'o Riynpy ©
Hence (G o F, f) = (G o F, f) if and only if

(5.2) JE=p"oRupo(p)'f
For b e (Y, Z), (fF,b) = (F,bf) and

<pOR//( ( )1f?> =

(
(
= (p
{p
(

~

:’bb

so (5.2) is equivalent to
(5.3) bf =p'oLlso (")
For a € (X,Y), (bf,a) = (f,ba) = (ba, f) and
(oL’ o(p) fra) = (L= o ()" f,0(a))

p(b) p(b)
= (pla), Ly o () )
= GO ) )
= {((?") " Hp(0)p(a)), f),
so (5.3) is equivalent to
(5.4) p"(ba) = p(b)p(a),
which is equivalent to
(5.5) p(ba) = p(b)p(a),

which holds since p is a C*-functor.
For completeness, we give details of the last stated equivalence. First note that (5.4) is the
same as

—_——

(5.6) p(ba) = pB)A(a).
By (5.6) we have

(fspba)) = (oo fr pla)) = (L fpla)) = (f: p(b)p(a))-

9The elements R oy : R(Y, Z)" — R(X,Z)" and L — o0 RIX, Y)” — R(Y,Z)"” which appear below are the

operators of right multiplication and left multiplication respectively and are each weak*-continuous.
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Hence (5.6) implies (5.5). Conversely, by (5.5),

(p(ba), £) = {f, p(ba)) = {f, p(b)p(a))

= (Lypf.p(a)) = (p(a), L, f)
= (pla), L5 f) = (p(b)pla), f)
Hence (5.5) implies (5.6). O

5.2. The bidual of a T*-category.

Definition 5.10. Let C be a linear ternary category with objects X,Y, Z, ..., morphism spaces

(X,Y) ={a,b,c,...}, dual spaces (X,Y) = {f, g,h,...}, and bidual spaces (X,Y)" = {F,G, H,...}.

For objects X, Y, Z, W a composition defined on (X,Y)"x(Z,Y)"x(Z,W)" — (X, W)", denoted
by
(X,Y)' % (Z2,Y)" x (Z,W)' > (F,G, H) — [HGF] € (X, W)"
and given by the Arens construction is as follows.
(1) (X,Y) x (Y, 2) % (Z,W) 3 (a,b,c) = [cha] € (X, W)

(composition in C)

(2) (X, W) x(X,Y)x(Z,Y) > (f,a,b) = uo(f,a,b) € (Z,W)
(no(f,a,b),c) = (f,[cbal), c € (Z, W)

(3) (Z,W)" x (X,W) x(X,Y) > (F, f,a) — ui(F, f,a) € (Z,Y)
<N1(F7f7a)7b> = <F,,u0(f,a,b)>, be (Z7Y)

4) (Z2,Y)" x (Z,W)" x (X, W) 3 (F,G, f) = pa(F, G, f) € (X, Y)
</L2(F7G7f)7a> = <F7/'51(G7f7a)>’ a € (X?Y)

5) (X, V)" x(Z,Y)" x (Z,W)" > (F,G,H) — [HGF] € (X,W)"
<[HGF]7f> = <F7H2(G7H7f)>’ fe (X’W),
We note that [HGF] is linear in the outer variables and conjugate linear in the middle variable,
and in the case of normed ternary categories, is weak*-continuous in the right variable F.

The following lemma is a straightforward consequence of Definition 5.10. Again, for com-
pleteness, we include the proof.

Lemma 5.11. Let C be a linear normed ternary category. Then for F € (X,Y)" .G e (Z,Y)" H €
(Z,W)' K € (UW)" and L € (U,V)", we have
(i): [LK[HGF]] = [[LKH|GF].
(ii): Assume that the triple product [HGF] is separately weak*-continuous, that is, is also
weak*-continuous in the left variable H and the middle variable G. Then

[LK[HGF|| = [L[GHK|F) = [[LK H|GF).
Proof. (i) For f € (X, V),
<[LK[HGF]]7f> - <[HGF]7M2<Ka L7 f)> = <F7M2(G7 HaMQ(KaLaf)>>7
and
(5.7) ([LKHIGF, f) = (F, p2(G, [LKH], f)),
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so it suffices to prove
,u2(G) H7 :U’Q(Kv La f)) = M?(Gv [LKH]7 f)

Fora € (X,Y),
<ﬂ2(Ga H7 :U'Q(K7L>f))7a> = <G7,U«1(H7 :U'Q(K7va>7a')>7
and
(58) <M2(G7 [LKH]af)7a> - <G7,U/1([LKH]7f7a)>7

so it suffices to prove
:ul(Hv IMQ(KvLa f)aa) = :Ufl([LKH]va a)'

Forbe (Z,Y),
<M1(H7 M2(K7L?f)?a)7b> = <H7 MO(:UQ(K:va)va? b)>a
and
(59) (Ml([LKHLf? a>7b> = <[LKH]7:U’O(f7 a’vb)> = <H7 /LQ(K7L,[,L0(f,CL,b)>,

so it suffices to prove
HO(M2(K3 La f)a a, b) = MQ(K7L>:M0(fa a, b))

For c € (Z,W),
</1’0(M2(K7L7f>7a7 b)7c> = <M2(K7L7 f)? [Cba]> = <K7 ,U/l(L7 f? [Cba])>7
and
(510) <:U'2(K7L7N0(f7a7b)7c> = <K7 Ml(L7MO(f7 a, b)7c)>7

so it suffices to prove
/-Ll(L, f’ [Cba]) = Nl(La ,LLO(fy a, b)a C)'

For d € (U,W),
<N1(L7f7 [Cb@]),d) = <L7/~L0(f7 [cba],d)>,
and
(511) <MI(L7M0(f7avb)?c>7d> = <L7/'L0(l’[l0(f7 a, b),C, d)>,

so it suffices to prove
uO(f) [Cba]u d) = /’LO(NO(f) a, b)u c, d)

For e € (U, V),
(ko(f, [cbal, d), e) = (f, [ed|cbal]),
and
(5.12) (o(mo(f,a,0),¢,d),e) = (po(f,a,b), [edc]) = (f, [[edc|ba]).

This proves [LK[HGF|| = [[LKH|GF).
(i) For f € (X,V),
(5.13) (LIGHKIF), f) = (F, uo((GHK], L, £)),
so by (5.7) and (5.13), it suffices to prove
pa(IGHE], L, )) = pal G, [LKH], f).
Fora € (X,Y),

<U2([GHK]7L7f))7a> = <[GHK]7M1(L7f7a)>
= (RruG,ui(L, f,a))
(5.14) = <G’ R/K,H(Hl(va’ a))>v
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where Ry p is, by assumption, the weak*-continuous operator sending G to [GH K], so by (5.8)
and (5.14), it suffices to prove

RIK,H(Ml(L7 f’ a)) = ,U'l([LKH]Mﬂ CL).
For b e (Z,Y),
(Ricu(m(L, f,0)).0) = (b, Ry y(u1(L. f,a)))
- <[€HK]7M1(L7.]C7CL)>
(515) = <H7Q%7K(M1(Lafaa)>)

where Qp i is the conjugate linear and weak*-continuous operator sending G to [HGK], and
by (5.9) and (5.15), it suffices to prove

(516) <H7 MQ(K7L7:U'O(f7 a, b))> = <H7 Q%’K(Ml(Lv f7 CL))>

We shall complete the proof by verifying (5.16), and we may assume that H = ¢ for some

€ (Z,W). We may also assume, by weak*-continuity in the right variable, that K = d. Thus
(H.Q} (L, foa)) = (BeK). (L. f,0))
K, Lo (i (L, f,a)))

(
<M1(L f,a), [bed])
(L, po(f; a, [bed]))

and

(H,po(K, L, po(f,a,b))) = (p2(K, L, po(f,a,b)),c)
= (K, (L, po(f,a,b),c))
(u1(L, po(f,a,b),c),d)
(L, po(po(f, a,b), ¢, d))

5.

Thus (5.16) is equivalent to

(517) MO(#O(f’avb)’C’ d)) = Mﬂ(fa a, [de]»
Take e € (U, V). Then

(Ho(po(f,a,b),c,d)),e) = (po(f,a,b), [edc]) = (f, [[edc]ba])
and

(ko(f, a, [bed]), e) = (f; [e[bed]a])
thus proving (5.17) and [LK[HGF|| = [L[GHK|F]. O

Definition 5.12. The Arens bidual of a linear ternary category C, denoted C”, or (C”, Arens),
is the linear category having the same objects as C, morphism sets Hom(X,Y) = (X,Y)” and
composition given by the Arens construction in Definition 5.10. The category C is said to be
Arens regular if the composition [HGF] is separately weak*-continuous.

Proposition 5.13. A T*-category C is Arens reqular, and hence its Arens bidual C" is a T*-
category.

Proof. As stated in [15, Remark 2.10], every multilinear map f : X; x --- x X,, — Y from
Banach spaces X; satisfying Pelczynski’s property V to a Banach space Y admits a unique
separately weak*-continuous extension from X7 x --- x X/ to Y”. C*-ternary rings are JB*-
triples and JB*-triples satisfy Pelczynski’s property V ([5]). As stated in [15, Remark 2.3], if
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[ X1 xX9x X3 — Y admits a norm preserving extension F : X{ x XJ x X4 — Y" (produced by
any method) which is separately weak*-continuous, then f is Aron-Berner regular and therefore
the extension given by Definition 5.10 (denoted by f**** in [15]) is separately weak*-continuous.
Thus a T*-category is Arens regular.

Items (i), (iii), and (iv) in Definition 4.6 are immediate. Item (ii) holds by Lemma 5.11. By
Remark 4.8, (X,Y) is a C*-ternary ring. The bidual (X,Y)” of (X,Y) is also a C*-ternary ring,
by [16, Theorem 2], from which item (v) in Definition 4.6 follows. O

6. PROOF OF PROPOSITION 2.3(1V)

Let M be a C*-ternary ring. Recall that, M being a normed associative triple system, it is,
by Remark 1.4, a left L(M)-Banach module via L(M) x M > (A, f)— A- f=A1f € M and a
right R(M)°P-Banach module via M x R(M) > (f,B) — f-B = B1f € M, and that

A={a= [‘3 é} :Ae L(M),Be R(M), f,ge M},

is an algebra with multiplication (1.1) and involution (1.2).

Proposition 6.1 (Restatement of Proposition 2.3). With the above notation, we have
(i): R(M) is a C*-algebra with the norm from B(M).
(ii): M is a right Banach R(M)°P-module.
(iii): With (flg) = (flg)m : M x M — R(M) defined by (f|g) =r(g, f) = ([9f]. [ fg]), we

have

{f-Blg) ={flg)o B.
(iv): If M is a right R(M)°P-Hilbert module, then A can be normed to be a C*-algebra.

Proof. (i)-(iii) have been proved in section 2.
(iv) We mimic the proof in [2, 8.1.17, p. 303] by showing that the map = : A — B(M @ R) to

the bounded operators on the right R°P-Hilbert module M & R defined, for a = [? f} € A by

B
1A [ _[AFB
(6.1 @ |5 =13 L5 = le i s2s]
is an injective *-homorphism. Letting |la|| = ||7(a)|| turns A into a C*-algebra.

We will use the facts that R is a right R°P-Hilbert module, via
RxR”> (B',B)— B-B' =B oBeR,
and that M & R is a right R°P-Hilbert module, via
(M®R)xR?>((f,B"),B)~ (f,B')-B=(f -B,B'oB)e M ®R.

/ 1!
Thus for v/ = [f ], and b’ = [é,,] in M &R,

' 0"y ver = (f's f")m + (B', B")R,
where (f,g)ar :=7(g,f) = ([9f],[-fg]) and (B', B)r = Bo B'.

/ 1!
First, with a = [? f} ceA b = [f }, and V' = [é,,] in M @ R, we have
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ey = (5 B S = [ S S |5
= (A-f'+g-B,f")u+(r(f,f)+ Bo B ,B")g
= ALt (o B+ (), B r + (Bo BB

and

wa vy = (L)@ [ L)y =\ L] o i 5 S

= (LA Yy +f-B")m+(Br(g, f") + BoB")p.
(A1t + (B Y+ (B 20, ")) m + (B Bo By
The fact that 7(a”) = 7(a)* now follows from the following four identities,
(62) <Z'f/7f”>M = <f/7A'f”>M
(6.3) (9B ") = (B',r(g, ")k
(6.4) (r(f, 1), B r={f".f-B")m
(6.5) (BoB',B"\p = (B',BoB"p.
To prove (6.2), we may assume that A = ¢(h, k) = ([hk-], [kh-]). Then
(A = ((kR][hED) - ' f")
= ([krf'] f")m
= (/" [khf")
= ([f"[ERS N [ (RRF1ED),
and
<f/,A‘f//>M — < / [hkf”])M
= r([hkf"], f)
= (L&t 1L £ RS-
To prove (6.3), we may assume that B’ = k) = (-[hk],[-kh]). Then

(f",[ghk])

r(h,
{g-B ")\ = (lghk]. f")m
([-f"[ghk]], [lghklf"]),

and

<B,7 T(ga f,/)>R
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To prove (6.4), we may assume that B” = r(h, k) = (-[hk], [-kh]). Then

(r(f, £, B"r = (r(f.f),r(h. k)R

(h, k) O?“(f £

FELEF Nk
1]

h]

<

- ([ ) ] h]?[hk])
= ([ff]kR], [RE]f £])
= ([[KRILFL(F 1K)

and

(f',f- B = (f,[fhk])m
= r([fhk] f)
= (LfhELf], [f [fRk]]).-
Finally to prove (6.5), we have
(BoB',B"\r=B"0(BoB')=(BoB)B"=BBB"
and
(B, BoB"Y\p=BoB"oB =B (B'B)=B'BB".

B/
7(a")w(a)b = w(a"a)b,

/
Next, we show that with a,a” € A and V/ = [f ] , we have

so that 7 is a homorphism.
We have

B . A f// A'f/—l-f-B/
A L s e ]

- [A/,‘(A'f’)JrA” (f-B)+f"-r (g,f'>+f”-<BoB'>]
r(g", A- )+ B"or(g, f)+7(¢".f- B) + B" o (Bo B)

and

9" A+B"-g r(g".f)+B"oB| |B

_ [ (A"A) - f'+U(f".g) - f'+ (A" f)-B'+(f" B)- B’ }
,r.(g// _A’ f) +7"<B” _g’ f/) +r(g//’f) OB/+ (B/IOB) OB/ .

The first components of 7(a”)7(a)b’ and 7(a"a)b’ are equal by the module properties and

n(da) = [A”AM(f”,g) A" f+f" B ] H

(6.6) (f'g)- f=f"rg f)
and the second components are equal because of the three identities
(6.7) r(g”- A f) =r(g" A f)
(6.8) r(B" g, f')=B"or(g, )
(6.9) r(g", f)o B =r(g",f - B).

To prove (6.6), we have
(f' ) f = Af"g) LoD - f =191
and

frorg, 1) = 1" (Lgf'l.[f'9)) = 1f"9f']-
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To prove (6.7), we may assume that A = ¢(h, k) = ([hk-], [kh-]). Then
r(g” A f) = r(g" - (W] [kh]), ') = r([khg"], ') = ([ (khg"1 '), [-f'[khg"])

and
r(g" A f) =r(g", (W], [kh]) - f1) = r(g", [hkf]) = ([g"[hkf], [-[hEf']g"]).
To prove (6.8), we may assume that B” = r(h, k) = (:[hk], [-kh]). Then
([

r(B"-g, f") = r(lgknl, ') = ([ gkhl '], [-/'lgkh])

and

B"or(g,f") = r(g,f")(:[hk],[-kh])

h
To prove (6.9), we may assume that B’ = r(h, k) = (-[hk], [-kh]). Then
r(g".f)eB" = [ [

and

r(g", f-BY) =r(g", [fhk]) = (9" [f K]}, [-[fhE]g"]).

Let us now show that = is injective. For a = bl é} € A, if m(a) = 0, then by (6.1)

A-f'+f-B =0andr(g,f)+ BoB =0
for all f/ € M, B’ € R, and in particular,

(6.10) A-f'=0and f-B =0,
and
(6.11) r(g,f')=0and Bo B’ =0.

From (6.10) with B =r(f, f), [fff] = 0so f =0. From (6.11), B*B = 0 and r(g,g9) = 0, so
B =0and g=0.
It remains to show that A = 0. Since 7(a?) = 0, we have

(6.12) A-f ' =0forall f € M.

Suppose first that A = £(g,h). Then by (6.10) and (6.12), [f'gh] = 0 and [f'hg] = 0 so that
A = ([-gh],[-hg]) = 0. By the same argument, if A =3, ¢(g;, h;), then A =0.

Now suppose A € L, let ¢ > 0 and choose A" = Y. ¢(g;, h;) with ||[A — A’|| < e. Then
[A"- I = I(A =A%) - fll < €l f']], so that [[A]l < [|A — A"[| + [|A"]| < 2¢, and A = 0.

It remains to show that 7w (A) is a C*-algebra, that is, complete, and for this it is enough to
show that the range of 7 is closed. For T = [t;;] € B(M @ R), we have ||t;;|| < ||T|. Thus if
Ten(A),thentyy € L=L,t;s€ M =M, ...,and so T € 7(A). O
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