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Partial =-Algebras of Closable Operators
I1. States and Representations of
Partial =-Algebras

By

Jean-P. ANTOINE*, Atsushi INOUE** and Camillo TRAPANI***

Abstract

This second paper on partial Op*-algebras is devoted to the theory of representations. A new
definition of invariant positive sesquilinear forms on partial *-algebras is proposed, which enables to
perform the familiar GNS construction. In order to get a better control of the corresponding
representations, we introduce and study a restricted class of partial Op*-algebras, called partial
GW*-algebras, which turn up naturally in a number of problems. As an example, we extend
Powers’ results about the standardness of GNS representations of abelian partial s-algebras.

§1. Introduction

In this second paper, we continue the theory of partial Op*-algebras. The
main definitions have been given in the first paper [1] (to be denoted by I in the
sequel) and we will use them freely, keeping consistently the same notation. As
announced in I, the central topic of this paper is the theory of representations of
partial =-algebras. We will define them in Section 2 below, together with
several notions familiar in the case of representations of =*-algebras [2]:
extensions of representations, adjoint of a representation, commutants and
bicommutants of various types, irreducibility.

Our interest in representations comes mainly from physical applications,
such as Statistical Mechanics or Quantum Field Theory. Indeed a physical
system is usually characterized by the algebra 2 of its observables, usually an
abstract #-algebra, and then each state on U defines a representation of U in
some Hilbert space, via the Gel'fand-Naimark-Segal (GNS) construction
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[3]. Since, as argued in I, one should rather start from a partial =-algebra of
observables, we have to generalize the GNS construction, and to begin with, the
notion of state. In the case of a #-algebra U, a state is a normalized positive
linear form on %I. If ¥ is only a partial x-algebra, the positivity condition alone
already requires the use of sesquilinear forms. For a =-algebra U, the GNS
construction works only if the starting sesquilinear form ¢ on U x U is
invariant, in the sense that ¢(x*y, z} = ¢(y, xz2), for all x, y, ze . Clearly this
definition is inapplicable for a partial #-algebra, since the products x*y, xz need
not exist. As an alternative, Antoine and Lassner [4, 5] have introduced the
concept of &-form, that is, a positive sesquilinear form ¢ which is invariant in the
following sense: if x is a left multiplier of z and x* is a left multiplier of y, then
¢(x*y, z) = ¢(y, xz). Furthermore, a h-form ¢ is called weakly GNS if it
satisfies the condition: for each xe®, there is a sequence {g,} in R()

= {aeW; a is a right muitiplier of each xe U} such that lim ¢(a, — x, a, — X)

= 0. This definition then leads to the following result ([5], Theorem 7.1): if ¥
is a semi-associative [1] partial =-algebra, every weakly GNS h-form ¢ on U
allows a GNS construction.

However, this proposal is not entirely satisfactory. First one should
remove the assumption of semi-associativity of %, because partial Op*-algebras
are not always semi-associative. Second, the definition of invariance of a
positive sesquilinear form given above is too restrictive, because it excludes all
non-zero vector forms on a non self-adjoint maximal weak partial Op*-algebra
(see Section 3 below). We shall meet both objections at once by introducing
(Definition 4.1) an alternative notion of invariant positive sesquilinear (i.p.s.)
form on a partial #-algebra Y. The new aspects here are : (i) the possible lack
of (semi-) associativity of ¥ is explicitly taken into account ; (ii) the space R() of
universal right multipliers is replaced by an arbitrary subspace B of R(¥), dense
in a sense to be precised. This new definition is now flexible enough to allow all
the vector forms we want, and moreover, any i.p.s. form defined in that way
admits a GNS construction, as we will show in Section 3. Furthermore,
another standard result remains true : the GNS representation n, associated to a
state ¢ is irreducible iff the state ¢ is pure [36], that is, ¢ cannot be written as a
convex combination of two other states (a state is simply a normalized
ips.form). By irreducibility of m,;, we mean that its bounded quasi-weak
commutant € (ny) of m, is trivial

However, when we try to implement the GNS construction with sesquilinear
forms on partial Op*-algebras, we discover that very little can be said beyond
the definitions, for this class is still too general. Moreover, there is no
systematic way of constructing ip.s. forms. At this point, the theory of
topological quasi =-algebras [7] gives us a hint : there it is easy to obtain ip.s.
forms by taking limits of suitable linear forms defined on the dense
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subalgebra. Following this guide, we introduce in Section 3 a subclass, called
partial GW*-algebras, that will allow more precise results. They are
characterized by the fact that they contain many (a dense set of) bounded
operators, and this allows to obtain ip.s. forms by a limiting procedure, in
particular the vector forms. Actually the class of partial GW*-algebras has an
intrinsic mathematical interest, for they seem to be a natural generalization of
von Neumann (W*) algebras and of topological quasi *-algebras as well. In
particular, if a partial GW*-algebra % leaves the common domain invariant, (i.e.
it is an Op*-algebra), then U is an EW*-algebra [8], as it should. We will
study partial GW*-algebras in detail in Section 4. In fact we give here a second
definition, that turns out to be equivalent to the first one. This is a
reminiscence of the two complementary approaches to von Neumann algebras,
the algebraic one (U” = A) and the topological one (closure in a suitable
topology). We discuss also the interplay between partial Op*-algebras and
topological quasi x-algebras (with respect to the strong* topology).

The real interest of partial GW*-algebras resides in that they arise naturally
when one tries to generalize to partial Op*-algebras a number of properties
known for von Neumann algebras or for Op*-algebras. For instance, vector
forms on partial GW¥*-algebras are easily characterized, exactly as their
counterparts for Op*-algebras [9]. Next, in the abelian case, Powers’ criterion
[2] for standardness of a self-adjoint representation extends naturally to partial
GW*-algebras, as will be shown in Section 5. Finally, they allow a natural
generalization to partial Op*-algebras of the Tomita-Takesaki theory [10] and
of the theory of unbounded derivations [11].

§2. Representations of Partial «x-Algebras

A partial =-algebra is a complex vector space U with an involution x — x*
(e, (x + Ap)* = x* = Ay*, x** = x) and a subset ' < A x U such that:

(i) ( y)el iff (v* x*)el’;

(i) if (x, el and (x, z)el, then (x, Ay + uz)el for all A, neC;

(iiiy whenever (x, y)eI, there exists an element xyeW with the usual
properties of the multiplication:

x(y + 4z2) = xy + A(xz) and (xy)* = y*x*, for (x, y), (x, 2)el and leC.

An element e of U is said to be a unit if e* = ¢, (¢, x)e ! and ex = xe = x
for every xeW. Whenever (x, y)e I, we say that x is a left multiplier of y and y
a right multiplier of x, and write xe L(y) and ye R(x). By (i), L(x) and R(x) are
vector subspaces of 9. For a subset B < U, we write

LB)= N Lx), R(B)= () R(x).

xeB xcB
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Notice that the multiplication is not required to be associative, but it must be
distributive with respect to the addition by (iii). A subspace B of U is said to
be a partial *-subalgebra if x*eB for all xe®B and x,;x,eB for any x;, x,€B
such that x, € L(x,). A partial =-algebra U is said to be abelian if L{x) = R(x)
for all xe¥ and xy = yx for any xeU and yeR(x)

As usual, & denotes a dense subspace in a Hilbert space #, and £%(2, #)
is the set of all linear operators X such that D(X) =2 and D(X*) > %. Then
LD, H) is a partial *-algebra, denoted F1(2, #), when equipped with the
usual sum X,; + X,, the scalar multiplication AX, the involution
X+ Xt= X* 9 and the weak partial multiplication 0: X, is a left multiplier
of X,(X;el”(X,) or X,eR¥(X))) iff X,2 <« DXi*) and X% < D(X¥) and
then X,CX, = X{*X, A(weak) partial Op*-algebra on & is a partial *-
subalgebra MM of #1(2, #), that is, M is a subspace of LD, #) such that
XteM for all XeM and X, 0X,eW for any X, X,eP such that
X,el*(X,). For any subset N of LD, #) and any £e€D, we also define:

N ={AeR; Ale]},
N2 = (AeN; AD c D).

In particular, if Mt is a partial Op*-algebra on 2, a special role will be played by
the set R*(IM) of (universal) right multipliers of M and the two related subsets
R*(M)-((€ D) and R*(M)?.

A x-representation of a partial =-algebra 2 is a *-homomorphism of U into
LD, #), for some pair P < #, that is, a linear map n: U — L1(2, #) such
that : (1) (x*} = n(x)* for every xeW; (i) xe L(y) in U implies n(x)e L(n(y)) and
m(x) O w(y) = n(xy). A priori one could also consider strong representations in
F1(2, #), but they seem of little interest, and we will not consider them in the

sequel.
Extensions of =-representations are defined in a natural way. Let =, and

n, be two =-representations of a partial x-algebra U in L(2,, #) and
L1(D,, #) respectively. If n,(x) < n,(x) for all xeU, then =, is said to be an
extension of n;, and this is denoted by =, = n,. Notice that the relation =,
<z, is different from 7, (W) <7,(A) or =, (A) <,, 7,(A), where < and <,
denote the two notions of (algebraic) extension introduced in L

As in the case of =-algebras, new representations may be obtained from a
given one by extension and adjunction, with help of the extension theory for
partial Op*-algebras developed in I. Let us recall the basic facts.

Let M be a f-invariant subspace of L2, #). We denote by tg the
topology on & defined by the family {||.|lx; X €M} of seminorms: |||, = |||
+ | X&), £e9. We denote by @(tm) the completion of & relative to the
topology ty and put

X =X19(g), XeM.
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Similarly, we put
D) = Nxe D(X), X = X 1 O(D), XeM.
We also define
Z* (M) = xem DXF),
D** M) = Nxem DEH(X)*), where 1*(X) = X | Z*(M).
Then one has:
D < D(tg) = D(W) = D**(IM) = D*M).

The set M is said to be closed if 2 = 9 (tan), fully closed if @ = QZ(EUE), self-adjoint
if @ =P*M), algebraically self-adjoint if D**(M) = D*(M).

Let n be a *-representation of a partial *-algebra U. If n(2) is closed (resp.
fully closed) then = is called closed (resp. fully closed). We put

Ly = lranys
DFE = 9(t), #x)=n(x) xe;
DH) = G(W), #(x)=7(x), xeA.

Then 7 is a closed x-representation of U and 7 is a fully closed *-representation
of U, and they satisfy the relation 7 = 4.
Next we define the adjoint of a representation as follows:

D(1*) = Nreu D(n(x)¥),
*(x) = n(x*)* | 2(n*), xeU,;
and
D(1**) = Nxeu D(*(x)¥),
T**(x) = 7*(x*)* | D(n**), xe .
Then n** is a =-preserving linear map of U into LHP(n**), #) and one has:
n(x) « 7(x) = A(x) = T**(x) = 7*(x) 2.1
for all xe .

In view of the inclusions (2.1), it is natural to extend to the present case the
terminology used for representations of Op*-algebras [2,12,13]:

Definition 2.4. Let = be a =-representation of a partial =-algebra U on
(). Then = is said to be self-adjoint if 2(n*) = 2(n), essentially self-adjoint if
G(n*) = D(R).
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We remark that even if n* = n*¥, it is not necessarily a *-representation.

Next we define the weak commutants of a =-representation of a partial *-
algebra. As for any f-invariant subset, we have the usual bounded commutants
of n(), namely w(A), and =(W),,. In particular we have now:

n(A), = {CeB(H); (CEn(x)n) = (n(x*) E|C*n),  for all xeW and ¢, ne D(m)}.
In addition, we introduce a new one, specifically adapted to representations:
€, (M) = {Cen(W),; (Cn(xF) & n(x,)n) = (C&lmlxyx,)n), for all x;, x,eqN

such that x, e L(x,) and all £, ne Z(n)}. 2.2)

The point is that € ,(n) may differ from n(2),, because n(x,) D n(x,) may exist,
even if x;x, does not.
These three bounded commutants are weakly closed =-invariant subspaces

of #(+#) and one has:
(W, = Cpulm) = (A, (2.3)

As for general f-invariant subsets, it is natural to compare the quasi-weak
commutant €, (n) of a representation n with that of its various extensions given
in (2.1). The following result may be proved exactly as Lemma 3.8 of L

Lemma 2.1. Let n be a =-representation of a partial «-algebra. Then:
€ () = €, (@) = €4, (1).

For an Op*-algebra U, additional extensions may be defined under the
condition that U, be an algebra [9, 14]. Similar results have been obtained in
I, Theorem 3.9 for partial Op*-algebras, and quite naturally they extend to
representations (with the same proof):

Lemma 2.2. Let n be a =-representation of a partial =-algebra % into
L1(D(n), #). Suppose €, (n) is an algebra. Put

@(chw) = {Z:=1 Ckék; Ckecqw(n)ﬁ ékeg(n)z k= 19 ces By nEN}
Tew¥) Q=1 Ceid = Yiemy G, xe W, Y| CibieD(my,).

Then n,,, is a »-representation of W such that & < n,, = n*, n,, (W), = €,,(n) and
T W)y D(g) = D(Tgy,)-

Remarks. (1) Lemma 2.2 shows the usefulness of the commutant
€,.(n). Indeed, suppose instead that m(2), is an algebra and define:

D(m,)={Dr_, Clr; Cen(W,, &eP@), k=1,...,n, neN}
T)Q k=1 Cild = 2=y Cem(¥)&, xe W, Yo, Cilye D(n,,).
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Then =, is not necessarily a *-representation of ¥ (the situation is slightly better
for strong *-representations).

(2) Partial =-algebras may be tricky. For instance, let © be a =*-
representation of a partial x-algeba . If W is a *-algebra, then 7(¥) is an Op*-
algebra, but when U is only a partial =-algebra, n() is not necessarily a partial
Op*-algebra, and we have to consider the minimal partial Op*-algebra
M, [7(A)] containing n(W), as defined in L

The last notion we want to introduce is that of irreducibility. Let U be a
partial *-algebra, = a =-representation of U in ZI(9, #). Then we will say
that = is irreducible iff its bounded quasi-weak commutant €,,(n) of = contains
only multiples of the identity, €,,(n) = {4], Ae C}. This definition is admittedly
conservative, but for GNS representations it leads to the expected corre-
spondence between pure states and irreducible representations {see Section 4).
The same result does not hold, in general, if we replace the quasi-weak
commutant € ,(r) by the weak bounded commutant n(2),, and a fortiori by the
weak unbounded one w(2A),.

Let us recall here, for future use, that the weak unbounded commutant 9,
of a t-invariant subset 9t of #1(Z, #) is defined [15, 16] as :

N, = {YeLND, H); (XE|Yn) =(YiE|Xty), for all &, neP and X eN}.

It is a weakly closed, f-invariant subspace of £1(2, #), and its bounded part
equals 9,,|Z.

§3. Invariant Positive Sesquilinear Forms on Partial x-Algebras

As always [3], the crucial question is how to build concrete
representations. For #-algebras, the GNS construction is wusually the
answer. In order to extend it to partial x-algebras, we introduce a notion of
invariant sesquilinear form for which the GNS construction is always possible,
and we give some examples. This concept is slightly more general than an
earlier one of h-form [4, 5].

Let ¥ be a partial #-algebra. A sesquilinear form ¢ on ¥ x U is called
positive if @(x,x) >0, VxeW. When U has a unit e, a positive sesquilinear
form ¢ on A x W is called a state if (e, e) = 1. For each positive sesquilinear
form ¢ on U x A, we have

ox, y) =0y, x), Vx,yel (3.1)
lo(x, Y2 < olx, x) (3, ¥), ¥x, yeU (3.2)

and hence

R, ={xecW; o(x, x) =0} = {xeU; ¢(x, y) =0 for all yeU},
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and so N, is a subspace of A. For each xeW we denote by 4,(x) the coset of
A/N, which contains x, and define an inner product (.|.) on 4,(¥) by

(ﬂ‘(p(x)ll(p(y)) = (0()(:, y): X, yEQI

We denote by #, the Hilbert space obtained by the completion of the pre-
Hilbert space 4,(2). We are now ready to introduce our notion of invariance.

Definition 3.1. Let ¢ be a positive sesquilinear form on ¥ x 2. If there
exists a subspace B of R(Y) such that:

(1) 4,(B) is dense in H#,;

(2) o(xby, b)) = @by, x*b,), YxeU, Vb, b,eB;

(B)  @(xTby, X2b2) = @(by, (x1X5)bs), Vxy€L(X,), Vby, byeB;

(4) if U has a unit e, then eeB,
then ¢ is said to be B-invariant. If ¢ is R(W)-invariant, it is simply called
invariant.

We denote by %, the family of subspaces B satisfying the conditions (1)-{(4)
of Definition 3.1. Given BeF,, there exists a maximal subspace in &
containing B; we denote it by [B].

We will show below that the GNS-construction is possible for every B-
invariant positive sesquilinear form on U x 2. Before that, let us comment
briefly the definition of invariance just given. As compared to the earlier notion
of h-form [4,5], two new aspects are crucial:

(i) Condition (3) takes explicitly into account the possible lack of (semi)-
associativity of ¥U;

(i1} Conditions (1)+(4) are not imposed to the whole set R(W), but only to the
dense subspace B. The reason is that R(N) may be too large or difficult to
characterize completely, whereas it is often easy to find a suitable subspace B.

These two modifications together make Definition 3.1 more flexible than the
earlier one of h-form. We will illustrate this by concrete examples at the end of
this section.

@

Proposition 3.2. Let ¢ be a positive sesquilinear form on % x W. Then the
Jfollowing statements hold.
(1) Suppose ¢ is B-invariant. Put

1B(x)A,(b) = A,(xb), xeU, beB.

Then m, is a *-representation of U into L1(2,B), H,). If U has a unit e, the
vector Q, = A,(e) is cyclic for n,. If ¢ is invariant, we denote ne™ simply by m,,.
(2 73 <l for each BeF , and 13 # oY) in general.
(3) Let 231, B,eF, Then [B,]+# [232] if and only if nlP" # n[“"”

Proof. (1) It follows from (2) in Definition 3.1 that nj(x)e L1(4,(B), #,)
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and 73(x) = mo(x)* | 4,(B) = n2(x*) for each xeW. It is clear that 7 is a
linear *-invariant map of U into #1(1,(B), #,). Furthermore, by (3) in
Definition 3.1, we have

(M () Ap(b1) TP (x5) Ap(b)) = @(xTby, X2bs) = (Ay(b1) 175 (%1 %5) 24(b))
(5 (x63) 2o (b 1) |G (x1)! Ag(b3)) = (Ag(b1)1mg((x1 %2)*) A4(b2)),

for each x; € L{x,) and by, b,eB. Hence, ma(x,)€ L*(ng(x,)) and n3(x,) O n3(x,)
= my(x;x,) for each x;elL(x,). Thus =y is a *-representation of U into
L1(4o(B), H ). ~

(2) The inclusion 1/1% < at?t is obvious, and the example given in Corol-

N N\
lary 3.8 (3) below shows that 77 # zl? in general.
N N

(3) Suppose that nlP! = 7fP2l. For every be[B,] and x, €%, there exists
a sequence {a,} in [B,] such that lim 1,(a,) = 4,(b) and lim 1,(x¥a,) = 4,(xTb).
Then we have

PIxTh, x,a) = M (,(xTa,)|4y(x20))
= lim o(x{a,, x,a)

= hm (P(am (xlxz)a)

= @(b, (x,x,)a)

for every x,eR(x;) and ae[B,]. Similarly,
@(xta, x,b) = ¢(a, (x,x,)b)

for every x;elL(x,), ac[8B,] and be[B,]. Hence, [B;]+ CheF, By the
maximality of [B;], we have be[B,]. Therefore, [B,] =[B,]. This com-
pletes the proof.

We call the triple (n3, 4,, #,) the GNS-construction for ¢, based on B. When
¢ is invariant, the triple (n,, 4,, #,) is called simply the GNS-construction for
o. U #,+ &, then ¢ is said to be GNS-representable.

By construction, the vector 2, =4,() is cyclic for n, and it is even
strongly cyclic. This concept, familiar for Op*-algebras [2], may be adapted to
the present situation, but as expected it ramifies into several different notions (see
also [5]). These are studied in detail in a separate paper [17], together with the
applications to the GNS construction.

We assume now that % has a unit e, and consider a B-invariant state ¢ on
A x W As usual, we say that the state ¢ is pure if it cannot be written as a
convex combination of two B-invariant states ¢,, @,:
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o#FAo, + (1 -, 0<i<l.

The interest of this concept is that the equivalence between the purity of a state
¢ and the irreducibility of its GNS representation m, extends to partial -
algebras.

Proposition 3.3. Let W be a partial *-algebra with unit and ¢ a B-invariant
state on A x W.  Then the GNS representation ny is irreducible, in the sense that
C,.(ng) = CI, if and only if ¢ is pure.

Proof. We follow cssentially Powers [2]. Assume that ¢ is not pure: ¢
=40 +(1 -4, 0<i<], ¢; #¢,. On the dense domain 4,(B) consider
the sesquilinear form

(Ap(@) ]| 2,0}V = Ao;(a, b), a, beB.
Since
Aoi(a, @) < ola, a) = || A,(a)]? aeB,

this form is bounded. Thus it extends to the whole space 2, and defines a
unique bounded operator A, 0 < A < I, A # A1, such that

(Ao(@) ] 25BN = (Ao(a)] 4 44(D)).

Now ¢, is a state, in particular it is B-invariant; this implies, by condition (2) of
Definition 3.1, that 4e€,,(n}).

Conversely, suppose €,,(nZ) # CI. Although €, (n3) is not an algebra, it
is easily shown [2] that there exists an element Be @, (n3) such that 0 < B
<I. Then (,]BR,) >0, where 2, = 4,(e) is cyclic for ng. Otherwise, we
would have, for all a, beB:

|(26(@) | BA,(b))] = | (A,(a) | Brg(b) Q,)|
= |(n(6*) ,(a)| BQ,)|
=|(re(b*a)Q,| BQ,)|
= |(B?n3(b*a)Q,| B2 Q,)|
< B2}, (b*a)|. (2,|BRQ,) =0,

and this would imply B = 0. Similarly (©,{(1 — B)Q2,) >0. We define now
two sesquilinear forms on U x UA:

@1(x, ¥) = (2,(x) | BA,(3)). (2,1 BR2,)" ",
P2(%, ¥) = (2,() [(1 — B)4,(»).(@,1(1 — B)2,)"".

These two forms are positive and B-invariant; for instance:
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@1(xby, by) = (Mg () Ae(b1) | B Ag(b2)). (2,1 BR,) ™
= (Ag(b1)  BTG(x*) Ag(b2)) . (2, | BR,) ™"
= @,(by, x*b,).
Similarly, for x, € L(x,):
@1(x%by, x2by) = (Me(x}) Ag(b1) | BT(x2) 4,(b2)) - (24| BR,) ™
= (Ay(b1)| B1g(x1 X2) Ag(b2)). (2,1 BL,) ™!

= @by, (x1x2)by).

Finally, ¢, and ¢, are states and ¢ = A¢, + (1 — A ¢p,, with 1 =(Q,|BLQ,),
which concludes the proof.

Notice that, if we define the irreducibility of =3 by the condition g (),
= CI, then the positive sesquilinear form ¢, on % x U defined in the proof of
Proposition 3.3 need not verify the equality:

@1(xThby, x3b5) = @1(by, (x1x3)b,),

so that ¢, is not B-invariant. This also shows that, for a partial *-algebra, the
quasi-weak commutant §,,(n) of a *-representation n plays more important role
than its weak commutant w(2[),.

Let us given now some examples of invariant positive sesquilinear forms on
partial =-algebras.

(i) Invariant positive sesquilinear forms on topological quasi *-algebras:
Let U be a topological quasi *-algebra [7]; that is, U is the completion [,]° of
a topological =-algebra %, with topology . We denote by P(¥,, © x 1) the set
of all positive linear functionals f on U, such that (@, b) - f(b*a)eC is
continuous on U, x A, and denote by IP(AU x A, 7 x 1) the set of all (jointly)
continuous invariant positive sesquilinear forms on U x . For each fe P(U,,
T X T) we put:

fo (X, y) = lima.ﬂ f(bﬁaa)a X, yEQI,

where {a,} and {b,} are nets in U, such that g, —> x and b; —> y. Then the

map f —»F is an injection of P(U,, T x 1) into IP(U x U, t x 1); if A has a unit,
then the map is a bijection.

Let us give a concrete example [5]. Take U, = C°(4), the space of
continuous functions on a finite interval 4 c R, with pointwise multiplication
and an I-norm (1 <p < o). Then A = [P(4, dt) is an abelian topological
quasi-+-algebra, and therefore L{A) = R(A) = W,. It is semi-associative, but
not associative [18]. If 2 <p < oo, any positive function pelI”P~2(4, dt)
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defines a positive sesquilinear form ¢, on U by the following relation:
@,(fs 9) = f @) g(®) ple)dr,
a4

(and a state if ‘[ pt)dt = 1). The form ¢, is jointly continuous in the I7-norm
4

of A Furthermore, N, = {0}, #, = L[*(4,pdt) and the form ¢, is
invariant. Hence we may build the GNS representation: 7%%( f) is simply the
operator of multiplication by fe L’ on the domain 9(r, ) = C°(4), and so is its

full closure ﬁ;ﬁ( f) on the domain @(7{;‘,) = L*(4, pdt). This representation is of
course highly reducible. Its commutants [1, 19] consist also of muitiplication
operators, namely:

(7, (M]z = LP(4, pay),
[, (W] = [7,,(W]as = [7,, (W], = €u(m,,) = L7(4, pdt).

(ii) Invariant positive sesquilinear forms on partial Op*-algebras:
Let M be an Op*-algebra on &. A vector form on I is a positive sesquilinear
form Y _, wg, on M x M of the following type:

(z:=1 w‘ék)(X, Y) = z;=1 (l)‘ék(X, Y) = Z:=1 (ngl Yék): Xs Yeim, {Ck} < @,

and every such form is invariant. However, this need not be the case if (YR, 2)
is a partial Op*-algebra. So the question arises: when is a vector form on a
partial Op*-algebra invariant? Let M be a partial Op*-algebra on 2, and
R™(M)° (£€ D), R*(W)? the sets defined in Section 2. We remark that if M is
self-adjoint, then R¥(MM)? = R*(M). The following result is easy:

Proposition 3.4. Let I be a partial Op*-algebra on 9. Then the following
statements hold.

(1) Let & be an element of 9D such that R*(M*E = ME.  Then w? is an
R¥(W)--invariant positive sesquilinear form on M x M. In particular, if M is
algebraically self-adjoint, then g is invariant.

(2) Suppose R*(MM)? is t,-dense in M. Then every vector form on M x M is
R*(O)?-invariant. In particular, if WM is algebraically self-adjoint, then } is
invariant.

However, this general result is not very constructive, since it is often difficult
in practice to characterize the whole set R*(W) for an arbitrary partial Op*-
algebra 9R. But the case of quasi-*algebra discussed in (i) above gives us a
hint. In that case it was easy to obtain invariant positive sesquilinear forms on
A by taking limits of positive linear forms on 2, which is dense in . This is
the key fact: what we need is a class of partial Op*-algebras containing a subset
of bounded operators, dense in a suitable topology. The most natural choice
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for the latter is the strong*-topology t.. Then the first question is whether
there are partial Op*-algebras which are topological quasi-*algebras for t.. We
will examine this point in Section 4 below, but the answer is not very
encouraging. The next step is to find a type of partial Op*-algebras with the
required properties. It turns out that the following definition yields a useful
class.

Definition 3.5. Let 2 be a dense subspace of # and M, a von Neumann
algebra such that M2 = 2. Then a weak partial Op*-algebra M on P is
called a partial GW *-algebra over I, if it is fully closed and equals the t.-
closure [My | T of My|2 in LHD, #).

We will study those partial GW*-algebras in detail in Section 4, and in
particular we will give another, equivalent, definition. The simplest nontrivial
example is the following. Let & be such that #1(2, #) is fully closed. Then
LD, #) is a partial GW=*-algebra over H(#), since L1 (2, #)
= [B(H) | 27"

We first investigate under what conditions a positive sesquilinear form on a
partial GW*-algebra is a vector form. The following results are proved as in
Ref. 9.

Lemma 3.6. Let M be a partial GW*-algebra on 9 over M, and ¢ be a
positive sesquilinear form on I x M.  Then,
(1) The following statements are equivalent:

(1); o is a vector form on M x M.

(1), o is t-continuous and ¢ | My, x M, is an invariant positive sesquilinear
form on M, x M,.

(1); There exists finite subsets {&} and {n} of 9D such that
lo(X, Y)| < IZ:=1(X£k|Y;1k)| Jor all X, YeM and @|M, x M, is invariant.

1), X, Y) =f_°(X, Y) =lim, g f(BfA,), X, YeIM for some t,-continuous
positive linear functional f on My, where {A,} and {Bg} are nets in My, such that
A~ X and By — Y in tg.

(2) The following statements are equivalent:

)y, @=Y., & for some {£,}eD*(M).

(2, ¢ is t2-continuous and o|My x M, is invariant.

(2)s There exists elements {£,}, {n,} of D°(M) such that |p(X, V)| <[>,
(XE,Yn)| for all X, YeI and ¢|M, x M, is invariant.

Qs @X, Y)=fOX, Y) =lim,, f(BfA4,), X,YeM for some (%-
continuous positive linear functional f on My, where {A,} and {B,} are nets in M,
such that A,— X and By —Y in tow.

In this case, if W, has a separating vector, then ¢ = w} for some E€ D and if
M, has a cyclic and separating vector £y, then ¢ = a)gw Jor a unique vector &, in
PiND, where P%, is the natural positive cone associated with the achieved left
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Hilbert algebra Wy ¢&,[207.

Proof.
e (1);=(1);: This is trivial
o (1);=(1),: Define f(4) = o(4,1), AcM,;. By (1);, f is a t,-continuous
positive linear functional on 3R;; then the relation ¢ =JE is immediate.
e (1),=(1),: Obvious.
e (1),=(1);: Since ¢ is t-continuous, it follows that

lo(X, )| < Chcy 1IXEINC =, I Y0;l), X, YeM (3.4)
for some {}, {m} = 2. Then
[, < Do IXE ], XeM (3.5)

for some {{} = 2. We first show the statement (1); in the case where
[ < {1XL), XeM

for some (e 9. Then it is easily shown that C = (KP)* (KP; e, where P,

= ProjMy{ and K is a bounded linear map of P, onto 3, which is an
extension of the map A{— A,(A4)e i, (M,), and

@(4, B) = (AC'2{|BCY%(), A, BeM,.
Since M2 = 2, we have
(P(A, B)Z(Aé|Bé)a A, Begﬁo

for some (€. Considering

[M],={[4]=] 0 4 ... |;AeWh},

...... A
&
{a
{= ;
L

[o)([A4], [B]) = ¢(4, B), A, BelR,
in the general case (3.5), we can prove
QD(A, B) = ZZ=1 (Aék | Bék)s A, BESIRO

for some {¢,} = 2, which implies by (3.4) and [, ]~ = M that ¢ = Y, _ | w? for
{&} = 9. This proves the equivalence of (1);-(1),.
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A similar proof yields the equivalence of the statements (2),-(2),, replacing
M, { by

X 0 ...
m X 0 X0 Xed
[ ]oo {[ ]_ 0 X > € }a

[ ¢
{= {, |e2*(M).

The remaining assertions are proved in the same way as in Ref. 9.

The following concrete example [5] illustrates the situation described in
Lemma 3.6, Take a Hilbert space # and a self-adjoint operator H in # such
that exp(-fH) is nuclear for every > 0. Let {¢,, 4,} be the eigenvectors and
the corresponding eigenvalues of H. Define

D = D) = >0 D(e™).

Then M = Z1(2, #) is self-adjoint, hence it is a partial GW*-algebra over
B(#). Consider now the following positive sesquilinear form over £1(2, #):

@p(4, By =273 (A, | Bd,)e ¥, Z =Tr(e ).
B n=1

The restriction of ¢4 to %(s) is the familiar state Z~ ' Tr(4*B e #¥). Clearly
this form verifies all the conditions of statement (2) of Lemma 3.6, in particular it
is invariant. It is a h-form in the sense of [4, 5], but it is not a vector form,
since M, = #(#) has no separating vector. This form ¢, was used by
Bouziane and Martin [21] in their proof of the Bogoliubov inequality for
unbounded operators.

Let us come back to the general discussion. With help of Lemma 3.6, we
obtain now a characterization of vector forms on partial GW*-algebras which
illustrates the parallelism of the latter with topological quasi-+algebras. Indeed,
using the von Neumann density theorem, Proposition 3.4 (2) and Lemma 3.6, we
may prove the following

Proposition 3.7. Let M be a partial GW*-algebra on D over M, such that
MZN M2y = My LHD) is a nondegenerate *-subalgebra of M,. Then the
following statements are equivalent:

(1) @ is a t-continuous, (M, N L(D))-invariant, positive sesquilinear form on
WM x M.

(2) o is a t-continuous positive sesquilinear form on M x W and ¢ [ M,
x M, is invariant.
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(3) ¢ is a vector form on WM x M.

@) @ = f° for some t,-continuous positive linear functional f on M.

As an example, we take again a fully closed #1,(2, #°), which is a partial
GW*-algebra on @ over #(H#). Since {E®1; & ne D} < B(A)? n(B(H))*,
where (@ n) ¢ =(|n¢ for Lest, it follows that B(H)? N (B(A)D)* is a
nondegenerate *-subalgebra of #(#°). Then we have the following result:

Corollary 38. (1) Every vector form on #(2, #) is GNS-representable.

(2) No non-zero vector form on ZI,(2, #) is a h-form.
(3) Suppose L1(2, #) is algebraically self-adjoint. Then every vector form
on Zi(2, #) is invariant and, for each ¢ +#0e9, ngo (£ (2, #)) (resp.
wo(f (2, #))) is unitarily equivalent to £ (2, #) (resp ¥ L1 (9, H)),
where B denotes the linear span of {# ®{;n, {€D}. Hence, if LL(F, #) is
not self-adjoint, then ﬂwg & Myo

(4) Suppose Z1,(2, #) is not algebraically self-adjoint. Then, for each
E#£0e9, there exist A;, A,eR"(¥L}(2, #)) and XeZ(D, #) such that
0 X T Ay, As) # 0d(A;, XTT Ay).

Proof. (1) This follows from Proposition 3.7.

(2) Suppose w{ is a h-form for some ¢#0e9. Let XeZT (2, #) be
such that Xt =X and X # X*. Since # ® £eR"¥(X) for each neD(X*), we
have

X ) =11 * 0¥ (X 01 ®8),{® )
=&t ot ® & X1 ® &)
=l X*0)

for each n, {e D(X*), which implies X = X*. This is a contradiction.

(3) Clearly B¢ =9. Hence nﬁg(ffv(@, #)) is unitarily equivalent to
Zi(D, #). We show that R(LI(D, H)E =L (2D, #)). Clearly,
RY(L1(9, ) < D(F1(D, #)). Conversely, take an arbitrary neP*
(Z,(2, #)). Then n®LeR¥(ZL(D, #)) and n=[L[7? (#®EHLeRY(L],
(9, #))¢. Therefore it follows that R¥(L (2, #))E = 2%(F1(2, #)), which
implies that nmo(ET (2, #)) is unitarily equivalent to 1*(L1 (2, #)).

4 Suppose (X 0 Ay, Ay) = 0f(4;, X110 A4,) for each X € £1,(9, #) and
Ay, A, € R*(ZL1 (2D, #)). Since n® & =R*(L(D, #)) for each neD*
(L1(2, #)), we have

Xl =117 X 2@ ®E), {® )
= ¢l 0t ® & X1 ® )
=M@ X*0)
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for each X € %},(2, #) and 5, (e D*(Z1(2, #)), and hence D**( L1 (D, #))
= @*(ZL1 (9, #)), which contradicts the assumption that #%,(2, #) is not
algebraically self-adjoint. This completes the proof.

Remark 39. (1) Statements (1) and (2) of Corollary 3.8 show that the
invariant positive sesquilinear forms used in this paper are more general that the
h-forms introduced in Refs. 4,5. Since the latter do not contain any vector form,
for the example considered here, the concept of h-form is probably too
restrictive.

(2) Statements (3) and (4) explain why we have not imposed conditions (1)-
(4) of Definition 3.1 to the whole set R(?), but only to some appropriate
subspace B: if R(¥) happens to be too large, as in the present case, the earlier
definition of h-form becomes unduly restrictive. On the other hand, R(%) may
also be defficult to characterize completely, although it is in general easy to find
a subspace B.

(3) The case of topological quasi-*-algebras is discussed in a recent paper
by one of us [22], where a notion of state is introduced in such a way that the
GNS construction becomes possible. The approach of that paper is, however,
quite different from the present one.

§4. Partial GW*-Algebras

Some generalizations of von Neumann algebras have been studied in
[8, 15, 23-27]. We describe them here briefly. Let M, be a von Neumann
algebra on a Hilbert space # and & a dense subspace in #. Suppose (i) M, 2
P and (i) M;P = P. Then the t*-closure M=[M, [ 2] NLNH D) of
My 1 2 into L1(2D) is an Op*-algebra on 2 such that the bounded part M,
equals M, | 2 and X is affiliated with M, for each X eM. A =-subalgebra of M
containing M, | Z is called an EW*-algebra on 9 over P,. Such algebras have
been studied in [9, 23-26]. But, this class is too restrictive for most of the
interesting Op*-algebras. For instance, if 9, is purely infinite, then IR,
=M, 1 2 [26].

Suppose that only the condition (i) 0?2 =2 holds. Then
M =[P, [ 217N L1(D) is an Op*-algebra on 2 such that (I,) = M, and M
=W [ DN LHD) = {X e L1(D); X is affiliated with 9M,}. This Op*-
algebra is said to be a generalized von Neumann algebra (or a GW*-algebra) on
9D over My, and it plays an important role for the study of the unbounded
Tomita-Takesaki theory [25]. However, the bounded part MM, of W does not
necessarily equal M, [ 2. Hence, it seems meaningful to study the t¥-closure
[, [ 27 itself. The t*-closure [, | 2] is a weak partial Op*-algebra on 9
with bounded part 9, [ &, and so its full closure is a partial GW *-algebra over
Py, as introduced in Section 3.
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In this section we analyze in detail the partial GW*-algebras introduced in
Section 3. They present a common feature with topological quasi #-algebras:
both contain a dense =-algebra. In the case of partial GW*-algebras, this
distinguished subset is 2 von Neumann algebra, which is dense for the strong*
topology of Z1(2, #).

We begin our discussion on the connection between these two structures in
L1(2, #) with a natural question: given a x-algebra M < L1(D, #) (possibly
an Op*-algebra), is [M" a partial Op*-algebra or a topological quasi *-
algebra? Clearly, for [IR]* to be a topological quasi *-algebra, it is necessary
that the multiplications A+ AB, A+ BA, for Be 9k, be continuous maps from
9 into itsell. Unfortunately this does not occur frequently.

Before examining the question whether [9R]¥ is a partial Op*-algebra, we
recall that if M is a t-invariant subset of ¥1Z, #), various unbounded
commutants of M may be defined [15, 16, 18, 19], but we need only the weak
one, N, and also several unbounded bicommutants of 9%, namely:

oo = ()0, N = () To = (),

Then 9y, %, and N, are three weakly closed, t.-complete, -invariant
subspaces of ZL1(Z, #) such that 9t <« N;, = Ny, = R,,. (Remark: the set N
is called an SV*-set if St =W, [19]).

Now if M is a =-algebra in Z£1(D, #) and [MM]™ is its r.-closure,
Proposition 3.3 of [19] provides a criterion for [9R]*" to be a (weak) partial Op*-
algebra: we have only to require that M, 2 = @ and [M]* = W’,,. This fact
motivates the alternative definition of partial GW*-algebra given below, where
precisely these conditions will appear.

The next proposition is, in a sense, a warning: if we ask the behavior of the

objects in consideration to be too reasonable, we fall into an almost trivial case!

Proposition 4.1. If (MR, M)t is a topological quasi =-algebra with M, a
closed Op*-algebra, then M is an Op*-algebra.

Proof. Let (IR, M)[1,+] be a topological quasi #-algebra and X e M. Thus
there is a net {X,} = M, such that X, — X in tyx; let now BeM,, then {BX, [}
is a Cauchy net in the norm or, equivalently, {X,f} is a Cauchy net in
fy, Hence there is Ye (M, such that X, f—-y in tm, and thus
= X f. This in turn implies that Xfe @ = 3 (M,).

The situation described in the previous discussion becomes particularly clear
when 3 consists of bounded operators only. In this case, first of all, the
problem posed by Proposition 4.1 cannot occur, since a bounded operator
algebra is never closed in 9, if 9 # #. We have in fact:

Proposition 4.2. Ler M, be a *-algebra with unit in B(H) = L1(D, #) and
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M = [M]* its ta-closure. If (My),,2 =D, then M is a weak partial Op*-
algebra and it is stable under the strong multiplication. Moreover, if MyD < 9,
then (M, M) t.] is a topological quasi *-algebra.

Proof. If M, is a =-algebra with unit in #(s#), then by Proposition 3.3.1 of
[16], M = (M,).,, and therefore, by Proposition 3.3 of [19], Mt is a weak partial
Op*-algebra. Since it is the unbounded commutant of (3R}, it is also stable
under the strong muitiplication. If M2 < &, then we have only to remark
that, since 9%, consists only of bounded operators, both the right and the left
multiplication are continuous.

For the sequel of our discussion, we need more information on the nature of
the bicommutants. First notice that, for any f-invariant subset t « (2, #),
the following relations hold true:

T, = (L), = O, NG, = ol = ()" (4.1)
which implies
odhee = Ros Mguolie = Rgwo- (4.2)
Then we have:

Lemima 4.3, Let 9t be a T-invariant subset of £1(D, #). Then the
Jollowing statements hold.

(1) N, is a von Neumann algebra if and only if R, = [(J,)]*.

(2) W, is a von Neumann algebra if and only if N,,, = [(,,.V]%.

Proof. (1) Suppose %, is a von Neumann algebra. By (4.1), (9t,,), is a
von Neumann algebra. Hence it follows from Theorem 3.9 of I that ¢,(R,,,) is a
t-invariant subspace of £%(2,(N), #) such that

Eu(I00) > Moy €T = T &, (F00)y 20(0Y) = 2, (N),
which implies
Ce (X)) c g (X)C

for each X e, and CeMN,,. Hence ¢,(X) is affiliated with (9t,,), and so there
exists a sequence {A4,} in (%) such that

lim A, =¢,(X)¢ and lim A& = g, (X)1¢
for cach (€9 ,(9%). In particular, we have
lim A, =X¢ and lim AF¢ = XT¢

for each (e, and hence Xe[('Y]". Thus we have ", < [(R,)]". The
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converse inclusion follows from (R.,) | 2 < R, and the strong*-closedness of
N,

Conversely suppose that R, = [(0,)]". Take arbitrary C,, C,e%,, and
XeM. Since R < RN, =[(N,)], there exists a net {4,} in () such that
lim, 4, = X¢& and lim,4¥¢ = X1¢ for each £€ 9. Then we have

(C1C, X ¢ n) =1im,(C; C,4,& | n)
= lim, (C,C,¢| A5n)
=(C,C¢|XTn)

for each ¢ #ne%, and hence C,C,eMN,, which implies that 9, is a
von Neumann algebra.

Using Theorem 3.9 (2) of I and Eq.(4.1), we can prove the statement (2) in a
similar way.

Proposition 4.4. Let M be a t-invariant subset of FL1(D, #) satisfying the
following conditions:

(1) 91, is a von Neumann algebra,

2) M2 =9.
Then (I,),[ts] is a topological quasi =-algebra over .

Proof. Since 9R, is a von Neumann algebra, then I, = (),. By
Lemma 4.3, we have

@), = [O),]7,
or, in other words, (M,), = [V,]°. The statement follows then from the
previous proposition.

The two conditions of Proposition 4.4 are typical for the partial GW*-
algebras as defined up to now. In particular, if Wt is a partial GW*-algebra
over M,, then M, is t.-dense in M; hence we get

M, = (W), and MW, = My,
and so,

Corollary 4.5. If M is a partial GW*-algebra over M, then M, [t.] is a
topological quasi *-algebra over M.,

Remark. If M2 = 2, then MM, is also a partial Op*-aigebra, thus it is
almost a partial GW*-algebra: the only property that may fail is fully-
closedness, and it is not clear that the full closure ¢, still verifies the conditions
for a partial Op*-algebra.

Now we are ready to introduce an alternative definition for partial GW*-
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algebras. Of course, we will show later that the two are indeed equivalent.

Definition 4.6. A fully closed weak partial Op*-algebra 9 on 2 is said to
be a partial GW*-algebra on 2 if M, 2 =P and M., = M.

We first remark that for any properly infinite von Neumann algebra 9%, on
H there exists a partial GW*-algebra IR on & such that I £ MW, and (IM})
= M,. In fact, let H be a self-adjoint unbounded operator in # affiliated with

M, and 2 = () 2(H". Then

neN
M= {XeL"(D, #); X is affiliated with My}

is a partial GW *-algebra on 2 containing {H" | 9; ne N} such that () = M,.

The main problem is, of course, how to construct partial GW*-
algebras. The examples above give us a hint. Let 9% be a t-invariant subset of
L1(D, #); then we are led naturally to the following questions:

(A) When is R, a partial GW*-algebra?

(B) When does one have N, = [(M.,YT7?
Question (B) has obtained an implicit answer by means of Eq.(4.2) and by
Lemma 4.3.

In order to solve Question (A), we need a new concept. Given a *-
invariant set B of bounded operators, we define:

R (B, D)= {(Xe LD, #), X is affiliated with B'}

(this object was introduced in [19] where it was denoted B,), it generalizes the
corresponding subset of £1(2) introduced in [25]. The following relations are
obvious:

B < BB, D)= [B]" < B.. 4.3)
Then we have the following resuit.

Theorem 4.7. Let M be a t-invariant subset of Z1(D, #). Then the
Jfollowing statements are equivalent:

(§)) ?Tl\;’w is a partial GW*-algebra on D(N.,).

(2) 9, is «-symmetric [19]: that is, (I + X*X)~* e (N, ) for each X eN,,.

(3) W, =[O)] = 27, D).

@ N,I0,) =2,

Proof.

e (1)=(4): This foliows from (4.1).

o (49=(3): Since W, DHN",)=DM,,), it follows that X is affiliated
with (9t,) for each Xe9’,, which implies N7, = Z*((R.,), 2). By (4.3) we
have
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R, =[OV = 27(N,), D).

e (3)=(2): This is trivial.
o (2)=>(1) Since M7, is s-symmetric, it follows that N, J(N.,)
= G (W), which implies that

(C(X; D X)Em) = (XX, ¢ C*n)
= (X, X] C*n)
= (X8| C*Xn)
= (X, C¢lX1n)
= (CEIX, B X))

for X, X,eN,,, X,el¥(X,), CeN), and &, neP. Hence, XIDXZE‘?RYW and
so 9, is a weak partial Op*-algebra on 2. As stated in I, Section 3, ‘J&” is a
fully closed weak partlal Op -algebra on P (N",). Further, it is easily shown

that (iR” e = iR” Thus, iRW is a partial GW*-algebra on 9(9&”,,). This
completes the proof.

Similarly we have the following

Corollary 4.8. Let R be a i-invariant subset of L1(D, H#). Then the
Sfollowing statements are equivalent:

(1) R, is a partial GW*-algebra on 92(%).

(2) ‘flﬁ,,, is *-symmetric.

(3) 9, = (OB = A7(.), SO

4) YW =2@N.

The statement (4) in Theorem 4.7 implics the statement (4) in Corollary 4.8,
and hence if ﬁ is a partial GW*-algebra on 9(N,), then R’ is a partial
GW#*-algebra on 9(RN).

Theorem 4.7 shows that the two definitions of partial GW*-algebra are
indeed equivalent. If 9 is a partial GW*-algebra in the sense of Definition 4.6,
we observe [19] that its bounded part M, = (W) is a von Neumann
algebra. Then it follows from Theorem 4.7 that, for M, = (PM,) = M,, one has
WM =W, | 21 =M., = B (WM,, D). Conversely, if M satisfies the conditions
of Definition 3.4, we get (Ih,) = M, and therefore 9,2 = P, which implies, by
Theorem 4.7 (4), that 9t is a partial GW*-algebra in the sense of Definition 4.6.

These definitions seem to be a good choice, for the resulting partial GW*-
algebras have all the expected properties, in particular they appear as a natural
generalization of von Neumann algebras. Indeed, in the bounded case, a *-
invariant subset 9 of #(H#), containing the identity, is a von Neumann algebra
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iff ¢ = N and then it equals [N]". Furthermore, if a partial GW*-algebra I
on 2 leaves 2 invariant, i.e. M < L1(2), then M is an EW'-algebra [§], that is,
a symmetric Op*-algebra 9t such that M, is a von Neumann algebra.

We may try also to generalize to partial Op*-algebras, and in particular to
Op*-algebras, the other familiar statement: if 9t is a *-invariant subset of #(+#),
then U = RN” is the minimal von Neumann algebra containing 9 and it verifies
the relation W = M. The first part of the sentence, namely existence of a
canonical partial GW*-algebra containing 9, goes over easily, provided 9, is an
algebra. In the sequel, we will write for short 9 = ¢,(N),,. We will discuss
the question of minimality later on.

Proposition 4.9. Suppose M is a T-invariant subset of L1(2D, H#) such that

SN AN\ N
W, is an algebra. Then (&, ()., and N = ¢, (NY,, are partial GW*-algebras on
G (e, (M) and % (W), respectively.

Proof. 1If follows from Theorem 3.9 of I that () is a t-invariant subset of
LD, (%), #) such that ¢, (R) >N, ¢, (RN), =N, and ¢, (M), 2,,N) = 2,N),
which  implies that &, (%), 2 (e, (M) = D, (M) and ¢, (N), 2O
= 9 (9. Then the statement of the proposition follows from Theorem 4.7 and
Corollary 4.8.

The next proposition summarizes the situation for partial Op*-algebras.

Proposition 4.10. Let M be a tu-closed partial Op*-algebra. Then:

(i) M, is a von Neumann algebra.

(i) If (DY =M, then M =M., and it is a partial SV *-algebra.

. P AN T~

@) If [P =M, then (5,(MM),,, and M* = ¢, ()., are partial GW*-
algebras on 9(e,,(W)) and (D) respectively.

(iv) If [M]" =M and M, P < D, then (M, B,)[ L] is a topological quasi
=-algebra.

Proof. (i) is obvious. ,
(i1) folows from Proposition 3.1.1 of [16].
(i) If [9M,]" =M, then P, is an algebra;so the statement follows from
Proposition 4.9.
(iv) follows from Proposition 4.2.

It is clear that if 9 is a fully closed and t.-closed partial Op*-algebra with
M, P < & and we require that (I, M,;)[1,.] is a topological quasi *-algebra, then
9 is automatically a partial GW*-algebra.

If we require MM to be self-adjoint, the situation simplifies

Proposition 4.11. Let M be a tu-closed and self-adjoint partial Op*-
algebra. If (M, M)[t.] is a topological quasi #-algebra, then M is a partial



422 JEAN-P. ANTOINE, ATSUSHI INOUE AND CAMILLO TRAPANI

GW*-algebra.

Proof. 9, is clearly a von Neumann algebra and (IR,), = W, ; thus Wi,
maps 2 into 2*(M) = 2.

We turn now to the question of the minimality of the partial GW*-algebra
generated by =-invariant set of operators of £1(2, #). In the bounded case, if
N = N* < B(H), then U =RN" is the only von Neumann algebra that verifies
the relation ¥ = ', and it is the smallest one that contains . In the general
case, M = N < LD, #), there might be many partial Op*-algebras M such
that 9, = 9, living on different domains. As the following theorem shows,

A~
there is a distinguished one among them, namely 9t* = ¢,(N),,, : it is a partial
GW*-algebra over (M,,), and moreover it is minimal, in the sense that it lives on
the smallest possible domain. To show this, however, we need a new notion,
that of embedding.

Let 9 be a f-invariant subset of (2, #). In I, Section 3 we have
considered the partial Op*-algebra M, [M] generated by N, on the same domain
9. We have also extended the subset 9t to a set £(9t) living on a larger domain,
but the two sets are still in one-to-one correspondence. In general we need
more: how does one compare two (partial) Op*-algebras living on different
domains 2,, 9,?

Definition 4.12. Given 2, c &,, let M, and W, be two partial Op*-
algebras on &, and 2,, respectively. Then M, is said to embedded in Wi, if
2, <9, and M, | 2, =« P,, which is denoted by M, S M,.

Suppose that M, S M,;. Then the map:
nXe,— X192,eM,

is a faithful *-homomorphism of the partial Op*-algebra 9%, into the partial
Op*-algebra MM, but it is not necessarily a *-isomorphism; that is, M, [ P, is
not a partial =-subalgebra of IR,. In particular, if (W) >R, then (M) S M
and ¢"!=1: is a bijection onto M. This suggests a stronger notion of
embedding:

Definition 4.13. IR, is said to be a partial *-subalgebra of MM, by restriction
if M, S I, and 1 is a *-isomorphism of I, into IM,, which is denoted by I,
S M.

In particular, if e®R) >, M or &) >, M, then ¢(M) S M and 1 is an
isomorphism onto.

Using this notion of embedding, we are now ready to show our point.
Notice that the partial GW*-algebra R* = ¢, (N),,, verifies the relations (RN%);, =
%, and (‘ﬁ%@ (M) = (). Denote by # the set of all weak partial Op*-
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algebras M which are fully closed and live on domains & such that ¥ < &, I,
=9, and WM, & =4&. The embedding relation S is a (partial) order on
#. Then we state:

Theorem 4.14. Suppose N is a t-invariant subset of L1(D, #) such that N,

N T
is an algebra. Then the partial GW*-algebra N* = ¢, (N),,, is maximal in the
ordered set (7, S ).
Warning : According to Definition 4.6, ‘maximal’ implies ‘living on the
smallest domain’!

Proof. Let M be a fully closed partial Op*-algebra on a domain & such
that 2 = &, 9, = N, and M, & = &. Since N, 2 < M, & = &, we have D, (N)
c &. Take an arbitrary YeWt. Since M, =N, M, § =& and YCE=CY¢
for each Ce9M,, and £eé, it follows that

(YQ%—; GLIIC T, Ci))
= 2 2 (YGL I C CiE))
= 2 2, (CFCFC Y| L)
= Y2 (CFC*CL| Y1)
= (C*QL Gl | ;G5 Y1)
= (C*Q=1 Gl YT, CiL))
for each Ceeg, (M), = N, and ZZ=1 Cilss }":1 C;l€2,(M), and hence
Y2, (R)eN =e¢,R),,, forall Yedh, 4.4

which implies

G = DX)= () D(Y]9D,(M)

Xete Yemt
c N D(N)=FM)=4¢.
YeBt
Furthermore, we have by (4.4)
YII®R) = Y1D,(R)
for each Ye M, and hence
- ——————————— - a
YI9() =(Y12,00) [ 2(%) e’
for each YeWt, which implies M S MN°. This completes the proof.

If the set 9t of Theorem 4.14 consists of bounded operators only, we get the
following result:
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Corollary 4.15. Suppose M is a t-invariant subset of #B(D, #)= {Xe
Pt (2, #£); X is/lgmded}. Then (g(ﬁ))ﬁw equals the von Neumann algebra
N ~
(R,) and I = ¢,(N),,, is a partial GW*-algebra on D(R°).

Replacing weak commutants by quasi-weak ones in Theorem 4.14, we
obtain an entirely similar statement, which is proved in the same way:

Theorem 4.16. Suppose R is a 1-invariant subset of L2, H#) such that N,
P T
is an algebra. Then (g5,,(M))y, and &,,(N),, are partial GW*-algebras on
~ a e
D(e4w(N)) and D(e,,,(N),0), respectively. In particular, &, (N),,, is maximal in the
ordered set (#,, S ) consisting of weak partial Op*-algebras (M, &) on domains
& such that M, =N, and M, & = &.

§5. Invariant Positive Sesquilinear Forms on Abelian Partial «-Algebras

Powers [2] has shown that a self-adjoint representaion 7 of an abelian *-
algebra U is standard iff (n(A),) is abelian. In this section we extend this
property to the case of abelian partial Op*-algebras, and apply this result to the
study of invariant positive sesquilinear forms on abelian partial =-algebras.

Let (@2, #, m) be a o-finite measure space and #(£2) be the set of all
multiplication operators M, by a.. finite measurable functions f on Q. Then
A (£2) is the set of all densely defined closed operators in I2(£2) affiliated with the
von Neumann algebra M, g, which is an abelian EW*-algebra [23]. A fully
closed partial Op*-algebra (IR, 2) is said to be a partial Op*-algebra generated
by measurable functions on Q if M < M(Q).

We first give some necessary and sufficient conditions for a fully closed
partial Op*-algebra to be unitrarily equivalent to a partial Op*-algebra
generated by measurable functions.

Theorem 5.1. Let M be a fully closed partial Op*-algebra on 9. Consider
the following statements:

(1) M, 2 D and (IN,) is abelian.

2 [ | 2T is an abelian, standard partial GW*-algebra on 9.

(3) I is abelian and standard.
Then the following implications hold:

1 = @
G

Furthermore, suppose M has a strongly p-cyclic vector &,, that is, R*(M)*°&, is a
core for each X, X €M [17]. Then the statements (1)—(3) above are equivalent to
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the statement

(4) There exists a compact Hausdorff space Z and a bounded Radon measure
w oon Z such that W is unitarily equivalent to a partial Op*-algebra (RN, &)
generated by measurable functions on Z, such that (R} = My« ..

Proof. e (1)=(2): Since M, 2 = 2 and M is fully closed, it follows from
Corollary 4.8 that [(Wt,) 1 27" is a partial GW*-algebra on 2 and

[ 121" = {(Xe¥ND, #); X is affiliated to (M)} (5.1)
Hence it follows from Theorem 5.6.15 of [29] that X* = X for every X
=Xte[(WM,) I 2]". Hence [(M,Y | 2] is standard. Since (Wt,) is abelian,
we have
(X7 Yn) = (YTE| Xn)

for all X, Ye[(WM.,) | 21 and ¢, ne P, which implies that X e L*(Y) iff Ye L*(X)
and then XOY=YaX. Hence [(M,) [ 2] is abelian.
e (2)=(1): This is trivial
o (2)=(3): This follows since M is a *-subalgebra of the abelin, standard
partial GW*-algebra [(W,) | 2] on 2.
Suppose now there exists a strongly p-cyclic vector &, for .
@ (3)==(1): Since M is abelian and standard, we have
R@ER) = R*(M) = R*IR) = L"(IN) = (M),
RMZ2 < 9.
Since &, is strongly p-cyclic for 3R, it follows that R(9) &, is dense in #°, which
implies that the map

ASoe R &, — ATEoe R(IR) S,
extends to an isometry J on . Then it is easily shown that
JXEy = X1, Xeh, (5.2)
JCEy = CtEy, CeR(IMY,. (5.3)
By (5.2), (5.3) and the standardness of ¥t we have
(CX A& IBE)=(X AL |BC*E)
=((BTOX) A, C*&y)
= (C&o|J (BT B X)AL)
=(C&o| ATO (BT T X) &)
=(C& | AT X1B&)
=(CAE | XTBE)
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for all CeR(M),,, XM and A4, Be R(IM), which implies
RM), = W, (5.4)
By the standardness of MM, A is self-adjoint for each A = AteR(M). Let 4

e}

= f 1 dE ,(4) be the spectral resolution of 4. In the same way as in Theorem
7.1 of [2], we can prove that (R(M),) = {E(4); A = Ate RN), — 0 <A1 < o0}"
and E, (AW)Eg(u) = Eg(u)E4(4) for all 4 = A', B=BteR(M) and —o0 <4, pu
< o0. Hence it follows from (5.4) that (M,) is abelian.

e (4=(3): Since N = #(Z), it follows from Theorem 5.6.4 of [29] that N is
standard and X is affiliated with M Le(z,y) fOr €ach X e N, which implies that N is
abelian. Hence It is standard and abelian.

e (2)=>(4): Let 3 be the abelian C*-algebra on # generated by {E (1); 4
= Ate RM), — o0 <A< w0}, Z the spectrum of 3 and fi— T, the Gelfand
representation of the C*-algebra C(Z) onto 3. Then, by the Riesz representa-
tion theorem, there exists a bounded Radon measure pu on the compact
Hausdorff space Z such that

(T;&olS0) = J fdu, feC(2).
z

Since (M;,) =M, =3 and &, is cyclic for J', it follows from [30] (Part I,
Chapter 7) that the Gelfand representation f+— T, extends to a *-isomorphism
fr>T; of L*(Z, ) onto (M) and

(T ol 80) = (Mf1]1), feLl™(Z, ),

which implies that there exists an isometry U of I2(Z, u) onto # such that
UL*(Z, Wy =(M,) & and U*M,)YU = Mz, Hence it follows from (5.1)
and Theorem 5.6.4 of [5] that U*IR U is a fully closed partial Op*-algebra on
U*2 such that U¥*MU < #(Z). This completes the proof.

By Theorem 5.1 we have the following

Corollary 52. Let W be an abelian partial GW*-algebra on 9 over
Mo. Then M is standard.  In addition, if M has a strongly p-cyclic vector, then it
is unitarily equivalent to a partial GW*-algebra generated by measurable functions
on a compact Hausdorff space.

Next we apply Theorem 5.1 to the study of invariant positive sesquilinear
forms on abelian partial =-algebras.

Let s#(A) be the Hilbert space obtained by the completion of a maximal
Hilbert algebra 2. We denote by n, and p, the left and right regular
representations of A, respectively, and by J,q, (or simply, J) the involution of
#(U). For each xe #(U) we denote by 7ypqqy(x) and pyeqy(x) the closures of
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the closable operators defined by
TopanX)E = po(€)x and pee(x)¢ = mo(l)x, Ce¥,
respectively. Pallu de la Barriére [31] has shown that
T (X)* = Topay(J%) and J 7@y (X)J = popian (IX), xe A (Y). (5.5
Suppose y€ D(Tpqy(x)). Then it follows from (5.5) that
Jx€D(pey(JY)) and mypey(Jy) Jx = J 7 ey (%) y- (5.6)

It is easily shown by (5.5) and (5.6) that s#(2) is an associative partial *-algebra
equipped with the involution x —» Jx and the following partial multiplication:
xeL(y) iff ye D(mypm)(X)), and then xy = My qy(x)y, so that R(#(A)) = . The
partial x-algebra # () is called the H-system of 2.

For the structure of abelian H-systems we have the following

Propesition 5.3. Let #(U) be a H-system of a maximal Hilbert algebra U
with unit. Then the following statements are equivalent.

(1) A is abelian.

(2) The H-system #(A) is abelian.

(3) #(Y) is isometric and isomorphic to the H-system I[*(Z, u)
= H(L*(Z, u),
where Z is a compact Hausdorff space and u is a bounded Radon measure on Z.

Proof. The implication (3)=>(2)=>(1) are trivial.

e (1)=(3): Let &; be a unit of A. As shown in the proof of the implication
(2)=>(4) in Theorem 5.1, there exists an isometry U of L*(Z, 1) onto # (%) such
that Ul = &, and U* no(W) U = Mz, Where Z is a compact Hausdorfl space
and u is a bounded Radon measure on Z. Then it is easily shown that
Twan(Uf) Ug = Unypag,, (f)g for each fe I*(Z, p) and ge L*(Z, y), which implies
that f, ge I2(Z, u); fe L(g) iff Uge D(n,4«y(Uf)) iff Ufe L(Ug), and then (Uf)(Ug)
=Ufg. It is clear that J,g(Uf)=UJpyz,f for each feI*(Z, y). Thus
H#(A) and [*(Z, u) are isometric and isomorphic.

Theorem 5.4. Let U be an abelian partial =-algebra with unit e and ¢ a B-
invariant positive sesquilinear form on W x W. Then the following statements are
equivalent.

N\

(1) =g is standard.

(@) T, Ale) = D) and (HQLY = T3,

() nF(W), 4le) = D(ny) and (WY, Ay(e) is dense in H,.

(4) There exists a x-homomorphism @ of W into the H-system L*(Z, u) such
that

(4)y D(B) is a core for each Ty gz, (P(x)), xeU;
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@), ¢, )= f [P)I@ [P du), x, yeU,
z
where Z is a compact Hausdorff space and u is a bounded Radon measure on Z.
In this case, B is maximal in F .

Proof. Theorem 5.1 implies that (1)< (2) and (1)=(3).
o (3)=>(1): Since (z3(W),) A4{e) is a maximal Hilbert algebra in 5, it follows
that

Mo, (26(X) CAyle) = CAy(x) = Tg(x) CA,le)
for each xe W and Cenj(W),, where 7 *, is the left regular representation of the
H-system ;. Hence we have

e, (1,(x)) < 7800, e,
which implies by (5.5) that
TEO) = 7RO © g, (gL = T (A o6%) = TH(Y),

for each xe¥. It foliows that 7/1?&,,‘ is standard. Thus the statements (1)-(3) are
equivalent.

o (1)=(4): Since (nF(W),) = n3(A),, it follows that (nH ()Y Ale) is a
maximal abelian Hilbert algebra in 5#,. By Proposition 5.3 there exists an
isometric *-isomorphism U of the H-system #, onto the H-system IHZ, p),
where Z is a compact Hausdorff space and u is a bounded Radon measure on
Z. As shown above in the proof of the implication (3)= (1), we have

Tg(x) = Tp, (4(x)), x€ . (5.7)

We introduce on 4,(¥) the partial multiplication of the H-system #,; that is,

Ag(x)e L(A4(y)) iff id,(y)eD(n%(/las(x))) = D(nf(x)). We now put @=U-4,.
Take arbitrary x, ye ¥ such that xe L(y). Since n} is a *-representation of %,
we have nj(x)e L*(n§(y)). Thus it follows from (5.7) that

As(y) = 15(y) A 4(€) € D(nJ(x*)*) = D(ng(x)),

which means that 1,(x)e L{A,(y)) and 4,(x) 4,(y) = A4(xy). Hence, 1, is a *-
homomorphism of the partial *-algebra ¥ into the H-system #,. Furthermore,
since U is a *-isomorphism of #, onto I*(Z, ), it follows that @ is a *-
homomorphism of the partial x-algebra ¥ into the H-system [*(Z, u).

Next we show that @(B) is a core for cach 7.5, (P(x)), xe . Indeed, for
each ae®B there exists a sequence {4,} in (z3(A),) which converges strongly to

ng(a). Thus we have

lim UA,2,(€) = Ui, (a) = ®(a),
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Hm 7757, (Px) U Apdgle) = lim Uy, (44(x)) 4ndyle))

»t)

= U(n§(a) 44()
= Udy(xa)
= P(xa),
which means that @(B) is a core for n;2; ,, (P(x)). For each x, yeU we have
D(x, y) = (A,(x) 1 14(1) = (UA,(x)| UA,()
= (@(x)| 2(¥)

= J [P)JOLP()I({) dpr).

e (4)=(1): Since
(G ()4 4(@) | m() A 4(b)) = P(xa, xb)
= (1200 (P(X) D(@) | 727,40 (BC)D(B)),
for all x, ye¥W and all a, beB, and ®(B) is a core for each n;2z ,\(P(x)), xe U, it

follows that n2(x) is unitarily equivalent to = ,,(P(x)), which implies that
¢ (Z,u)

ng(x)* = ng(x*). This completes the proof.
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