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1. Introduction

The usual technique for dealing with an abelian W*-algebra is to consider
it, via the Gelfand theory, as the algebra of all continuous complex-valued
functions on an extremally disconnected compact Hausdorff space with a
separating family of normal linear functionals. An alternative approach, outlined
in [2] and [10], is to develop the theory within the framework of Riesz spaces
(linear vector lattices) where the order properties of the self-adjoint operators
play an important and natural role. It has been known for a long time that the
self-adjoint part of an abelian W*-algebra is a Dedekind complete Riesz
space under the natural ordering of self-adjoint operators, but it is only relatively
recently that a proof of this fact has been given that is independent of the Gelfand
theory, and the interested reader may consult [2] or [10] for the details. This
approach is essentially foreshadowed in [6] and provides a very satisfying
introduction to the theory of commutative rings of operators. From this point
of view, the spectral theorem for self-adjoint operators falls naturally into place
as an easy consequence of the spectral theorem of H. Freudenthal. In this pager,
the line of approach via Riesz spaces is developed further and several well known
results are shown to follow as elementary consequences of the order structure
of the algebra.

The author would like to express his gratitude to Professor W.A.J.
Luxemburg for many helpful suggestions relating to the subject matter of this

paper.
2. Preliminary information

We shall adhere to the notation and terminology from the theory of Riesz
spaces as developed in [2], [3] and [4]. If L is a Riesz space, we write f* =fV o,
f7=(=Nvo, |f|=fv(=), from which f=f+~f=, |f|=f*+f" for
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every f e L. Elements f,ge L are called disjoint if | f | A Igl = 0 and this
is denoted by flg. If D is an arbitrary subset of a Riesz space L, we set
D* = {feL :f1D}. The Riesz space L will be called Dedekind complete if
every non-empty subset of L which is bounded above has a least upper bound.
A Riesz subspace K of a Riesz space L is called an order ideal whenever, given
feK,geL with 0 £ |g| < !f ,it follows that g € K. An order ideal K is called
a band whenever it follows from 0 < f.1 .f, f.€ K for each 7,that fe K.1If D is
an arbitrary subset of L, (D) (respectively {D}) will denote the order ideal
(respectively band) generated by D.If K is a band if a Dedekind complete Riesz
space L, then L = K @ K“.

The real linear functional ¢ on the Riesz space L is called order bounded
if for each 0 < u e L, the number sup(|$(f)| : |f| S u) is finite. The set of all
order bounded linear functionals is denoted by L~ . Under the natural defini-
tions, L~ is always a Dedekind complete Riesz space. The functional ¢ € L™ is
said to be an integral if 0 < u, |0 implies ¢(u,) -0 as n— co. The collection
of all integrals is a band in L~ and is denoted by L_ . The element q,'>eL~ is
called a singular functional if ¢ Ly for all ye L. We have L~ = L, @ L,
A functional ¢ e L™ is called a normal integral if u.} .0 implies inf,| d)(u,)l =0.
The set of normal integrals is a band in L and we set L, = L, @® L, .For
any pe L™, set Ny = {feL :|<b|(|f,) = 0}, N,is an order ideal in L.If Lis
Dedekind complete, then ¢pe L, iff N, is a band. If L is Dedekind complete
and 0 < ¢, Y e L), then {y} < {¢}iff Ny, = N, and in this case y = sup,(nd A ¥).

3. Integrals which are singular normal

We take as our starting point an abelian W *-algebra M of operators acting
in a complex Hilbert space 5. Re M shall denote the real linear space of self-
adjoint elements of M;with the natural definition of partial order, Re M is a
Dedekind complete Riesz space with a separating family of normal integrals.
The operator norm is a Riesz norm on Re M, under which Re M is an abstract
L -space. Moreover if 4.1 .4 in Re M, then the system A, converges to A in
the strong operator topology. A linear functional ¢ € M* (Banach dual) is called
self-adjoint if for each T e M, ¢(T*) = ¢(T). The collection of all such ¢ will
be denoted by Re(M*). Denote by M, the closed subspace of M* which consists
of those linear functionals which are continuous in the ultraweak topology of
operators, and set (Re M), = M, N"Re(M*). It is easy to show that RelM*)
= (Re M)* = (Re M)~ and that Re(M,) = (Re M), and accordingly the proofs
are omitted. In this section, we examine (Re M), and ask whether every integral
on Re M is in fact normal. It is clear that only positive functionals need be
considered. If 0 < ¢pe(Re M), it is well known that ¢ is a normal integral
iff for each family {E;} of pairwise disjoint projections of M, it follows that
¢( L E) = X @(E). From this it is clear that if every family of pairwise disjoint
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projections of M is at most countable, then the notions of integral and normal
integral coincide. In particular, if 5# is separable then every integral is normal.

Suppose now that P is any projection of M. A decomposition of P is a collec-
tion {P,},. o Of pairwise disjoint projections of M which satisfies sup, P, = P.
The cardinal of the index set =/ is called the cardinal of the decomposition.
Recall that a set X is said to have a measurable cardinal if there exists a countably-
additive measure v on the collection of all subsets of X such that WX) = 1, and
v(F) = 0 for every finite subset F of X. If such a measure v does not exist, then

X is said to have non-measurable cardinal.

THEOREM 3.1. Let ¢ = 0 be an integral on Re M, and assume that every
decomposition of the identity of M has non-measurable cardinal. Then ¢ is
a normal integral.

PROOF. Let # denote the family of all collections {P;} of pairwise disjoint
projections P, such that ¢(Py;) = 0. # is inductively ordered by inclusion, so
there is a maximal such collection {P,},.., say. Let P =sup P,;then ¢(P)=0. If
not, for A €29 set w(A)=¢(sup P, : a € A), and observe that ¢(P) # 0 contradicts
the hypothesis that o/ has non-measurable cardinal. It now suffices to show
that the null ideal of ¢, N, coincides with {P}, the band generated by P in Re M.
Observe that T e {P} iff there exists a positive integer k with |T | £ kP, so that
{P} = N,4. Suppose T € N,. By the spectral theorem there exists a sequence
S, = Zra,0™ in Re M, with o, >0, Q™ projections in M such that
5,1|T| in Re M. It follows that ¢(Q{™) = O for each i, n. Thus Q{" € {P} by
maximality of the system {P,}, so that S, e {P} for each n; hence | T | € {P} since
{P} is a band. Hence {P} = N, and ¢ is normal.

We note that the above result is a consequence of [5], but that the proof
presented here is essentially quite simple. In passing, we observe that Theorem
3.1 answers a question concerning g-states of von Neumann algebras raised by
R. J. Plymen in [8], since a state of a von Neumann algebra is normal iff its
restriction to each maximal abelian subalgebra is normal.

4. Singular functionals
Following the discussion of the preceding section, we will write
(Re M)~ = (Re M);, @ (Re M),

LemMa 4.1. (i) If ¢e(Re M),,, then Nj = {0}.

(ii) Let (Re M)* = {Te ReM:|T |2 S,| 0= S,| | O} and let (Re M)*
= {TeReM:|T| 2 S.}0=|S.|||0}. Then (Re M)* = (Re M)™="[(Re M)_,].
Consequently, (Re M)* is an order ideal in Re M.
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ProoF. The proof of the lemma is contained in [4] Theorem 50.4 and
Theorem 53.7 (ii)) of Note XV.

DEFINITION 4.2. A non-zero projection P of M will be called an atom if,
for any projection Q¢ of M, 0 < Q < P implies either Q =0 or Q = P.

LEMMA 4.3. Let P be an atom of M; then Pe (ReM)*.

PrOOF. If Se ReM satisfies 0 £ S < P, then S = AP for some real
4,0 < A = 1. Since 4,P | 0iff 1,0, it follows that 4,P | O for 0 < 1, < 1 implies
| 2P[ 1 0.

THEOREM 4.4. (i) Let P € (Re M)*™ be a projection; then P = X7_ P,
where the P; are disjoint atoms.

(i) Te(Re M)" if and only if T = X2 AP, where the P,, i = 1,2,
are disjoint atoms and |/1,~]—»0 as i— oo.

Proor. (i) Let P e (Re M)™ be a projection. Assume that P does not dominate
a single atom. By an inductive argument, there exists a sequence {Q,} of pairwise
disjoint non-zero projections majorized by P. Observe that P = F,
= Vu3 mQnl 0. Since ” F,, ” = 1 for each m, this contradicts the fact that
P e (Re M)*". 1t follows that there exists an atom P; with 0#£ P, < P. If
P — P, #0, there exists an atom P, satisfying 0 # P, £ P — P,. By the above
argument, this procedure breaks off after a finite number of steps, and (i) follows.

(i) Let T = X{2,4,P, where the P; are pairwise disjoint atoms and
|4;]>0as i»o. IfOSS<|T|, then S = X2,5P; with 0 <5 |4,
and H S || = sup s;. It follows readily that T € (Re M)*" = (Re M)“. Conversely,
assume 0 < T e(Re M)™. By the spectral theorem and (i) it follows that
T= X%, AP, where 0 £ 1, < ”T , and each P, i = 1,2,---, is an atom.
To show that 2,—0 as i-» o0, assume lim;4; > 0; choosing a subsequence if
necessary we may assume that for some 6 >0, 2, =26 >0 for i=1,2,--.
Set Q = X% ,P. Let N denote the positive integers, N the Stone-Cech
compactification of N and choose e SN — N. For each S € Re M denote by
fs the element of I (N) defined by fs(n) = (Sx,, x,) n = 1,2,---, where x,€ #
satisfies P,x, = x,, || x, H = 1. Denote by fs the extension of fg to a continuous
function on BN. Define 0 £ ¢ e (Re M)*, via ¢(S) = fs(a) for each Se Re M.
It is clear that ¢(T) = é > 0. Since Te(Re M) = (Re M)™, it is sufficient to
show that ¢ e(Re M);,:. Observe that ¢(Q) = 1 = ¢(I) so that ¢(I — Q) = 0.
Write ¢ = ¢, + ¢, where 0 < ¢,e(Re M)_,, 0 < ¢,e(Re M), Since the P;are
atoms and by the definition of ¢, 0 = ¢(Py + - + P,) = ¢(P, + - + P))
+ ¢ Py + -+ P) = ¢ (Py + -+ P) for k =1,2,.... Thus ¢,(Q) = 0; also
0=¢(-0)=¢(~0Q). Hence ¢,(I-@Q) =0 so that [ ¢l = ¢ulD) = 0.
Hence ¢ e(Re M),, and the proof is complete.
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We note that the proof of (ii) above shows that if the dimension of M is
not finite, there exist non-zero elements of (Re M):,',. In fact, let {P;}, i = 1,2,--,
be a system of pairwise disjoint non-zero projections of M. Let ¢ € (Re M)* be
defined via the P; as in the proof of (ii) above. Let F,, = Vv, 5 ,P,. Observe that
#(F,) = 1 for each m. Since F,,|,0, it follows that ¢ ¢ (Re M), . so that the
singular part of ¢ is non-zero.

Let A denote the set of atoms in Re M. In general, the ideal generated by
the atoms of Re M is not equal to (Re M)*. However, we do have

COROLLARY 4.5. {4} = {(Re M)*"}.

PROOF. {A} = {(Re M)*} trivially. On the other hand A4‘< (Re M)* by
the above theorem. Therefore {4} = 4% 2 (Re M)** = {(Re M)"}.

We may write Re M = {4} @ {A4}%. {4} will be called the atomic part of
Re M, {A}* the non-atomic part.

THEOREM 4.6. (i) If N is a band in Re M, then N is a maximal band
iff there exists an atom P in Re M such that N = {P}*.

(i) {4} = N(N:N is a maximal band)

(iii) {4} = Re M iff (Re M),, = [(Re M)]".

PrOOF. (i), (ii) follow exactly as in [2], p. 57.

(i) If (Re M),, = [(Re M)"]", let Pe{A}* be a non-zero projection.
Choose x € o such that Px = x and consider the normal integral ¢(-) = (-x, x).
Since ¢ e A" it follows by normality that ¢ € {4}*. In particular, ¢ € [(Re M)*]*
so that ¢ = 0. It follows that {4}? = {0}, hence {4} = Re M.

Conversely, assume {4} = Re M = {(Re M)"}. Observe that (Re M),, =
([Re M) T". Assume 0 < ¢ satisfies ¢(T) =0 for all T e (Re M)*. Write
¢ = ¢, + ¢, where 0 < p,e(Re M),,, 0 < ¢,e(Re M),". Since ¢, vanishes
on (Re M) so also does ¢,. By normality and the assumption that Re M =
{(Re M)*}, it follows that ¢, = 0. Thus ¢ = ¢, and the proof is complete.

We conclude this section with some remarks on the case M is finite
dimensional.

THEOREM 4.7. The following conditions on M are equivalent:
(i) Re M = (Re M)

(i) M is finite-dimensional.

(iii) M is a reflexive Banach space.

(iv) (Re M)~ = (Re M),

PRrOOE. (i) = (iv) and (i) = (iii) are obvious.
(iv) = (1). Since the only singular functional on Re M is the zero functional,
Re M = ‘[(Re M)_,] = (Re M)".
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(iv) = (ii). It has been noted above, that if the dimension of M is not finite,
then there exist non-zero elements of (Re M), ..

(i) = (iv). If M is reflexive, assume M) # M*. By reflexivity of M and the
Hahn-Banach theorem, there exists 0 # T = ReM with T € *M¥. In particular,
for each x, ye 5, (Tx, y) = 0. Hence T = 0 which is a contradiction. #

5. The band of normal integrals

That the normal integrals play a key role is clear from the fact that Re M is
precisely the (Banach) dual of the band of normal integrals on Re M. We show
that this follows from the fact that Re M is a perfect Riesz space. If x e 5, we
will denote by w, the normal integral given by T —(T'x, x) for T € Re M.

For TeRe M, ¢e(Re M),, set WTY$) = ¢(T). It is clear that
v:Re M - (Re M),.. is linear, one to one and preserves partial order. Since
the Dedekind complete Riesz space Re M has a separating family of normal
integrals, it follows from [3] Theorem 28.4, Note VIII, and the uniform
boundedness principle that WRe M) = (Re M),,.. In the terminology of [3],
Re M is a perfect Riesz space. Further the mapping v is an isometry, which follows
by observing that, for T e ReM,

IT| sup{l(Tx,x)|:xe3f, |x||§1}

sup{ | ()| : oo | < 1}

sup{|[UTX¢)| :¢e(Re M) | o] < 1}
sup{|H(T)|:peRe M)*, || ¢ | < 1} = || T|.

We will identify Re M with its image in (Re M), ,, under the mapping v. These
remarks establish the first part of

THEOREM 5.1. (i) Re M = (Re M), .
(i) Re M = (Re M), .*.

A

I\

IA

PROOF OF (ii). Observe that the norm of the Banach space (Re M), is a
Riesz norm which is additive on the positive cone of (Re M), and so (Re M), is
an abstract L-space. It is well known that every bounded linear functional on
an abstract L-space is a normal integral so that

(Re M), * = (Re M), ~ = (Re M), , = Re M. #

It has been shown by R. Pallu de la Barriére [7] that every normal integral

on Re M is of the form T — (Tx, x) for some x € 5. We now proceed to an
elementary (i.e. non measure-theoretic) proof of this result.

It has been noted earlier that if 0 < ¢ € (Re M), then Nyisaband in Re M.

Writing Re M = N, (—BN‘;,, denote by E, the component of the identity in the
band Nj. The projection E, will be called the carrier projection of ¢. It is easily
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shown that if ¢ = w, for some xe 5, then E, = EY where M’ denotes the
commutant of M, and EM" denotes the orthogonal projection (in M) onto the
closure in o of the linear subspace {M'x}. It follows from some earlier remarks
that if 0 £ ¢, ye(Re M),, then ye{o}iffE, < E,.

The next lemma is well known (see for example [9]).

LEMMA 5.2. Let ¢, \ be positive normal integrals on Re M which satisfy
0 £y £ ¢. There exists He ReM with 0 £ H £ I such that y(T) = ¢(TH)
for all TeM.

If y, ze o, we shall write w,~ w, if (T'y, y) = (Tz, z) holds for each T € M.
EY will denote the projection (in M’) onto the closure of the linear subspace
{Mz} in #.

LeMMA 5.3. Let xes#. Then
EY' = sup{E} : 0, ~ 0}

where the supremum is taken in the complete lattice of projections of the
W*-algebra M'.

PROOF. If ze # satisfies w,~ w,, then EY = EM'. Since M is abelian,
EY < EM = EY so that sup{EY : w,~ w,} £ E}*. On the other hand, let F be
any projection of M’ which satisfies F > EM for each ze # with w,~ w,. For
each unitary operator #eM’', wy,~ w,. Thus FUx = Ux for each unitary
UeM’' so EXY' < F and the lemma follows.

We now describe the band of normal integrals on Re M.

THEOREM 5.4. (R. Pallu de la Barriére) Let ¢ be a positive normal integral
on Re M. There exists ye # such that ¢ = w,.

PROOF. Let E, be the carrier projection of ¢. By [1] p. 19, there exists x € H#°
such that EY = E4. Tt follows that ¢ belongs to the band generated by w, in
(Re M),T so that ¢ = sup(¢p A nw,), n = 1,2,.--. Note that the sequence
Y, = ¢ Ano, has the following properties: (i) ¢,T, (i) 0 < ¢, < no,,
(ii1) for each 0 £ T e M, Y(T) = lim,_ , ¢,(T). By lemma 5.2, there exists a
sequence {H,} of positive operators of M, which we may assume satisfy
H,(I —EM) =0, such that ¢(T) = (TH,x, H,x) for each TeM and each
n=12--. Let ze ¢ satisfy w,~ w,. Then also ¢,(T) = (TH,z, H,z). Since
¢,T, it follows that H,EY > H,EY for n = m, so that by lemma 5.3
HEY 2 H,EY for n 2 m. Thus H,T,. From ¢(I) = lim,._,, | H,x |, it follows
that the sequence of real numbers { | H,x |} is a Cauchy sequence. We now
show that the sequence {H,x} is a Cauchy sequence in 5. In fact, for n = m,
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| Hpx — Hpx |12

I Hx |2 + | Hax [|? - 2(H,x, H,x)
[ Hox |+ || Hox |2 — 2(H,x, H,x)
| Hox = Hox |

IIA

—0asn,m- o,

Let y =lim,, H,x. For each TeM,

HT) = lim(TH,x, H,x) = (Ty, y)
= w(T)
and the proof is complete.
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