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Abstract

We study the theory of spectral measures in topological vector spaces.
We extend the Hilbert space theory to this setting and generalize the
notion of spectral measures in some useful ways to provide a framework
for operator theory in this setting. The Riesz representation theorem
is proved without assuming local convexity. This theorem is applied to
give sufficient conditions for an operator (continuous or otherwise) to be
“spectral”. A uniqueness problem is pointed out and the function calculus
is extended to the case of several variables. A Radon-Nikodym theorem
is proved. We then extend the theory of spectral measures to the case
where values are assumed in the set of discontinuous (in normed spaces
"un-bounded”) operators. Examples of operators in nonlocally convex
spaces are given which have densely defined measures.
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1 General Theory

1.1 Introduction

Research in functional analysis has been relatively meager in the area of gen-
eral topological vector spaces without any local convexity hypothesis. This



paper is an attempt to extend the spectral theory of linear operators to such
a setting and, in particular, to generalize the notion of “spectral measure”.
This will be carried out in various ways while at the same time preserving as
much as possible of the Hilbert space-Banach space results. “Regularity” of
the measures involved turns out to be a basic assumption if we are to have
sufficient structure to work with. We note here that two types of integrals
are required in order to state the theory consistently, a Riemann theory [14]
and a Lebesgue-type theory [40]. We shall see below that the properties of a
spectral measure make it possible to work in certain Banach (normed) sub-
spaces of the topological vector spaces we consider below. This fact can be
used to shorten a number of arguments considerably.

Some previous work may be compared with the results below:

1. Colojoara and Folas [2]. Their approach is to assume an operational
calculus with some family of functions, defined (at least) on the spectrum
of the operator, somewhere in scope between the analytic functions and
continuous functions.

Maeda’s work [24] is in the same direction but in certain locally convex
spaces. Our work includes much of this theory but does not subsume it
without some juggling of topologies.

2. Schaefer [35]. Schaefer’'s work treats spectral theory from an order-
theoretic point of view reminiscent of the Riesz—Sz.-Nagy approach to
the spectral theorem. His work is in the locally convex case for weakly
complete spaces. Our work includes the results of this work in the com-
parable situations.

3. Other contributions have been made by Naimark [27], Marcenko [25],
Ljance [19] and Folland [12]. The work of these authors is very closely
related to the comments in Section 6.5 below.

Section 1 is divided into two parts by the consideration of continuous and
discontinuous operators and, at the same time, spectral measures that are
countably additive and those that may fail to be countably additive. In every
case, the values of our measures are continuous projections. This hypothesis
will be relaxed in sections 6 and 7 below.



1.2 Preliminaries

In this paper we shall usually denote by “A” a sequentially complete Haus-
dorff topological algebra, i.e., an algebra whose underlying vector space is
a topological vector space with the property that the multiplication of A is
separately continuous in that topology. All topological spaces are assumed
to be Hausdorft.

A spectral measure in A is a set of function p defined on a ring R of
subsets of some set H, which takes values in A and has the following three
properties:

(1) p(CNB) =pu(C)+u(B) (CNB=0)
(2) w(CNB) = u(C)u(B) (the product in A will be denoted by juxtaposition)

(3) w is of bounded semivariation when considered as having its range in
B(C, A) via scalar multiplication in A. That is ([40]) for F' € R, (U
means disjoint union),

fil(F) = {Z%M(EiﬂF) |UE; = F, a; € C and |ay] < 1}

i=1
is a topologically bounded subset of A.
From time to time we may require other properties. They will be stated

explicitly when needed.
We need the following lemmata:

Lemma 1.1 Suppose Ei, ..., E; are sets in R and R(E;, ..., E;) is the al-
gebra in R generated by Ey, ..., E;.. We can conclude that R(E, ..., E)) is
a finite subset of R and there is a finite collection of mutually disjoint sets
{Kn} € R such that each element of R(FE, ..., E;) is uniquely representable
as a finite union of sets in {K,,}.

Proof. The proof follows by the taking the {K;} to be all possible sets of
I I

the form m M; where M; = E; or M; = Q\E;, where Q) = U M;.
i=1 i=1

Lemma 1.2 Suppose A is a topological vector space and z is a closed, bounded,
convez, balanced subset of A. Denote by A, the subspace of A generate by
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z. If A is sequentially complete, then A, with the Minkowski functional z as
norm 1s a Banach space.

Proof. The proof may be found in [10].

Corollary 1.1 Suppose z is a closed, absolutely convex, bounded subset of
A, which is a subsemigroup of A. If A is sequentially complete, then A, (See
Lemma 1.2 for notation), with the Minkowski functional of z as its norm, is
a Banach algebra.

Proof. If a,b € z, then ab € z so |ja]| < 1, ||b]| < 1 implies ||ab]| < 1. The
result follows immediately.

If X is topological vector space, B(X) denotes the set of continuous linear
mappings of X into itself. L(X) denotes the set of linear mappings of X into
itself, while L(A, X) is the set of linear mappings of space A into X and
similarly for B(A, X).

Remark 1.1 If A, is as in Corollary 1.1, we shall usually assume it has its
induced supspace topology (from A) unless otherwise noted.

1.3 Integration Theory

We will need a theory of integration for functions with values in a general
topological vector space with respect to a scalar measure and conversely
a theory to handle scalar functions and vector-valued measures. To carry
out our program we will use two integrals, the integration theory of [14] (a
Riemann integral) for the vector function scalar measure case and the theory
developed in [40] for the scalar function vector measure case which allows
a unified treatment of the finitely additive cases which we need here (see
Section 6 below). We give an outline of the Riemann theory here in our
setting, since [14] deals only with the Banach space case.

Definition 1.1 Let A\ be a complex Borel measure on R" (or C"). If J is a
measurable set in R", with finite measure a partition of J is a finite sequence

of closed measurable sets Ji, ..., J, such that J = U Jiyand A (J;(J;) =0,

if i # j. The mesh of a partition of J is the maxnnum of the metric diameters
of sets J;. We shall use the symbol N{.J;} to denote the mesh of the partition



{J;}. If P, = {J!'} defines a sequence of partitions of J with NP, — 0 as
n — oo and f is a function defined on J with values in a topological vector
space M and

lim 3£ () A(J7)

(t7 is any point in J?') exists for any such sequence {P,}, then we say that
f is integrable on J.

Proposition 1.1 Let f be integrable on J as in Definition 1.1. The value

of
lim SF(E) A (J7)

n—oo

1s 1ndependent of which sequence of partitions occurs in the limit as well as
the choice of the points t7'.

The proof consists in using the standard technique of “meshing” se-
quences. See [29] for example.

Definition 1.2 We define [, f dX to be

lim S (&) A (J7)

n—oo

as in Proposition 1.1 for any f integrable on J.

Proposition 1.2 Let f and g be integrable on J. Then f + g is integrable

on J with
/f+gd)\:/fd)\+/gd)\.
J J J

If k is a constant, then kf is integrable on J and

/Jk:fd)\:k:/de)\.

If f is integrable on J' and \(J' N J) = ®, then
/ fdx+ [ fd\= fd.
J J JUJ!

The proofs are elementary.
We must also consider integration of vector-valued functions defined in
the complex plane over some piecewise smooth curve.
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Definition 1.3 We say that f : C — M is integrable over ~, a continuous
piecewise C* curve in C if

5]
/ ()7 (1) d

exists (where [«, (] is the parameter domain of ). The usual relationships
hold for reparameterizations.

Proposition 1.3 Let [ be integrable over . If v, and o are parameteriza-

tions of v, then
B B2

fyn)ydt = f(r2)vs dt,

aq a2

where 1 and o are related as v, composed with h = 7y, with

a1(By — 1) n Bui(t — CV2)‘

52—CY2 52—042

h(t) =

Ezxistence of one integral is assumed. FExistence of the other is part of the
conclusion.

Proof. 'The proof consists in checking the Riemann sums with appropriate
use of h as in elementary complex analysis.

The usual relations for path integrals hold as a consequence of propostions
1.2 and 1.3. For example, let f be integrable over two paths v; and 7, which
meet at their “end points”. If v denotes the union of these paths in the usual
sense, then

/yf(z)dz— [ ) dz+/wf(z)dz.

Remark 1.2 We use our Riemann integral to integrate functions with vec-
tor values. It is possible to define other integrals for vector functions and
scalar measures as in [11], for example. Etter uses the concept of “ultra
convergence” which is equivalent to uniform convergence in locally convex
spaces, see [49]. We shall not describe this integral here, but we shall have
occasion to return to [11] in a later section of this paper.

When A is metrizable and “locally pseudoconvex”, it has been shown
([29]) that the integral exists for certain smooth functions, but that simple



continuity of the integrand does not imply the existence of the integral. It is
possible to prove a number of existence theorems for the Riemann integral
in our case. We shall not go into this now, however.

1.4 Products of measures

Definition 1.4 Suppose p; and po are two spectral measure on rings R,
and Ry, respectively, with values in A. If uy(c1)pe(c2) = pa(ce)pi(cr) for
all c; € Ry, co € Ry, then we define the product measure pus = pup X o
on R(R; X Rs) in the obvious way where R(R; X R») denotes the ring of
“elementary” sets (see Rudin [34]) generated by R; and Rs.

Using the notation of Definition 1.4, us clearly satisfies (1) and (2) of
Lemma 1.1, but there is no assurance that it is of bounded semivariation.
We shall return to this problem below.

Definition 1.5 Suppose i : R — A is a spectral measure and that F' € R.
Denote by Rp(u) the range of pon {FNK | K € R} and by cob(Rp(u)) the
absolutely convex hull of Rp(u). cob(Rp(p)) is the closure of cob(Rp(u)).

Lemma 1.3 cob(Rp(u)) is bounded commutative subsemigroup of A.

Proof. cob(Rp(p)) is clearly a semigroup. Consider
(*) Yip(E; N F) € cob(Rp(p))(Xlas] < 1).
By Lemma 1.1, we may rewrite (*) as

Z(Z ak)ﬂ([/m)

m  k<n

with L,, N L, = 0 when n # m. Thus, cob(Rr(x)) C i(F) and hence the
lemma follows.

Corollary 1.2 Agzy(r,(n) s a commutative Banach algebra, with the Minkowski
functional of cob(Rp(p)) as a norm (here, cob(Rp(u)) is the “2” of Lemma
1.2).

Remark 1.3 In general, the problem of determining when the “product” of
the two vector measures extends (in some continuous, or countably additive
(c.a.) fashion) to a vector measure on a larger collection than the “elemen-
tary” sets is difficult [30]. We note the following result. (Assume that A is
complete.)



Theorem 1.1 Let Ry and Ry be o-algebras in sets Hy and Hy with py and
1o spectral measures on Ry and Rs. Let R be the ring of elementary sets
generated by Ry and Ry, and let S(R) denote the o-algebra generated by R.
Suppose py and o are c.a. The following hold:

(1) If B € S(R), hy € Hy, the hy section of B, B", is Ry measurable.
(2) The integral
/ pn(B")dps(ho)
H>

is well defined [26]. Suppose that for each neighborhood U of zero in A and
finite partition P of Hy in Ry there exists a finite set A(P) C P such that if
F is a refinement of P C A(P), then

> {range of p}pa(a) C U

acF

and further that uo has the property that for each neighborhood of U of zero
in A, there exists a neighborhood V' of zero in A, if K is a finite partition of
Hy in R,, then
> (V)pa(a) CU.
acl
Then py X po extends to a unique c.a. measure on S(R) defined by the
integral 2 above.

Proof. The proof is essentially like the standard scalar case [26].

Definition 1.6 If H; and H, are sets, and R; and Ry are rings of subsets
of Hy and Hs, then a mapping f : H; — Hs is called measurable (relative to
the pair (Ry, Rp)) if, for any F' € Ry, f~'(F) € R;. If Hy is a linear space
and N(f) = {t| f(t) # 0}, then we only require f~*(F) N N(f) € R;.

Lemma 1.4 Suppose p is a spectral measure on a ring R of subsets of a set
H and H s the product X H; with R; a ring in H;.

=1
Let the projection map f; of H onto H; be measurable for each i. Then
there exist spectral measures p; on R; such that for each measurable rectangle,

n
X Fi,
=1
n

WX F) = X ().

i=1 i=1



If R and R; are 6-rings (or o-rings, etc.), then the same result holds. Fur-
thermore, if

Fe ﬂ{ffl(Kz')lKi € Ri}),

n

then the decomposition X p; of i is unique on
i=1

FAR={FNK|K € R},
relative to Agsp(ry(u))- (W(EF') is the “identity” in Azsy(rp(u)))-
Proof. Define ;(F;) = u(fi; ' (E;)). Suppose n = 2, then
p(Fy x By) = p(fi7H(Bn) N fam (EBa)) = i (Fy)pa(Fh).

The proof proceeds by induction. Uniqueness is proved as follows: suppose
iy, ph are such that p(Fy x Fy) = py (Fy)ph(Fy). Then, since

p(f1(E) x fo(F)) = i (Ey)ps(Fr) = p(Eh),
and p4(Fy) is the identity by hypothesis, the conclusion follows.

Remark 1.4 Each spectral measure on the Borel subsets of C is thus the
product of a pair of spectral measures on the real line.

Proposition 1.4 Let py and py be two spectral measures on ring Ry and Ro
with g X po defined on R(Ry X Rs) as above, then (1) through (4) below are
equivalent. (*) implies (1) as well.

(1) p1 X ps is a spectral measure.

(2) 1 X ps is of bounded semivariation.

(8) cob(Rp(p1 x p)) is bounded in A for each F € R.
(*) A is locally convex and Rp(py X po) is bounded.

(4) w1 and pe are bounded with respect to each other’s range—i.e.,



! k
{ZazZﬂjul(E, N FI)ILLQ(,F} ﬂFz) | Fl c Rl, F2 € RQ, |Oél| S 1, ’ﬁ]‘ S 1}
=1 =1
is bounded. (Here, {E;} and {F;} are mutually disjoint finite collections from

Ry and R,, respectively.)

Proof. 1 — 2 — 3 — 4 are obvious and 4 — 1 simply by the definition of R.

Remark 1.5 In case R; and R, are o-algebras and p; and py are c.a., one
wishes to extend i X po (if it is spectral) to the the o-algebra generated by
R.

If 1 has a c.a. extension, then it will have bounded semivariation and,
hence, is a spectral measure. (It is easy to check that u is multiplicative.)
Generally countable additivity is not a desirable property for a spectral mea-
sure. However a weak form of countable additivity is necessary for further
development. We shall return to this in section 1.6.

Suppose g is a spectral measure with values in A, defined on a subring
R of the Borel sets in the complex plane, with the property that for each
F' € R and Borel set C' with C' C F we have C' € R. Let S be a compact
subset of C, f(t1,t2) as continuous function from C x C to C. Suppose F' is
a bounded set in R. Then f(t,t2) is the uniform limit (on S x F) of simple

n

functions which are of the form Z a;Xg; Where E; is an elementary set. We
i=1

shall refer to a sequence of simple functions of this type as an “elementary
sequence” .

Proposition 1.5 Using the notation indicated above and letting F' C F, §" C
S, the iterated integrals,

| [ sttdnteine

and
[ [ e taxeiance)
FJg
make sense and are equal. (X is Lebesque measure.)
Proof.
f(t1,t2)dA(12)

S/
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is bounded p-measurable function and so its p integral exists. Let {f,} be
an elementary sequence with f,, — f uniformly on S x F' and suppose

Ky
fn(tl,tg) = Zag-n)XEj (t1, tg), Ej = E]ln X EJQn
j=1
Then,

L[ ttndnyane = [ [ e )

v Js
Meanwhile,
im | RACAREYOS Ty
exists and equals
[ st axedn o)
Moreover,

lim / £l ) dpi(t)

converges uniformly in t5, (NP, — 0) for given ¢ > 0,

/ Fultns ta)dpu(ts) — / Fult ) dp(ty) =

/ Faltrst2) — Fultr, th)du(tr) € e(F)

for sufficiently large n. By corollary 1.2 and the Moore-Smith convergence
theorem we may interchange limits to get

hyflﬂ/l . fa(ta, t2)dp(tr)dA(t2) :/s Hm [ fo(t1, ta)du(t)dA(ts)

r n F’

B / F/f<t17t2)d:u(t1)d)‘<t2)' (%)
But (**) equals
/ s f (1, t2)dA(t2)dp(ty).

This completes the proof.

11



1.5 Calculation in a topological algebra

Proposition 1.6 Let u be a spectral measure on R with values in A, and
suppose F' € R. Denote by Bd(F') the collection of all bounded R-measurable
complex-valued functions on F.

The integral is a continuous homomorphism of Bd(F') into A and into
Aﬁ(Rf(u)) with its norm topology, where Bd(F) has the topology of uniform
convergence.

Proof. 1t is clear that for simple functions f and g,

/ngd“:[mfd“/lmgd“:/lmgduéfd“'

Since p has bounded semivariation in A, the rest of the proposition follows
by taking uniform limits of simple functions. This completes the proof.

Proposition 1.7 Let p be a spectral measure on R with values in A, and let
f be complex-valued and R-measurable. If f is bounded, then, for all F € R
and for all bounded Borel functions g,

(*) Jrafdu= ff(F) 9(z)dmy(2)
where g () = g(7(2)) and
my(E) = p(f~(E) N F)

with B a Borel set in C.

Proof. First note that (*) makes sense because my has bounded semivaria-
tion. Let g = xx, K a Borel subset of C. Then

(LmeMu:uU1UONFMWU@UHK%=Awﬂm@MmA@

and, therefore, the equality holds for all simple functions ¢ and so for all
bounded Borel functions g. This completes the proof.

Proposition 1.8 Any spectral measure in A takes its values in a commuta-
tive subalgebra of A, which allows a stronger locally convex topology than the
topology induced by A.
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Proof. The inductive limit

i A g ()

where ' € R and R is partially ordered by inclusion, works. That is, we
take the Banach space topology on each member of this increasing family of
subalgebras. It remains to check the continuity of the inclusion maps. This
is trivial from the definition. (Norms are increasing.) This completes the
proof.

Remark 1.6 At this point it is necessary to define what we shall mean by
the “spectrum” of an element in A. The usual definition of the spectrum of
an element a € A is the set-theoretic complement of the set of all complex
numbers A, such that (Ae — a)~! exists as an element of A (we assume A
has an identity e). This definition requires further assumptions we wish to
postpone. See [35] for the locally convex case. The idea that seems most
sanguine to the situation at hand is that the resolvent is locally holomorphic
on the resolvent set. However, the theory of holomorphic A-valued functions
has its own special problems. For example in A, power series are not well-
behaved in general (see [51]). They may converge at any finite number of
points and diverge elsewhere—in contrast to the case where A is locally convex
or pseudoconvex.

At this point, we do not wish to limit ourselves to the various possible
special cases.

This leads us to an indirect definition of holomorphicity, which will reduce
to the usual one in less general cases.

Definition 1.7 Suppose a € A and assume that A has an identity e. The
“Morera” resolvent set of a is the collection of all complex numbers A for
which there is a disc N about A such that if z € Ny, then (ze — a)™! exists
in A and for each piecewise smooth simple closed curve ¢ in N the integral

[c—arac

exists (in the sense of §1.2 above) and is equal to the additive identity in A.
(We mean (ze — a)~! when writing (2 —a)™'.)

The Morera resolvent set, or briefly, the resolvent set of a, which we
denote as p(a), is open and in the classical case Remark 4.2 implies that
(¢ — a)~! is locally analytic on p(a).
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As usual we use o(a) to mean the “spectrum of a” and define it to be

pla)® = (C\p(a)).

Remark 1.7 A\ — (A —a)~! may of course be continuous and yet it may fail
to be integrable on compact sets, contrary to the condition in locally convex
spaces (see [32] and also [11] and [49].) Since we do not assume our measures
are defined on an “algebra” we must define some notion of invertiblity, useful
in this context. We therefore define “invertibility” not with respect to the
whole of A, but with respect to the measure involved. To be precise we have

Definition 1.8 Suppose a € A and

a:AAdu(A)

where p is a spectral measure on R, a subring of the Borel sets of C, F' € R.
Then X\ — a is taken to mean A\u(F') — a and inverses are computed relative
80 Azop Ry (> Of Which a is certainly a member and in which w(F) acts as the
identity. (Whether we have the norm topology or not makes no difference
here. This is a useful ambiguity.)

The notion “regular measure” appears in the proposition below. As ap-
plied to a measure p with values in A, we do not need the multiplicative
structure of A. This allows us to consider A as a metric space (actually as
a subspace of a product of metric spaces—this is sufficient). The notion of
regularity is therefore just the same as in the scalar case. The support of
a regular measure (on a Borel field) is the complement of the largest open
set on which the measure vanishes. (We occasionally use the term “support”
in a generalized sense elsewhere; here it is a single-valued notion.) The ex-
istence of the support is then proved by the same method as in the scalar
case, i.e., let V' be the union of all open sets V; on which p vanishes. Then
by regularity p(V') must be “zero” or there is a compact set K C V with
u(K) # 0. K is covered by finitely many of the sets making up V and this
leads to a contradiction since

w(K)=pu (U Kn Vi> = sum of products of terms

i=1

of the form pu(K NV;) = u(K)u(V;) = 0.
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Proposition 1.9 Let u be a spectral measure of the type discussed in the
remark preceding Proposition 1.5 or immediately above, restricted to a Borel
field. In addition, suppose p is reqular in the topology of A. Identify the
support of p as “‘supp(p)” and assume this set is compact. If

o= [ ()

then o(a) (computed in Agpp (., where S = supp(p)) is equal to the set
supp(f).-
Proof. We may extend u to the Borel sets of C in the obvious way, and we

suppose this is done. supp(u) is certainly a measurable set; it is a compact
set. Let z € [supp(u)|®. It will then be the case that

du(C)

(—z

exists on appropriate sets, indeed,

du(¢) [ du(C) .
/suppw) (—z ‘/Fc—z (F 2 supp(y)).

(The equality holds because it holds for the appropriate simple functions.)
Moreover, p(F) (or p(supp(p)) is the natural identity for the subalgebra
generated by the range of u and we take this to be the identity, as noted

above. Thus, ©
SR ()
(ze — a) /F

z=C
by Proposition 1.6. Therefore, (ze — a)~! exists, and if we take a disc D
small enough about z so that dD(=the boundary of D) does not intersect
supp(p) (this is possible because supp(p) is closed), then the integral

(e — a)tdC = 4l) ¢
oD oD Jsupp(u) € — A

exists by Proposition 1.5 and is equal to the additive identity in A, again by
Proposition 1.5 and the Cauchy theorem. This shows that o(a) C supp(u).
Now suppose z ¢ o(a). Choose an open disc D;, whose closure does not
intersect o(a) (again this is possible since o (a) is closed) so that Dy is centered

1
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at z and then choose D, with Dy C D; with D, again being centered at z.
We wish to show that p(Dy) = 0. This will show that z ¢ supp(u), and,
therefore, that supp(u) C o(a). Let p; be the restriction of p to Dy and ps
be the restriction of p to Dy. Then p = py + po. Let e; = 1;(C), a; = [ zdu;.
It follows

Ae—a)' = (Aer —a)) ™' = / d;m_(? (A ¢ supp(u))

and
()\6 - a)_l = ()\61 - al)_l + (/\62 - 012)_1
it A € p(a)( p(ar). We know that

/C(/\e —a) tdA =0

if C C D;. Now note that

/ ()\61 - al)_ld/\ =0

for C" any piecewise continuous closed curve in an annulus containing 0D
assuming the index of C” at z is zero, for o(ay) is inside supp(p;), which
is (properly) contained in D; (an open disc). This follows from the usual
complex variable argument extended directly to our case. Since supp(us) C
Dy, we have

/ ()\62 — CLQ)ild)\ =0
Cy

for any Cy C Dy. It follows from the properties of the integral that

/ (/\61 - al)_ld)\ =0
0D

and, thus by Proposition 1.5

dyn (2) / / dA .
- ~——dA d _9 D
! /8131 /D2 A=z by Jop, A — 2 p1(z) mipn (D2)

s0 w1(D3) = 0 and the multiplicative property of u shows that Dy C [supp(p)]°
and, thus, z € [supp(u)]¢ so supp(u) = o(a). This completes the proof.
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Definition 1.9 If ¢ € A is the integral [ fdu where f and p are as in
Proposition 1.7, then we define g(a) for g as in Proposition 1.7 to be

/gfdu = /Q(Z)dmf@)‘

Such elements “a”of A will be called “scalar” elements. At this point, it may
be that g(a) depends on my.

Proposition 1.10 We use the notation of Proposition 1.7. If a is a scalar
element of A, and g is continuous, then

suppmy = | f(M) =o(a)
w(M)p(F)

and
g(o(a)) = a(g(a)).

(The hypothesis of regularity is in force.)

C

Proof.  Suppose (M) = p(F), then ms((f(M)) ) = 0 and so supp(my) C
f(M). However,

my(supp(my)) = p(F) = p(f~" (supp(my))).

This proves that the first equality above and o(a) = supp(m;y) follows from
Definition 1.9. To see that g(c(a)) = o(g(a)), notice that for my,(K) =

my(g~ ' (K)),

supp(my,) = N 9(K) = o(g(a)).

m g (K)=my(supp(my))

By assumption, g(supp(my)) is compact since supp(my) is compact. To
complete the proof it remains to show that

supp(my,) 2 g(supp(my)).

To show this, suppose that A ¢ supp(my,) and X € g(supp)my)). Let V be
a disc about A not intersecting supp(my,).

/g_l(v)g(z)dm - /Vzdmfg(z) — 0
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by Proposition 1.7 (take “¢g” in Proposition 1.7 to be g(s) = s). Now, since
g is continuous, ¢g~!(V') is an open set, g~'(\) € supp(my) and g~ *(\) €
g (V). Thus X\ must be zero (g must vanish at g~'(\) by definition of
“support”) or we have a contradiction. Suppose then that A = 0. g~'(0) is
either an isolated point in supp(my) or not. If it is not isolated, g~ (V') must
contain other points in the support of my which would give a contradiction by
repeating the argument above. Thus g~ (0) is an isolated point in supp(m;),
then my({g~*(0)}) # 0. But then

my({g71(0)}) = myy({0})

and 0 € supp(my,) contradicting our original assumption. Therefore

supp(myy) = g(supp(my)) = g(o(a)).

This completes the proof.
We close this section with two results on the generation of spectral mea-
sures. They serve as primitive versions of our work in section 1.6.

Proposition 1.11 Let Cy(X) be the space of continuous functions vanishing
at “00” on a locally compact Hausdorff space X. Suppose A is a continuous
A-valued homomorphism on Cy(X). Then there exists a measure pn on the
Borel subsets of X with values in the space of linear functions on a subspace

of the algebraic dual A" of A, so that

N(f) = /X fdu (f € Co(x))

where A" is A “lifted” to F(A’) (the space of linear self-mapping functions
with no topology—hence the term “algebraic”) in the way specified in the proof
below.

Proof. 1Tt is easy to see that as a Banach space Cy(X) @ C may be identified
with the space of continuous functions (with sup norm) on the one point
compactification of X, X, denoted by C' (X ). If we define multiplication on
Co(X) & C coordinate-wise, then Cy(X) & C has a Banach algebra structure
(different than that of C(X)). Denote by “P” the projection to the first
coordinate P : (f,¢) — (f,0) ~ f. Define AP(f,¢) = A(f). If C(X); is the
unit disc of the Banach space C'(X)(= {f ||| f]| < 1}, then AP(C(X})) is a
bounded, convex, balanced subset of A. If C (X ) is given the algebraic struc-
ture of Cy(X) @ C (for multiplication), then AP(C/(X);) is also a semigroup.
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Applying Corollary 1.1, we have that AP (call it A) is a bounded (hence con-
tinuous) map of C'(X) into the Banach algebra A., where c is the A-closure
of AP(C(X);) and A, is given its norm topology. The proof of Theorem
XVIIL. 2.4 of [9] may now be carried over wholesale, paying attention to the
details concerning the multiplicative nature of pu. The only alteration being
that the measure is only defined locally (not on X, but on the Borel subsets
of X). It is now a matter of considering A* from the above cited theorem (¥)

has the meaning accorded it in the cited theorem),
A* - C(X) — L(AY).

A’ being the Banach space dual of A., L(A%) denotes the continuous linear
self-mappings of A% (norm topology of A.). Now A, is a linear manifold in
A and f € A} may be extended “by zero” to A making A% C A’ with this
extension (note: A* may be zero-dimensional). Identifying A* with A’ in the
obvious way gives the proposition. This completes the proof.

For Proposition 1.12 we need some notation. H will be a set, R a ring
of subsets of H, B(R) the collection of all complex-valued R-measurable
functions bounded on elements of R. Give B(R) the topology of uniform
convergence on members of R.

Proposition 1.12 Suppose A is a continuous homomorphism of B(R) into
A. Then there exists a spectral measure p on R with values in A such that

A(xp - f) = [, du for each F € R and f € B(R).
Proof. Fix F' € R. The set

{Z Qi XFNE;

E; € R,U(EiﬂF) :F,|Oéi| < 1}
i=1
is bounded in B(R). ({E;} is a disjoint finite collection.) Since A is contin-
uous, the image of the above set is bounded in A. Define A(xg) = u(E) for
E € R. Tt is now easy to see that u is a spectral measure on R. First, p is
certainly additive and multiplicative. Second, the noted boundedness above

says p has bounded semivariation. Since

Alxr - f) =/Ffdu (1.1)

for all simple functions f, and both sides of (1.1) are continuous for uniform
convergence, the proposition follows.
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1.6 Unbounded operators on a topological vector space

Additional assumptions on spectral measures

We will be looking at measures with values in B(M) for a topological vector
space M. In addition to the original three assumptions on a spectral measure
w: R — B(M), we shall require two more.

(4) Foreach x € M, p(.)x (which we shall denote by p,(.)) is a c.a. M-valued
measure on R.

(5) The regularity hypothesis of Definition 1.8 is satisfied.
We make some assumptions on M, B(M) and R.

(1) M is sequentially complete.

(2) The (vector) topology of B(M) is stronger than (at least as strong as)
pointwise convergence and makes B(M) sequentially complete.

(3) Ris a o-ring. (R is closed under countable intersection.)

Proposition 1.13 Suppose f, is the sequence of functions corresponding to
a measurable function f such that f, = xk, - [ where

Ky ={t]0 < [f(t)] < n}.

If lim / fndpi, exists in the topology of M, then f is integrable with respect
to p, (in the sense of Smith [40]).

Proof. There exist simple functions {S,,,} such that lim S,,, = f, where

convergence is uniform. It is apparent since u, has bounded semivariation
and p is a spectral measure (see Proposition 1.6, Lemma 1.3) that we may
choose {Sy,, »} such that S,,, , — f pointwise almost everywhere and

lim/Smmn — fadp, =0,

for F € R. Tt follows from the Nikodym convergence theorem (e.g., [4]-[6] or
[42]) that { [ Sy, ndps} is a uniformly continuous set (as in [40]). Consider
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W1, the collection of all simple functions bounded by 1. Notice that for any
k a positive integer

1
Wy C Wi W, (1.2)

where Wf”“Q is the collection of all simple functions taking at most 4k?
different values bounded by 1. Let E, N\, 0 in R and define p,,(F) =
we(F N Ey,). It follows from the Nikodym convergence theorem again and
(1.2) that i, (E,) — 0 as n — oo. This allows us to conclude that S,,, , — f
in “measure” and, therefore, by [40] f is integrable. This completes the proof.

Definition 1.10 A linear mapping 7" acting in M (perhaps not defined on
the whole of M) is a scalar type operator (briefly: “scalar operator” or
“scalar”), if there is a c.a. spectral measure p on a d-ring R of subsets of
some set H and an R-measurable function f such that if f, = x, - f where

Ky ={t | 0<[f(t)] <n},

then
Txr = lim fndity.

n—~oo K.
n

The domain of T'(= D(T)) being

{re M| lim/ fndp, exists}.
n—oo Kn

Proposition 1.14 Let T be a scalar operator in M corresponding to the
spectral measure p and measurable function f. Then there exists a countable
number of subspaces {M,} of M such that T restricted to M,(= T|m,) is
continuous. Also u(N(f))M is the continuous sum of the M, (i.e., if v €

w(N(f))M, then there exists a sequence {x,}, x, € M, and x = lim lej

n—oo 4 :
1=
and for each n there is a continuous linear projection P, : M — M,,. Fur-

thermore, for each x € D(T),

To=> TP (T, ="Tl|u,)

n=1

Proof. 1If we let g, = f - xk, Where

Ko = {thn—1 < ()] < n}
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then by Proposition 1.13, Tx = Z/gnal,%7 if x € D(T). Define P, =
n=1
w(Ky), it is easily seen that T, = [ g,du on M,. Thus, T,P, = fKn gndp

and since [ g dp, = 0 if z ¢ p(K,)M we have Tx = ZTnan. If x €

W(N(f))M, we know that "~
v = Nz = S () AN (e = S ulKa) (N () =
ZM(Kn)x = me
Tn € M,,

it follows by definition that u(N(f))M = Z M,,. This completes the proof.

n—1

Proposition 1.15 If S is a scalar operator with p its spectral measure and
Sz = [ fdu,, then D(S) is dense in u(N(f))M. If H € R and p(H) = I,
the identity mapping, then D(S) is dense in M. Furthermore, S is a closed
operator.

Proof. The collection of all finite sums from UM,, is dense in > M,, and is
contained in D(S). This proves the first part via Proposition 1.14. Now to
show S is closed, let {z,} be a convergent net {z,} C D(S), x, — x and
suppose St, — Y. Sz, = nh_)ngo fKn fndpiz, by definition. Now, y = u(N(f))y

since u(N(f))Sxq = Sz, as a simple calculation shows. By the countable
additivity of u,
lim p(Ky)y = p(N(f))y;

n—oo

M(Kn)y = M(Kn) lim Sxa = hmM(Kn>Sxa = hm/fnd,ua:a = /fnd,ua:

(fn is bounded, so by sequential completeness of L(M), fKn fodp € L(M)).
So, lim [ X, fndp, exists and is equal to y. Thus, S is closed. This completes

the proof.
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Proposition 1.16 (Dunford Calculus). Let p be a spectral measure in L(M)
on R and f and g complez-valued measurable functions. Define

S(9)(@) = [ fd, = tim [ fudn,
when the limit exists, with f and f, as in Proposition 1.13. Then
(a) D(S(f)) = D(S(|f1)),
(b) D(S(F)) € D(S(g)) i |£(8)] > g(t)],
(c) S(f) € L(M) if f is bounded,
(d) S(af) =aS(f)
(e) S(f +g) extends (2)S(f) + S(g),
(f) D(S(f)) +5(g) = D(S(f +9)) N D(S(f)),
(4) S(f9) 2 S(/)S(g),
(h) D(S(£)S(9)) = D(S(fg)) ND(S(g)),

(i) S(F)(9) 2 1 (6) S(f) for s € R.

Proof. The proof is an application of proposition 1.15.
We indicate the proof:
For part (i): if z € D(S(f)), then

limp(0) | fudpe =1lim [ fodp(u(9)x)

Kn Ky

exists so p(d)x € D(S(f)).
For (g) and (h): let

5, = {tl [ J(O)] <n. [g()] <b} N (N() N N(g)).

S(g)(z) = lim i gz,

D(S(g)) = {z|lim / g dp, exists},
n—oo 677,
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if lim fén gdu, exists, then lim S(g)u (0,)z exists and lim pu(6,)x exists by
the countable additivity of u(.)z. Then p( lim 6, )x € D(S(g)) by Proposition
1.15, but by definition

S(g)p(limé,)z = S(g)(x)

and, so, z € D(S(g)).
If z € D(S(g)) then

B =Lt [g(t)] <n} N (N(g) NN(f))

then R -
lim S(g)u(B.)z = S(g9)(z)

n—oo

exists again so # € D(S(g)). Obviously S(g) = S(g) on D(S(g)) N D(S(g)).
The same facts hold in relation to S(gf) and S(f). From (i) we conclude
that if

z € D(S(f)S(9)) N D(S(g)),

then

lim S(gf - x5, )z = lim S(g - x5,)S(f)p(dn)x = lim S(g)pu(d,)S(f)r =

n—oo

= lim £(6,)5(9)S(f)x = S(9)S(f)=

n—oo

sox € D(S(gf)). If
z € D)S(gf)) N D(S(f)),

then

lim S(gxs,)S(f)z = lim S(gxs,)1(6,)S(f)z = lim S(gxs,)S(f)u(0n)z =

= lim S(gxs, )z = lim S(gfxs,)x = S(9f)z,

so S(f)x € D(S(g)) and S(g)S(f)xr = S(gf)x. This gives (g) and (h). For
(e) and (f), the proof is similar. For (b) let I(s) = g(s)/f(s) (and I(s) = 0 if
f(s) = 0), then S(I) € L(M) by (c) (and so D(S(1)) = M). By (g)

D(S(f)) = D(S()S(f)) = D(S(f)) N D(S(g))

so D(S(f)) 2 D(S(g)). (a) follows from this, (c) is obvious by sequential
completeness. This completes the proof.
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Remark 1.8 In Proposition 1.7, we assumed that f was bounded. However,
it is evident that for any bounded Borel measurable function g : C — C the
formula of Proposition 1.7 holds in the more general present case, i.e., for

x € D(S(f)),
o fdu, = 2)dm(2),,
/Fg fdu /f( )g( )dmy(2)

and, in fact, choosing f, as in Definition 1.10, gives that (taking

AA <n
A) = =
g() {0|)\]>n

for g in Proposition 1.7)

S(fn) = /Gmf(F) zdmy(2) :/andu.

Here we have written G, for the set {\ € C| |A\| < n} and f, as in Definition
1.10. We now conclude that

lim zdmg(z)y

exists for each z € D(S(f)). This gives (applying Proposition 1.13)

/Ffd,uac = /f(F)zdmf(z)m.

In most cases we shall be interested in the m corresponding to F' = N(f) (see
Proposition 1.9), for if 4 finds its “support” in R, we take F' = supp(u). We
use the term “support” for F' here to mean that if £ € R, u(E) = p(ENF),
(and if G is any other set with this property, u(F N G) = p(F)) since H is
not assumed to be a topological space. We have seen that a scalar operator
may be interpreted as an integral of a spectral measure. The question arises
as to the relation, in case the support of the measure is not compact (i.e.,
unbounded) between the spectrum of a scalar operator (in Definition 1.7,
(M —=T)~t € B(M) for A € p(T) in addition to the integration requirements)
and the support of its spectral measure. We restrict ourselves to some of the
classical conditions.
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Proposition 1.17 IfT s a scalar operator, p its complex spectral measure,
and C € R with u(C) = I the identity operator, then o(T) = supp(u). (o(T)
in general is calculated relative to p(supp(p)) as in Proposition 1.9)

Proof.  Suppose supp(p) # C. Let D be a disc whose closure does not
intersect supp(u), then for z € 9D,

/ dp(§)
cz—¢
exists. We may choose an elementary sequence f, converging uniformly to

1/(z—&) on 0D x supp(u), since 1/(z — &) vanishes at “infinity”. The proof
of Proposition 1.5 extends trivially to show

= oL T o

Thus, o(T) C supp(). The rest of the proof is identical to Proposition
1.9. This completes the proof.

Proposition 1.18

[e.e]

a(S(f) = o(S(fa))

n=1

where f and f, are as in Proposition 1.13. S(f) is defined in Proposition
1.16.

Proposition 1.19 Let A € p(T) where T is a closed operator with dense
domain. T is a scalar operator if and only if (A\[ —T)~*(€ B(M)) is a scalar
operator with compact spectrum. (Assume here that ;1(C) = I as above.)

Proof. Let I be scalar, p its complex spectral measure. Since \ € p(T),

(M -T)"" :/C‘i“—_(zz)

by Remark 1.8. Taking f()z = 1/(\ — 2) in Definition 1.9, we see that

(A —T) = /@ £dmy(€).
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(We remark that m({0}) = u(f~*({0})) = 0 since 1/(X — 2) is bounded on
supp(p).) Conversely if

(M —T)~ / dp(€

/ dpiz(§)
c £
dpiz(€)

O =Tt = [
forx € D(T), K, ={¢||¢ > 1/n} and if x € D(T),

then

exists since

llm &l —Tp(K,)z = le (KM —T)x = (M —T)z

by Proposition 1.16. Thus

7o [ (A - g) e

for x € D(T'). Since T is closed, the result follows from Remark 1.8 again.
This completes the proof.

1.7 Relation to classical results

The classical definitions of spectrum and resolvent set are:

Definition 1.11 Let 7' : M — M be linear with domain D(7") and range
R(T). Let T(A\) = Al — T. Then the point spectrum o,(7") = {\| T'(\) is
not one to one}, the continuous spectrum o.(7') = {A| T'(\) is one to one,
R(T(X)) is dense in M and T'(A)~! is discontinuous from R(T'()\)) to D(T'(\)}
and the residual spectrum o,.(T) = {\| T'()) is one to one but R(T'()\)) is not
dense in M}. The spectrum o(7T") = 0,(T) Uo.(T') Uo,(T) and the resolvent
set p(T) = C — o(T). Whence p(T) = {A] T()\) has dense range and its
inverse is a continuous mapping of R(T'(\)) onto D(T'(N))}.

The classical spectral operators are those which can be decomposed as
the sum of a scalar operator and a nilpotent operator. We make the following
formal definition.
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Definition 1.12 T is called spectral if there is a spectral measure p such
that for all bounded sets F' € R and all sets E € R we have

(1) w(F)M C D(T), Tu(FE) is continuous.

(2) u(E)D(T) € D(T)

(3) Tu(E)x = u(E)Tz for all x € D(T),

(4) 0(Tg) C E where Ty = T restricted to u(E)D(T).
(5) u(C) = 1.

The previous definition gives the following:

Proposition 1.20 For any Borel set E, we have Tg 1s a spectral operator
with spectral measure pp (u(G) restricted to w(E)M for all G € R). If E is
a bounded set, then T is continuous.

Proof. From (1) we have Tg is bounded. (2) shows that ug(G)D(Tg) =
pe(D(T) Up(E)X) € D(T)Nw(ENG)M € D(T) N p(E)X € D(Tg). (3)
implies that Trup(G)r = prp(G)Tgx, (v € D(Tk). Lastly, (4) shows that
o(Te|(D(Te) N (G) X)) = o(TI(D(T) N u(GNE)X)) S ENG) C E.

Proposition 1.21 Let T be a spectral operator. Then D(T) is dense in M.

Proof. Since p, is countably additive, by definition 1.12 (2) and (5) the
domain of 7" is dense.

The nature of the point spectrum of an operator 7' is related to the atomic
support of its spectral measure.

Proposition 1.22 Let T' be a spectral operator and assume that M is sep-
arable and that there exists U* such that for every V there is V* C V and
t where if w(E)tV* C U* then w(E) = 0. Then E, = {\ | u({\}) # 0} is

countable.

Proof. Let A\, € E,, for some z, p,({\}) = z\, ¢ U*. Since pu({\})
is continuous, there exists V' such that pu({\})V C U*. Whence, x,, ¢ V.
Let Aa(# A1) € E,. Then u({\1)zy, = 0. It follows that z), —x), ¢ V.
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Let {z,} be a countable dense subset of M and V; +V; C V. Let {x,,1} =
{zn | xp —xy, € Vi} and {zp0} = {2, | ©p — x5, € Vi}. Since xy, — ), ¢V,
{xn1} N{zn2} = 0. Hence E, has cardinality less than or equal to that of the
set of disjoint subsequences of {z,,} which is the cardinality of {z,} and this
completes the proof.

2 Riesz Theorem

We shall be dealing with maps of a topological vector space M into itself. All
topological vector spaces will be assumed separated and sequentially com-
plete. We make one more modification in the definition of “spectral measure”.
We shall assume the measure to be defined on the entire space and to be the
identity there (i.e., if p is the measure and the Borel sets of C is the domain
of pu, then p(C) = I the identity in the range space of operators under con-
sideration). This is not essential to the abstract development and is simply
a computational convenience.

The Riesz theorem has been proved in many contexts. In Banach spaces
the result is as follows:

Theorem 2.1 Let S be a compact Hausdorff space and let T be a weakly
compact operator from C(S) to X. Then there exists a measure u defined on
the Borel sets in S and having values in X such that

(a) w is regular and countably additive.

(b) T(f) = [g fdp.

Conversely, if p satisfies (a) and (b) for T', then T is weakly compact, that
is, the image of some neighborhood in C'(.S) is relatively compact in the weak
topology of X (see [8] VI.7.3). The theorem has seen extension in a number
of directions. For example, instead of C'(H) (where H is compact Hausdorff),
one may consider C'(H, Z) where Z is a Banach space and T': C(H,Z) — X
is the mapping (see [1], [3], [47] for example). The case where Z and X
are locally convex and quasi-complete has also been studied (see [13]). Even
weaker requirements on Z and X have been studied [45]. The requirement
that H be compact may also be relaxed to local compactness, etc. We desire
to extend the result above to the case where X is only assumed to be a topo-
logical vector space (without assuming local convexity). Our procedure will
be to prove a form of the Riesz theorem, following the Bourbaki approach
and then, translate the result into the one which we want. To carry out this
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program we shall need some notation and some elementary facts.

Definitions and Facts H will stand for a locally compact Hausdorff space.
K (H) shall be the space of continuous functions with compact support on
H. M is a topological vector space. It will make the notation simpler to
assume that M is metrizable with translation invariant metric | .|. We will
be able to discard this assumption at the conclusion of this section. If A is
a continuous linear map of K (H) into M (i.e.. for each ¢ > 0 and compact
K C H there is § > 0 such that sup |¢(t)] < ¢ and support (¢) C K,
teH

implies |[A(p)|] < €), then define A°(f) = sup |A(p)| for nonegative lower

lpl<f
semicontinuous functions f (abbreviate lower semicontinuous as 1.s.c.)

A°(f) = inf A°(g) (g is l.s.c.)

f<g

for f with compact support and, finally, for arbitrary f:

A°(f) = supA°(h)

h< f

h with compact support (but not necessarily continuous). If A C H, then
A°(x4) = 0 shall be the criteria for determining sets of “measure zero”.
(This gives meaning to “almost everywhere” (a.e.) type phases.) The above
definition is consistent and the following are true:

(i) if f <g, then A°(f) < A%g).
(i) A%(0) =

(i) A%(fi+ fo) S AY(f1) + A°(fo).
(iv) A°%(Zf,) < BAY(f,) for any sequence {f,}.

(v

(vi) If f is bounded with compact support AY(f) < oo, then /l\imo A°(Af) = 0.

)
) A
)
)
) A°(f) = 0 implies f = 0 a.e.
)

L'(A) shall be the collection of all functions of f such that for each & > 0,
there exists ¢ € K(H) for which A°(|f—¢]|) < e. L'(A) is a topological vector
space with metric A° and the functions equal to zero almost everywhere
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constitute a closed subspace of L'(A). A can be extended to L'(A) with this
topology in the obvious way. We note that if h is bounded and continuous
then hL'(A) C L'(A).

A will be called a Radon measure, if L*(A) contains all the bounded Borel
functions with compact support on H.

Theorem 2.2 Let the range of A be bounded on the unit ball of K(H). These
are equivalent:

(1) LY(A) contains all bounded Borel functions.
(2) A is a Radon measure and 1 € L*(A).

(3) For every bounded l.s.c. f >0 and € > 0, there exists ¢ € K(H) with
0< <[, and A(f — ) <e.

(4) A° is regular, u.e., if xg € L*(A) and € > 0, then there exists a compact
K and open O s.t. K C EC O and A°(O\K) < e.

(5) For each {¢,}, ot € K(H) such that Z lon(t)] <1, lim A(p,) =0.

n=1

(6) A maps weakly compact subsets of Co(H) into relatively compact subsets
of M (A can be extended to Cy by the boundedness condition).

Proof.  We shall outline the proof of (6) — (5) — (3) — (2) — (1).
(6) — (5). Suppose X|p,(t)] < 1. Then, ¢,(t) — 0 weakly. Thus
{A(py)} is relatively compact by 6). Choose any subsequence {A(¢y,)}

which converges. (Metrizability of M allows us to use sequences.) Let
klim A(pn,) = m and assume X|m — A(p,, )| < oo by passing to a sub-

sequence, if necessary. Then lim [n(m) —A (Z gplk>] = y exists, so

n—00
k=1

. 1 1 )
lim A (; Z(gplk)) =m. But, |> ¢ <1 and so " nglk — 0 uniformly

in Cp; therefore, m = 0. This is (6) — (5).

(5) — (3). Let f > 0 be a l.s.c. bounded function and ¢ > 0. There
exists ¢ € K(H) with O < ¢ < f and A°(f — ) < . Suppose not. Then
there is ¢ > 0 and f such that

|A%(1)] > &, [A°(f —¢1)] > ¢
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and o such that
[ Alp2)| > € and [@a] + o] < f

with A°(f — @1 — ) > €. By induction we get a sequence {©,},

A” (f -3 m) > ¢, (Alpr) > &

etc. But

and this contradicts (5).

(3) — (2). From (3) it follows that we may extend A by continuity of A°
to xo where O is any relatively compact open set in H. It follows also that
characteristic functions of compact sets are in L*(A). If we define B(A) to be
all subsets E of H with the property that ygnx is in L'(A) for all compact
K, then it can be shown that B(A) is a c—algebra containing the Borel sets
of H. Let us show that if f is measurable with respect to B(A), then for
each compact K C H and € > 0 there exists K’ C K with A°(K — K') < ¢
and f|g is continuous (f is “almost” continuous on K). For suppose f is
B(A) measurable. Assume without loss of generality that 0 < f < 1. It is
enough to show that ¢f is almost continuous for each ¢ € K(H). Since ¢ is
a Borel function, we can assume 0 < f < yg for some compact K. Since f is
a bounded B(A)—measurable function, there exists { f,,}, a sequence of B(A)

1
simple functions with 0 < f, < xx, and |f, — f| < — . We have f,, € L(A),
n

SO since .
0 g (hur) 0
n

we have f € L'(A). Now let {¢,} C K(H) be chosen so that

Ao(f — on) < (27)4

and write f(t) = limp,(t) a.e. Define f,, = v, — vn_1 (po = 0).
1
Then A%(|f,]) < o Define

[e.9]

h(t) =D nl falt)] < o0

n=1
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and O, = {t : h(t) > a}. O, is open since h is Ls.c. If o > 1, then
1 n
< —-h< —|fn| and so,
Xo. < _g a\f]an SO

N 00
W0u) < 50 (F100) £ Son (Z151) + 3 5 <

N+1

for large N and a. If t € O, then Z¢ = H\Z

n S| < () < o
k>n
s0 Y fn(t) converges uniformly to f on O¢. This shows f is almost contin-
uous. We have seen already that B(A) must contain the compact sets in H
and the open sets with compact closure. Thus, Borel functions with compact
support are B(A) measurable and are therefore almost continuous. Let K
be compact, K = supp(f), f a bounded Borel function. Then for some

vp € K(H), |f| < ¢, and for some K; C K, A°(K\K,) < 2%(90 < n) and

flk, is continuous. Let f be a norm preserving continuous extension of f off

K. Define ¢ = inf(y, f), then ¢ € K(H),

A(f =) < Ak, (F =) + A, (f — )
< A°(2n(KN\K1)) < 2nA°(K\K;) < ¢

Thus, f € L'(A). This gives (3) — (2). (The fact that 1 € L'(A) follows
from (3) for f =1.)

(2) — (1). Notice now that if f is any bounded Borel function and K is a
compact subset of H with A°(xu/x) < &7, M = [max]| f[] ([.] is the greatest
integer function) (we can choose such a K since, by (2), 1 € L*(A)), we can
choose p € K(H), f(t) < ¢(t) on K and let

g9 = f(®, f)Xsupp(e)-
Then, g € L*(A) by (2), so

A(f —g) < A(xx(f — 9)) + A (xinx (2M)) < 2e,

so f € L*Y(A) and (1) follows from (2).

The proof is complete.
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Remark 2.1 It is now easy to relate to our previous development. If A sat-
isfies one of the hypotheses of Theorem 2.2, then for any Borel set F C H, we
may define u(FE) = A(E) = A(xg). Thus p is, we claim, a regular countably
additive M-valued Borel measure. The regularity follows from Theorem 2.2,
but we may give the following argument for countable additivity: let {F,}
be a sequence of Borel sets decreasing in monotone fashion to (). Since each
E, € LY(A) for any € ¢ > 0, we can choose H,, with H,, compact in H where
A(E,\H,) < 5 for there exists ¢ € K(H) with A°(xp, —¢) < £). Let
H,, = supp(yp), then

A(BNH,) < A%(xm, — ) + A(xu: - ).

Now, choose L,, C H, with xg, |z, continuous and A°(H,\L,) < 2%. Then
let K,, =L, UEFE,, so K, is compact. Now let M,, = ﬂ K;, then E,\ M, C

i=1
m

U(Ei\K,-), so A%(EN\M,) < & but M,, T 0, so M, = 0 for some n.

=1

Thus, A°(E,) < ¢ for some n. This implies pu(E,) — 0 as n — oco. This
implies the countable additivity of p. It is easily seen that p is of bounded
semivariation because A is continuous on the bounded Borel functions with
the topology of uniform convergence (in particular, on the simple functions
with this topology) because 1 € L'(A) by (2). (If f is a bounded Borel
function, let {f,} be a sequence of simple functions converging to f : |f, —

1 1
fl < =. We have |[A(f — f,)| < A° <—) — 0.) It follows easily that p must
n n

have bounded semivariation. It is now evident that (see [38])

A(f) = /H Fd

for all bounded Borel functions on H. This now gives the usual version of
the Riesz theorem (see [33], p. 310, for example in the scalar case). We state
this as

Proposition 2.1 Let A satisfy the initial hypothesis of Theorem 2.2. If
A maps weakly compact subsets of Co(H) into relatively compact subsets of
M, then there exists a unique reqular countably additive Baire measure with
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values in M which has bounded semivariation and such that
M) = [ (f € o) )
H

Proof. The existence of such a y has been shown above. The uniqueness may
be shown as follows. Let p; and ps be two such measures satisfying (*). We
may choose a sequence { f,,} of functions in K (H) converging monotonically
to xx where K is a compact Gy set in H. The dominated convergence
theorem (7.2.7 of [48]) shows that p;(K) = p(K) and the “monotone class
theorem”, together with the countable additivity of p; and ps, imply that
111 = po on the Baire sets of H.

Remark 2.2 For our purpose it makes no difference whether we have the
Baire or Borel sets as the domain of the measures in Proposition 2.1, since
we shall apply the theorem only in the case where H = C or C".

In this section we have restricted ourselves to metrizable complete spaces
as the range of A. However, if M is simply assumed to be quasicomplete (close
bounded sets are complete), then the results above still go through because
we may consider M as a subspace of the product of metrizable spaces. One

may show that if L'(A) is defined as ﬂ L*(A;) where A; is the i projection

of A into the product space above, then the results above go through. The
justification of this is more or less standard and is left to the reader.

3 Scalar type operators in a topological vec-
tor space

We shall use the letters w.c.p. to stand for the “weak compactness property”
of Proposition 2.1. That is, a mapping A has the w.c.p. if the image under
A of weakly compact subsets is relatively compact.

Proposition 3.1 Suppose M is a topological vector space. Let B(M) be the
set of continuous endomorphisms of M and assume B(M) is quasicomplete
in the “strong operator topology”. (M is therefore quasicomplete.) Let T €
B(M) be such that o(T) is real and compact. Suppose that the mapping
which takes the space of polynomials P(o(T)) in one real variable on o(T)
with supp norm topology into B(M) by P — P(T) is continuous and has the
w.c.p. Then T is a scalar type operator.
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Proof. We assume as in the hypothesis that B(M) is quasicomplete. P(o(T"))
is dense in C'(o(7T')) by the Stone-Weierstrass theorem. Applying Proposition
2.1—Remark 2.2 to the mapping f — f(7'), we obtain

T / (N,
o(T)

To see that p is multiplicative, we note the continuity of P — P(T') shows

that
/fgduszdu/gdu

for all f, g € C(c(T")). Now appealing to the same argument used to show
uniqueness in Proposition 2.1, we may conclude that p is multiplicative on
the Borel sets of ¢(T"), and we can extend p “by zero” to the Borel sets of
C. This concludes the proof.

Proposition 3.2 Let A be a continuous homomorphism of Cy(X) into B(M),
and suppose A has the w.c.p. Then there exists a unique c.a. reqular spectral
measure on |t on the Baire subsets of X with

A(f)w = / Fd.

Proof. Since A has the w.c.p., the existence of u follows from Proposition

L.5. Since A(fg)x = A(f)A(g)z, we have [ fgdu = [ fdu [ gdp. Processing
as in the proof that previous proposition, we obtain the fact that

11(01 M 02) = u(61)u(d2)
for 0; and d, compact Gy sets. Therefore the proposition follows.

Proposition 3.3 Let T be linear operator in M (perhaps unbounded and/or
discontinuous), and suppose T is closed and densely defined with non-empty
resolvent set p(T). Suppose that for some X € p(T), (A —T)™! satisfies the
hypothesis of Proposition 3.1. Then T s a scalar operator.

Proof. Proposition 3.1 shows that (Al — T)~! is a scalar operator and an
application of (5.91) shows that 7" is a scalar operator. This completes the
proof.
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Remark 3.1 In the case of Hilbert space the “Cayley transform” of an un-
bounded operator can be used to prove the spectral theorem for unbounded
operators. (See Riesz—Sz.-Nagy [31, p.320], and von Neumann [28].) It can
be used in our context as well. If T is a scalar operator with o(7") in the unit
circle, we shall refer to T" as a “unitary” operator. If we have

T = /)\du,

then let us denote the mapping [ Adp by T* in analogy to the locally convex
case (Hilbert space).

Assuming ;(C) = I, suppose that T is a scalar operator. It is unitary iff
TT* = 1. To show this, suppose 7" is unitary. Then

TT*:/ )\Xdu()\):/ \)\|2du(>\):/ Ldp(N)
o(T) o(T) o(T)

-/ ) = plo (1) = (€)= I
If TT* = I, then we have
TT* — f(T) = fNdp,
o(T)

where f(\) = |A\|?. The spectral mapping theorem (4.81) shows that f(p(T)) =
{1}. Hence if A € o(T), f(A\) = 1. Now we consider

Proposition 3.4 T is a scalar operator with real spectrum if and only if its
Cayley transform in unitary.

Proof. 1f T is scalar with spectral measure p, then / : n Z dp is scalar. We
Z+1
know = _T_Z takes the real line into the unit circle. If (T — il)(T +4I)~! is
z+1
unitary, then a similar argument shows that T is scalar. For let

- z+1
fz) = i(z—1)

If
(T —il) (T +4T)™' = /Adu,
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then

:/&umm»

and therefore T' has real spectrum. This completes the proof.

Remark 3.2 Before going on we observe that a number of results of the
kind we have given above can be stated in a somewhat simpler form in the
locally convex case. For example:

Proposition 3.5 Let M be locally convex and for f Lebesgue integrable (f €
L'(R), R = the real line) let f denote its Fourier transform. T is a scalar
operator with real spectrum on M if for each x € M the set

{/mﬂwf%ﬂmMLmnSLfeL%m}

15 weakly relatively compact in M.

The idea of course is that the set above is the range of a transformation
whose domain is L'(R), a superset of Cy(R) and the transformation is con-
tinuous and thereby the compactness criteria. The integral which appears
above may be interpreted as a Pettis integral. The compactness condition is
equivalent to the w.c.p. ( [15]). A proof is found in [38].

4 Product measures and functions of several
operators

Remark 4.1 Suppose p1, ..., i, are commuting complex spectral measures
in the sense of Remark 1I. Then as in Definition 41 we can define the “prod-

uct” of py,...,u, on the ring of “elementary sets” generated by X B (C)
i=1
(B(C) is the Borel field for C). If ;l<,ui has bounded semivariation on
i=1

X B(C), then we can define

/le,... (xm)

for continuous functions which are linear combinations of continuous func-
tions of one variable with compact support. Since we assume p; to be defined
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on all of B(C), and 1;(C) = 1, X ; will be defined on % C and be the iden-
i=1 i=1
tity there. We may therefore, extend (by a standard density argument) the

integral to Cy ( X C) = (Cy(C,,). (See the remarks preceeding Remark 5I).
i=1

Let us refer to the mapping f — [ fd ( X m) as
i=1

F(f): f(zlw"?'zn)d(,gﬂi)'
cn i=1

Proposition 4.1 Suppose I' has the w.c.p. Then there exists a unique reg-
ular c.a. measure on B(C") (the Borel field) such that

()= fdu  (f € G(C)).

cn

N

Furthermore, u(E) = <>< m) (E) for any elementary set E. (See the re-
i=1

mark following Proposition 4I).

Proof. The existence of p follows from Proposition 2.1. The fact stated

concerning p and X p; follows from considering elements of Cy(C™) of the
i=1

form
fi(21) fa(z2) f3(23) - - - fu(zn)

and using an argument similar to the uniqueness argument of Proposition
2.1. This completes the proof.

Remark 4.2 We have not addressed the problem of uniqueness of spectral
measures, and we will now do this before proceeding further. For unbounded
operators with nonempty resolvent set we can reduce the problem to the case
of compact spectrum by considering the spectral measure(s) of the resolvent
operator at some fixed point in the resolvent set. Suppose then that

o(T) a(T)

with o(T') compact. Let us also suppose that T can be decomposed uniquely
as the sum of scalar operators with real spectrum, 7} and 75 so that

T =T, 41T
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and the product of the spectral measures for 77 and 75 exists. Such a de-
composition obviously exists. Let

frn = XY, po = o Xty

Si= [N S = [ 3, T = 3, = [,

then uniqueness implies that

[ et = [ aa

and the Weierstrass theorem, together with the considerations of Proposition
2.1, imply that p} = p) and, so, 3 = pe. In less general settings the proof
of uniqueness is based on Liouvilles theorem and the so-called “single-valued
extension property”.

Unfortunately, Liousville’s theorem is false without local convexity (see
(48, p.196]), and if we look this argument it appears that using some fur-
ther results of [48, Chap.VIII], one might construct examples of operators
with nonunique spectral measures. We shall meet this problem again below.
In any case, if we agree that a function calculus may depend on the spec-
tral measure involved, we shall not have troubles with ambiguity. We state
the following for completeness (the function theoretic notions used here are
defined for example in [17]).

and

Proposition 4.2 Let T be a scalar operator with compact spectrum, and
suppose that the function algebra R(o(T')) (uniform closure of rational func-
tions with poles off o(T')) has one of the following properties:

(i) o(T) is the Choquet boundary of R(o(T))
(ii) The planar measure of o(T') is zero.

(iii) o(T)NE has planar measure zero where E is the set of peak points of
R(o(T)).

Then the spectral measure for T is unique.
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The proof consists in noting that any of (i), (éi) or (éii) implies that
R(o(T)) = C(o(T)). (Unfortunately, (), (i7) and (iii) are not “topological”
properties of o(T"); that is, not invariant under homeomorphism, and neither
is “R(o(T)) = C(c(T'))” a topological property of ¢(7"), and there is no “ge-
ometric” property of (7") known to be equivalent to “R(o(T)) = C(a(T))”.

Remark 4.3 Let Ti,...,T, be continuous scalar operators with compact

spectrum and let f be a Borel measurable function of n complex variables.
Then we define

f(hy,...,Ty)x = f(zl,...,zn)d('gui)
cn =1

n
provided X p; exists and
i=1

/f(zl, ) (gl’“‘)

exists (Remark 4.2). It is also possible to define functions of scalar operators
with unbounded spectrum. In this case the definition above results in a slight
problem: the case where polynomial functions are considered. The definition
above gives an extension of the natural operator one associates with the
polynomial. We state this as:

Proposition 4.3 Let T}, ..., T, be scalar operators whose spectral measures
commute and whose product exists as in Remark 4.3. If f is a Borel mea-
surable function on C", then f(11,...,T,) is a scalar operator with complex
spectral measure, and for any polynomial @ in n wvariables, Q(Ty,...,T,)
defines an operator with a scalar extension.

Proof. 1t p= X Wi, and
i=1
f(Tl, Ce ,Tn).flj = fd,ux,
(Cn

then Remark 1.8 implies that f(71,...,T,) is a scalar operator with spectrum
in f(supp(u)).

We can extend Proposition 1.16 as
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Proposition 4.4 Let the hypothesis of Proposition 4.3 on j = X i hold,
i=1

and suppose f and g are measurable on C". Then

(a) D(f(Ty,...,T,)) = D(f|(Ty,...,T,)).

(b) D(f(Tx,....T,)) € D(g(Ta, ..., T)) if [f] < |g]-

(¢) f(Ty,...,T,) € L(M), if f is bounded.

(d) (f+9)(Th,....,T,) D f(Ty,....T) + g(Th,...,Tp).

(¢) D(f(Ty,...,Tn)+g(Th,....,Tn)) = D((f+9)(T1,. .., T.))ND(f(T1, ..., T,)).

(f) D((fg)(T1,...,T,))ND(g(Ty, ..., T,)) = D(f(T1, ..., T)g(Ty, ..., T,)).

(9) F(Tu, ..., T)pi(8) 2 w(d)f(Th,.... T,) for all Borel sets § and all i =
1,...,n.

(h) F(T1,....Tp) 2 u(d)f(Th, ... Tp).

Remark 4.4 In Proposition 4.4 the order in which integration is carried out
is immaterial. That is, u(E) = ( X ;) (E) where the factors p; may occur in
i=1

any order.
A useful addition to Proposition 4.4 is to allow the functions to be C"-
valued. The argument may be carried out component-wise.

5 A Radon—Nikodym property
The following interesting result is related to the Radon—Nikodym theorem.

Proposition 5.1 Let py and py be complex spectral measures with the range
of p1 containing the range of us in L(M). Then there exists a Borel measur-
able function f s.t.

po(E) = /XE o fdu

for all Borel sets E 1 i.e., us(E) = ui (f(E)).
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Proof. Let {E"}22, be a Borel partition of the support of us, with diameter
1
(E!') < —, and let Z' € E for each i and n. We shall suppose that {E!"}

refines { £} if m > n. Since py and po are spectral measures, it is easy to
show that we may associate Borel sets { £} for each n to {El'} such that if
m > n, then

(i) for each Fi™ there is a unique set FJ; such that Fj; O F/™ and

i (FP) = po(EY) for all i, .

)
(ii) F{™ C Fyif and only if EI" C EY.
(ii)

)

(iv) F' N Ep = 0 if i # j (if not, the standard procedure for constructing
disjoint sequences preserves (i), (ii), and (iii); (i), (ii), (iii) follow easily
from the range assumption on p; and p).

Define f,,(z Zz Xrr(2), 2" € B}, then f,(2) — 0for z € C\ m U E!
n—1i=1

1 o 0
and |fm(z) — fu(2)] < =(m > n), on ﬂ UF[‘, so f, — [ uniformly on

n )
n—1i=1
0o 00

ﬂ UFin, and f is bounded and Borel measurable. Let g be continuous

n—1i=1

with compact support. Let g,(z Z 9(z")xEr(2), we have

/gnduz = /go,fdm.

From 7.2.7 of [47], we may show that gdus = go fdu, and so by the argument
for uniqueness in Proposition 2.1,

Mz(E)Z/CXEOfdu1

This concludes the proof.
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6 Measures with values among the discontin-
uous operators

6.1 Review

We have shown above that if o(7") (spectrum 7) is defined as the complement
of

{A | there is a disc D) centered at A\ and for each piecewise

smooth simple closed curve ¢ in Dy, /(z[ —T) 'z =0, (6.1)

C

(21 — T)~ ! is a continuous operator for z € Dy},

then the support of the spectral measure for 7" is o(7"). This was also shown
to be the case for discontinuous operators as well. Part of the definition is
that the Riemann integral above exists. The Fubini theorem has also been
shown to be valid in the cases where we require it.

The Riesz theorem was proved:

Theorem 6.1 Suppose X is a quasicomplete TV'S, B(X) is sequentially
complete for the strong operator topology. Let A be a continuous mapping
from the continuous functions vanishing at “oc” with sup norm topology
on a locally compact Hausdorff space Q to B(X). Suppose A maps weakly
compact sets to relatively compact sets in B(X). Then there exists a reqular
countably additive Baire measure i of bounded semivariation such that

M) = | s 62)

Further, if A(fg) = A(f)A(g) then p is multiplicative.

We shall require a slightly different version to be stated in Section 8 below.
We now begin the extension of the theory to a wider class of operators.

6.2 Extension of the Abstract Theory

Let X be a (not necessarily locally convex) topological vector space which is
quasicomplete. B(X) denotes the continuous endomorphisms of X. R shall
be the class of the Borel sets of a metrizable locally compact Huasdorff space
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H (usually the plane). Suppose p is a set function on R with values in the set
of linear mappings from A into X where A is a subspace of X which depends
on the value of p under consideration. If D(u(0)) represents the domain of
the operator u(d) we suppose that there is a subspace K of X such that

() P(u(s) 2 K (6.3)

0ER

and that K has the property that if z € K, p(-)(x) is a countably additive X-
valued measure which has bounded semivariation. We say that p is densely
defined if K is dense in X and if u(d)(z) € K for all 6 € R and z € K. If,
in addition,

1u(01) (p(02) (2)) = p(61 N d2)(x) (6.4)

for all d;, d5 in R and x in K, then we say p is a densely defined spectral
measure. It is not necessary to assume K is dense in X but then our results

become localized to a greater extent. Such measures where K is not dense
will be called "locally defined.”

Multiplicative nature of / fdpu.
We write g, (+) for p(-)(x) where u is some densely defined or locally defined
spectral measure, and if the expression for = is complicated then we write

¢ y(-)(z) where z is the expression.
Suppose f and g are simple Borel functions. Then it is easily shown that

(x € K)
[ sanc, ([ ains) = [ ot = [aduc, ([ an.). 05

Now let g approach a bounded Borel function (which we still call ¢g) uniformly.

Then (6.5) defines
[ iy ([ o). (66)

In particular, for f = xs (characteristic function of § € R) (6.5) defines
11 )(9) (/ gdm) : (6.7)
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From (6.5) it follows that the integral (6.6) is a map, continuous on the simple
functions with the topology of uniform convergence and therefore

1oy () (/ gdum) (6.8)

has bounded semivariation. We may and shall suppose therefore that

11 )(9) (/gdux) €K (6.9)

Definition 6.1 If ;4 is a densely defined spectral measure, the support of
i = supp(p) is defined as the closure of the union of the supports of the
measures fi,, r € K.

Remark 6.1 It will be convenient in applications to consider an operator
T as “having a densely (or locally) defined spectral measure p” if D(T) C
X' C X and

Tx:/)\dux (x € D(T)NK)

where X’ is a subspace of X with its induced topology and X’ is not neces-
sarily invariant for values of u. It is also possible that we may wish to place
some "weaker” topology on X. In any case we have

Theorem 6.2 [fT € L(X) and

Tx :/ Mp, (x € K) (6.10)

(H is the plane) then
supp(p) € o(T).

(Inclusion may be strict.)

Note first that the following lemma can be proved as in Proposition 1.7
and Remark 1.8 above.

Lemma 6.1 Let f be a Borel function and g be a bounded Borel function,
and for x € K, define (B, F are Borel sets)

mya(B) = ua(fH(B) N F). (6.11)
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Then

/gOfdmcz/ gdmy,. (6.12)
F 1(F)

Proof of Theorem 6.2. If A € p(T) then there exists an open disc Dy,
such that

/(z —~T)'dz=0 (YecC Dy). (6.13)
If, on the other hand,
e ( ﬂ {z | there exists D, such that for all ¢ C D,, (6.14)
zeX

/c(z — T Hadz = 0})0,

then A € p(T). Here, S° means the ”interior” of S. However the set in (6.14)
is contained in

( m {z | same as in(6.14)}> : (6.15)
If z € (supp ()¢, then (z —T) "'z is
/ d:x_(y (z € K) (6.16)

by (6.5) if z is in (6.15) we may choose a disc D, with center z such that
/(A—T)ldi:o (cCD., r€K). (6.17)

Let D, C D, and define

Mo = fz|DL + Nx|D;C (:E € K) (6'18>

we have, by an argument similar to that of Proposition 1.9 above, that
frap, (DL) = 0 (6.19)

so z € (supp (u))¢ and this gives the result.
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Remark 6.2 It can be shown that for each x € K there is a unique open
maximal continuous extension of

[ 442 g supp() (6.20)

Let f1(A), f2(A) be any two extensions with range in K and such that pu(-)
is continuous relative to fi(A), fa(A). Define f(z) = fi(z) — fa(z) in the
intersection of the domains of f; and fs. Suppose D, is a disc such that

f(2) #01in D,,. Choose 2z, — 2o in D,,. (20l —T)f(z) =0 and

[ ot = ) = ) (6.21)

where M is closed, z ¢ M. For z = f(z),
(20! = T)pa(M) = puy(M)(20] = T)(x) = 0 (6.22)
hence y1,(M) = 0. Whence taking M = {z,} and 2 = f(z,),
0= p{zoH(u({za})f(20)) = p({z0}) f(z0) — n({z0})f (20)- (6.23)

Let M, be an increasing sequence of closed sets, U M, = C\ {z}. Then

0= p(Mn)f(z0) = p (U Mn) f(z0) =0 (6.24)

1({20}) f(20) = f(20) =0,

a contradiction.

Theorem 6.3 Suppose T is an operator with dense domain D(T) where
D(T) C X' C X. Suppose also that T has a densely defined spectral measure
W so that

T(x) = //\d,ugc (re K C D(T)), (6.25)

then
(i) supp(p) € o(T).
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(ii) For any measurable complez-valued function f, there ezists a dense
subspace Ky of K such that if x € Ky, then

/ fdpg (6.26)

exists,
(ili) If f is as in (ii), then there exists a densely defined measure vy such
that

vpa(B) = u(f~'(B) N F)(a); / fdu, = /f [ Mo (2 € 5y

(iv) For polynomials P,
P(supp () € o(P(T)). (6.27)

(v) If f and g are measurable functions, there exist dense subspaces Ky,
Kyq, etc., such that in and for these subspaces

(a) Ky= Ky,

(b) Kyg C Kpig, Kpg C Ky,

(c) [ fdp, exists if v = [ gdu,,y € Kpg,

(d) [ fogdu, = [ fdvge, (x€ Kpog),

(@) [(f +9)due = [ fdps + [ gdps, (2 € Kyy),
() [ fodpe = [ fdpo([ gdps),  (x € Kpy),

() if fult) = f(t), fa, f Borel functions then

/ fndpiy — / fdp

for all x in a dense subset of K,

(h) if |f] < lgl then Ky D Ky, and if fu(t) — f(t),[fu(t)] < |g(t) then
J fdpe

exists for all x for which [ gdu, exists and lim [ fodp, = [ fdu, for such
x.
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Proof.
(ii) Let

Ky = {:c|:c € U Kn}, K, = p(6,)(K), 6, = {t‘ ()] < n}

n=1

Since 0, — C if x € K, then there is a sequence {z,} C K; such that
x, — x; therefore, Ky O K.

(iii) For z € Ky, [, fdu, exists and in the right-hand integral we are
integrating over f(F')N f(d,) for some n. The equation follows from Lemma
6.1.

(iv) If p(A Z a;\' then

/p()\)dux :/ Advy, 5 (6.28)
p(supp(n))

and Theorem 6.2 shows (i) with only a slight modification.
(v) If f and g are measurable, Ky = K| is obvious. Define K, = [j K,
where 1
Ko = (6. (K), 6, = {¢] 1£(8)] < n} 0 {2] [g(0)] < ) (6.20)

then (b) holds. For (¢) we note that

/ fodp, = / fdpgy ( / gdux) (6.30)

for simple f(g is bound for all practical purposes) and the result follows since
the left-hand side is continuous in uniformly convergent sequences { f,,}. Thus
(f) follows too. (e) certainly holds by definition of Ky ,. For (d) choose

= {s] 17(9)] < m} 1 5] [F(5)] < ). (631)

For (g) choose

0w ={s[If(s)] < n}{s|lfu(s) — f(s)| < 1}. (6.32)

(h) follows from the proof of Proposition. This completes the proof.
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NoOTE. Stronger results can be had provided one is willing to assume
something of the sort:

lim [ f.du, exists (6.33)

n—oo

lim /gdu() (/ fndux) exists (6.34)

for bounded g. See Proposition 1.13 above.

implies

6.3 Examples

Theorem 6.3 develops the rudiments of an operational calculus. We might

define
(T () = / fdue (x € Ky)

for a Borel function f. It can be shown that f(7") may be discontinuous
even when f is bounded on supp(i) and T is continuous. This is because
the representation

J(T)() = / fdus

may not be defined for all z € D(T).
We now illustrate the foregoing theory with a family of examples in a
non-locally convex space.

Example 6.1 Consider the operators Ty defined on L?[0,1](0 < p < 1) by
(Tyz)(t) = x(F(t))f(t) (zv€LlP) (6.35)

/|f \Pds, F(1) =1, f>0inLP. (6.36)

The lack of duality theory for LP(0 < p < 1) has made these spaces fill a
pathological role mathematically (c.f. (1.2) of [16]). The continuous map-
pings on LP(0 < p < 1) are essentially of the character of this example.

Theorem 6.4 Suppose X = LP[0,1] and T € B(X). Then o(T) is compact.
Suppose o(T') is contained in a Jordan arc, and consider the map (x is fived)

P, — P(T)r€X, (6.37)
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where P is a polynomial on o(T'). Suppose the map is continuous when its
domain is given the sup norm topology. Then there exists a unique X -valued
Borel measure i, such that

P~ [ | PO (6.39)

Proof. Follows from a result in [37] and Theorem 2.2 above. The compact-
ness of o(7T) is shown in [11].

Lemma 6.2 If P and QQ are polynomials and the hypotheses above hold on
T and further iof Ky is some nontrivial subspace of X and

B, — P(T)x (6.39)
1s continuous for all x in Ky, then
r — pz(0) (6.40)

defines a linear map with range in X for all d.

Proof. Consider © — 11,(9), which is well defined by uniqueness (see Propo-
sition 1.5) for fixed 0. a1 + x9 certainly makes P — P(T')(z1+x2) continuous
if 1 and x5 do, so we may indeed say Kj is linear.

P(T) (2, + 3) — /

P(N)dpiz, 42 —/ P(A)dpz,
o(T) o(T)

(6.41)
+/ P(N)dpy, = P(T)xy + P(T)xs
o(T)

and therefore
,ux1+$2 (B) = ,u:rl (B) + ,UIQ (B)

for all compact Gy sets B and thus for all Borel sets.

Definition 6.2 Let K be the smallest linear manifold containing K, which
is invariant under all the mappings [ fdup(y where f is a bounded Borel
function.
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We must now establish the existence of a subspace such as the one in the
Definition 6.2. Theorem 6.4 and the reasoning leading to expression (6.8)
show that when for some z, P — P(T)x is continuous then p(8)([ fduy)

is defined for all bounded Borel functions f. Now if we take K to be the
largest subspace with the property that z € K implies

P — P(T)x (6.42)

is continuous, then K is invariant under the maps [ fdp¢y. This argument
extends beyond L? if the weak compactness property is added to the hypoth-
esis. We have no need of this however. Thus the collection of linear manifolds
containing K with the invariance property of K is nonempty and we have

Lemma 6.3 The subspace K exists.

Lemma 6.4
(0 Nog)z = p(dy)u(de)zr (z € K). (6.43)

Proof. For 61, 0o compact Gy sets there exists polynomials P,, (),, such that
P, — xs,, @n — Xs, in bounded fashion on ¢(7"). Then

/Pk(A)Qn()‘)d,ux - /X&lmazdllm

/Pande = /Pkd,uQn(T)z — /X61dﬂQn(T)x = /Qnd,uu((sl)x — /Xagduu(al)z
by the proof of Proposition 1.4. Thus

(01 N 62)x = p(01)p(d2)x

and the lemma follows.

/fdm )(/gdux) = /fgdux

for all bounded Borel functions and x € K.

Lemma 6.5

Proof. This follows by Lemma 6.4 and the results of section 6.2.
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Remark 6.3 Consider again T defined in Example 6.1 above. It is easily
seen that o(Ty) = C4, the unit circle. For computational purposes we select
a specific f(t):

ft) =0 +Ekp)/Pt* 0 <kp+1<1.

Note that
Ty ()]}, = |I=]”.

T ! exists and is defined by

(T x)(t) = (6.44)

F~!is the inverse of F. T} has a decomposition not unlike that of a spectral
operator and is the limit of operators with densely defined measures. To
show this, let 1/2 > 6 > 0. Define

(Psz)(t) = xs(t)x(t) (6.45)

where y; is the characteristic function of (, 1 — §). The spectrum of P57
is contained in the unit disc and includes C;. Consider PsLP[0,1] and let
Ty act on this subspace of L?[0,1]. PsL” is not invariant under T so we
consider the space PsB(X) (X = L?) as acting on PsL”. We shall show that
PsTy has a densely defined measure 5 supported on C; (thus verifying the

parenthetical statement in Theorem 6.2). First suppose Q(z) = Z apz” is

—-n

a trigonometric polynomial (|z| = 1). Consider the mapping
Q — PsQ(Ty)x, x e Ps(LP) (6.46)

We write T" for Ty in what follows.

HP(;Q(T)pr = / |x5(t)(a0m(t)+ai1Ti1x(t)—I—- . -—I—ainTi”x(t)ﬂpdt, (6.47)

n—1

Trx(t) = o(F (@) [ FE™ (1), T"a(t) = —
= |1 E0)
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where
Fr(t) = F(F"H(t)), FO(t) = f(t)F (1) = F~H(F (1)

It can be shown that PsT**z(t) = 0 for all that ¢t and all large +k (how
large depends on ¢, see 6.56 below). Parseval’s equality therefore shows
that Q@ — PsP(T)x is continuous and therefore by (a slight modification
of) Theorem 6.4, we might have our measure us. It can be shown that the
same argument holds for # € P3LP[0, 1] whether 8 = ¢ or not. Thus u; is

densely defined (K = U PsLP[0,1]). If x4, is the characteristic function

1/2>6>0
of [0,1]\(0, 1 — ), then
Tf = P(sTf +p5/Tf. (648)

Define N5 = Ps/Ty. Then

Tf = / )\d,ug()\) + Njs (6.49)
Cy

(on K). Therefore Ty has a decomposition on a dense subspace similar to
that of a spectral operator. It is clear that Ns — 0 as 6 — 0. However N is
not “quasi-nilpotent”, P57 (pointwise) is! We do have

lim Mps v = Ty (6.50)
6*>0 (cl

The question of computing y is a vital one in any application and since the
solution of this problem for T leads to an interesting functional equation we
include it here.

Proposition 6.1 Let T = Ty. If (e, e"2) is an “interval” (counterclock-
wise) on Cy, then x € K implies

ps(s1, 82) r = lim = /81 [Rs(T, (1+¢)e™) — Rs(T, (1 — €)e™)] zd(e™).

e—0 271
(6.51)

Proof. Follows immediately from (6.39)-(6.43) (Rs = PsR) and the Cauchy
integral theorem (see Proposition 1.5).
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To use (6.51) we must compute (A —T')~! directly since in LP(0 < p < 1)
there is no hope for a kernel representation. This means that we must solve
the equation

Ar(t) — x(F (1)) f(t) = U(t) (6.52)

for z € LP, A € C. It is natural to expect two solutions, one for |A\| > 1 one
for |\| < 1. They are

2(t) =Y A UTIU(F (1)) 1:[ FEPE() (1A > 1),
o 1) (6.53)
Lty = YA TETTD) (1A < 1).

N | PG l0)
m=0
Formally then

(NU(SI; 52>x(t)) =

= lim P; g { (bnﬂ(t)(l e + an(1) ) [cos(n + 1)sy—

e—0 n+1 (1+e)"*+(n+1)
(6.54)
an(t) b (£)(1 — )"
—cos(n + 1)s1] + ((1+€>n+1(n+1) - n+1 )

ilsin(n — 1)sg — sin(n + 1)31]} + 59— 51

where
ant) = U(E" (1)) [[ FE(0)
(n=1,2,....t€(0,1)) (6.55)
o - V)
[T =ty
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Given our choice of f(t), we have

an(t) = U(t(kp“)")(l + k;p)”/”tk (M) 7

_kp
b (t) — U(t(kp-i-l)*(nﬂ)) ) 1 — (656>
" 1— (kp+1)~(t
1 + kp)nt+1)/ptl/p
(14 kp) 1— (kp+ 1)

For
UeK= |J B(L0,1)

1
5>6>0

we have U(t) =0 for
te (0,6(U))u(1—-06(U),1)

where §(U) depends on U. Since t***D" — 1 and t***D™" — o0, we see that
if t € (0,1 —¢) then the terms in (6.56), and hence in (6.54) are eventually
zero. That is,

(Psan(t))* + (Psb,(t))* = 0.

It is not true that (a,(t))? + (b,(t))? vanishes. Thus us; may be computed
explicitly and so many projections of solutions to (6.53). Of course, the series
(6.53) converges in LP. It may diverge pointwise as (6.56) shows.

Theorem 6.5 Let T be an isometry of L?|0, 1] and suppose o : [0,1] — [0, 1]
is measure preserving and g : [0,1] — R is Lebesque measurable with g > 0.

Suppose
(Tx)(t) = x(o(t))g(t)

where o(t) # t except perhaps on a nowhere dense (countable) set. Suppose
g(t) is bounded away from zero except on a set of a measure zero. Then T
has a “spectral” decomposition of the form

T = / Njus + Ny (6.57)
o(T)

with N5 — 0 as § — 0.

o7



Proof. A Relatively easy modification of the previous discussion. The points
o(t) =t become “nodal points” which must be “projected out”. The result
may be extended in various ways at the cost of simplicity (to Orlicz spaces
for example). We may extend

70) =tim [ F)d (6.59)

(f a Borel function), when it exists, to all of L? in case f is analytic on o(7T)
(via the Dunford integral, see [11] to see that the integral of the resolvent
exists). This is also the case with many differential operators, i.e., we must
sacrifice generality of the operational calculus to obtain everywhere defined
spectral integrals.

7 Differential operators

For differential operators, the situation is somewhat different than in the
preceding examples. The reason for this is that most differential operators
are treated in the context of Hilbert spaces. “Most” of the projectors in the
range of the associated measure are bounded (but not Hermitian in general).
This makes it possible to obtain complete eigenfunction expansions in certain
cases (see [12]).

For a detailed treatment of some of these problems, we refer the reader

to [41] and [43].
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