COMPACT AND WEAKLY COMPACT OPERATORS ON C(S)s

BY
F. DENNIS SENTILLES

In 1958, R. C. Buck [1] introduced the 8 or strict topology on the linear
space C(S) of bounded continuous functions on a locally compact Hausdorff
space S. This topology is defined by the seminorms

Py(f) = sup {[f(@)p @) : eS8} = [ &l

where ¢ € Cy(S), the subspace of functions in C(S) which vanish at infinity.
Since this time several authors have studied and made use of the strict topology
in various settings. One may consult [2] for more specific references. In this
paper a study will be made of the compact and weakly compact linear oper-
ators on this space.

The strict topology is a complete locally convex topology which is neither
barrelled, bornological nor metrizable. In fact, any of these is equivalent to
the compactness of S. On the other hand the strong dual of C(S)s is the
space M (S) of bounded regular Borel measures on S as was shown in [1], and
furthermore, the 8 and supremum norm bounded sets in C(S) coincide.
These two facts along with the integral representation of the continuous
operators on C (S)s into a space C (T')s obtained in [8] allows us to obtain the
following principal result.

Let us call an operator 4 on C(S) into a topological vector space X com-
pact (weakly compact) if A maps 8-bounded subsets of C(S) into relatively
compact (weakly relatively compact) subsets of X, and call A B-compact
(B-weakly compact) if A maps a 8 neighborhood of 0 into a relatively compact
(weakly relatively compact) subset of X. It will be shown that when
X = C(T)s, then A is B-compact (8-weakly compact) if and only if A is con-
tinuous with the norm topology on C(7T') and compact (weakly compact).
As a consequence it will be shown that these two properties coincide when X
is a Banach space.

In closing this introduction the author wishes to acknowledge the aid of the
referee in improving the paper, particularly with regard to the considerably
shortened proofs of Corollaries 2 and 4.

Our notation will be taken from [8] and [9] and we rely on [8] for the follow-
ing result.

If A is a continuous linear operator from C (S)g into C (T')s then there is a
unique mapping A ¢ T — M (8), henceforth called the kernel of 4, such that

@) = [ @ @) = [ SN, d)
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for all feC(S) and zeT. This last integral will be denoted by \(f) ().
Furthermore, (A*u)(E) = [z \(z, E)u(dzx) when T is locally compact and
Hausdorff and we M (T), while for a bounded Borel measurable function
feM(S)*, [A™f1 (@) = () () is a bounded Borel function on 7. When 4
is a weakly compact operator, the function 4**fe C'(T') and consequently the
kernel \ is a weakly continuous kernel as defined in [9]. This, along with the
work in [9] on such kernels, motivates the work herein. Finally, we remark
that the topology on C (S) denoted by 8’ in [8] coincides with 8 as was shown
by Dorroh [4].

In the sequel, T is a locally compact Hausdorff space asis S. We begin with
a classification of the operators on a space C(S)s into C(T)s essentially
established in [8] and [9]. Briefly, the type of operator with kernel X is deter-
mined by the peoperties of the sets N(K) = {A(x) : z ¢ K} where K is a com-
pact subset of T'.

TueoreEM 1. Let A be a linear mapping of C(8)s into C(T)s given by a
kernel . Then

(1) A s continuous on C(8)s into C (T )s if and only if each set X (K), for
K compact in T, is B-equicontinuous. That is, gien ¢ > 0 and K compact in T
there 1s a compact set @ C S such that | M| (z, S\Q) < ¢ for all z ¢ K.

(2) A is weakly compact if and only if each set N (K) is weakly compact in
M (S) for K a compact subset of T. That is, given € > 0, K compact in T and U
any open subset of S, there is a compact set Q C U such that |\ | (z, U\Q) < ¢
forall x e K.

(3) A 1is compact if and only if each set N(K), for K compact in T, is com-
pact in M (S).

Proof. (1) follows immediately from [8, Theorem 5]. That the set of
measures A (K) satisfies the measure theoretic properties stated in (1) follows
from [3, Theorem 2].

(2) follows immediately from [9, Theorem 2] and the fact that the norm
and B-bounded sets coincide. The stated measure theoretic property is a con-
sequence of [9, Theorem 2, part 3].

(3) follows from [9, Theorem 3].

As a consequence of the above, if ue M (S) and k is a real or complex fune-
tionon T X S such that & (, - ) e L' () for all z ¢ T and k is uniformly bounded
on K X 8 for each compact set K < T and

4@ = [ S, yu(ay)

is continuous on 7', then A is a continuous weakly compact operator on C (S)g
into C(T)s. Foritskernel, \(z, E) = f # k(x, y)u(dy), satisfies the measure
theoretic properties in (2) since given K compact in T, ¢ > 0, and U open in S
there is a compact set @ < U such that [u | (U\Q) < ¢/, where

v = sup {| k@, y)|: (@, y) e K X 8}
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80 that
l)\|(x,U\Q)§f | k(z, y) | |u|(dy) < & forall zeK.
U@

TurorEM 2. Let A be a linear mapping of C(S) into C(T'). Then A s
B-weakly compact if and only if A is weakly compact and continuous from C (S )g

to (C(T), | 1D

Proof. Suppose A is B-weakly compact. Then there is a 8-neighborhood
V of 0 such that 4 (V') is weakly relatively compact in C' (7') and hence weakly
bounded and therefore norm bounded. Consequently, 4 is continuous from
C(S)sto (C(T), | ||). Furthermore, since 8-bounded sets are absorbed by
V, the image under A of a B-bounded set is absorbed by the weakly relatively
compact set A (V') making A weakly compact.

Conversely, suppose 4 is weakly compact and continuous into C (T') with
the supremum norm topology. Then A* maps equicontinuous sets of
(), || |)*into equicontinuous sets of C'(S)5. Let A be the kernel of 4
as described above. With Z denoting the unit point measure concentrated at
x e T the set {% : x ¢ T} is equicontinuous in (C'(T), | |[)* and consequently

IN@z):2zeT} = A*G: e T}

is 8-equicontinuous in M (S).
It follows from [3, Theorem 1] that there is a non-negative function ¢ € Cy (S)
such that each measure A (x) vanishes off the non-zeroes of ¢ and

[1/¢) 2@ <1

where the symbol on the left is the total variation on S of the measure
(1/¢)-N(z) defined by

[qlb-ux)] () = [ b\ )

for Borel sets E.
We set o(s) = ¢(s)" for all seS and define u: T — M (S) by
1
W B) = [ L, ay) - [ M) | )
( ) o
We first show that sup {|| u ()| : z € T’} To see this let

W = {s:¢(s) > 1}.
Then
[u@) | = [#](2,8)

1 1
= fwml)\l(x,dy)—l-f@ W;(y—)lxl(x,dy)

<@ W + [ s N )

¢()
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<M W) + |1

- Az)

S<sup{lA@)] :zeT}+1<
this last inequality following from the uniform boundedness principle applied

to the measures A () as functionals on Co(S).

We will now show that the function p (-, E) is continuous on 7T for each
Borel set £ C 8.

Let N(¢) = {seS:¢(s) > 0} and
Wo.={seS:1/(n+ 1P < ¢(s) < 1/n%} for n=1,2 ---
and let W be defined as above. Then,
S = Wu U Wieu S\N (¢), [Nz, S\N (¢)) =0
as noted above, and if se W, ,then1/(n + 1) < a(s) < 1/n.

IfV, = {seS:n* < 1/¢(s)} then W, < V, and |\|(z, V.) < 1/n’*as a
consequence of the inequality || (1/¢)-A(z)| < 1. Consequently,

IN| (2, Wa) < 1/n.
For any Borel set E,

plx, E) = j;—(l—)x(x, dy)

= ( ) Mz, dy) + Zf Az, dy)

ENW, O (?/)

= L(XETW> (y)A(z, dy) + ;L(@) (y)\(z, dy)

where xr(s) = 1if seF,0if s¢ F.
The function g.(s) = (xznw,/c)(s) foro(s) % 0 and g.(s) = 0ifo(s) = 0
is a bounded Borel measurable function on S. Similarly for

9(s) = (xznw/o)(s)
ifo(s) #0,0if o(s) = 0. Finally note that

p(, B) = Ng) @) + 2= Mge) ().
We will show that the functions A(g) and A(g,.),n = 1, 2, - - - are continuous
on T and that the convergence is uniform.

First, A being weakly compact with range C (T )s implies that the kernel A
of A satisfies condition (5) of Theorem 2 in [9] and hence also condition (7)
which says that A(f) is continuous on T for any bounded Borel function f
on S. Hence A(g) and X\ (g,.) are continuous.

Finally,
M@ = [ ned) < [k DA )

< (n + )|\ (2, Wa) £ I/n* + 1/7°
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and the convergence of Z}f;l M(gr) is uniform making u(-, ) continuous
on 7.
From this it easily follows that u(f) (z) = fs F@)u(x, dy) is continuous on
T for each bounded Borel function f on S. Hence u is a kernel on T into
M (S) which satisfies condition (7) of Theorem 2 in [9] and so also condition
(5). That is,
C = {ulf):feCS), 7] <1

is a weakly relatively compact set in C (T); .
Let V.= {feC(S):|fe]| < 1}. Then V is a B-neighborhood of 0 in
C(S) and if fe V then

Af = N({f) = N(o/o) = p(fo) C.

Consequently, the set A (V) C C is weakly relatively compact in C (T')s com-
pleting the proof.

Remark 1. 1t is easy to see that the condition that A be continuous into
(C(T), || ) and weakly compact could be replaced by the condition that 4
have a kernel A which satisfies any one of the conditions of Theorem 2 in [9]
and such that {A(z) : z ¢ T'} be B-equicontinuous.

When the underlying space S is compact, the 8 and norm topologies co-
incide and consequently so do the B-weakly compact and weakly compact
operators. Surprisingly, it is easy to see that the same condition holds when
T, rather than S, is compact.

CoroLLARY 1. Let T be compact and let A be a continuous linear operator
from C(S)g into C(T). Then A is B-weakly compact if and only if A is weakly
compact.

We now replace the space C'(T') by an arbitrary Banach space X to achieve
the same result.

CoroLLARY 2. Let A be a continuous linear operator from C(S)s into a
Banach space X. Then A is -weakly compact if and only if A is weaklu com-
pact.

Proof. Let T denote the unit ball in X™* with the weaks topology so that T'
is compact. For e X let v () be the restriction of z, as a function on X,
to the space T. Let Bf = v (Af) for feC(S). Then B is a continuous
weakly compact operator on C (S)ginto C(T'). By Corollary 1, B is 8-weakly
compact. There then is a 8-neighborhood V of 0 in C (S) such that B(V) is
weakly relatively compact in C(T'). Since v is an isometry and consequently
v(X) is weakly closed in C (T'), this means A (V) = v (B(V)) is weakly
relatively compact in X. Since the converse is clear, this completes the proof.

It is easy to see that the hypothesis of continuity of A on C(S)s cannot be
dropped. All one need have is a bounded linear functional on (C'(S), || ||)
which is not continuous on C(S)s. Such a functional is even compact but
not B-weakly compact and is easily found.
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Certainly the above proof will not hold unless X is a complete topological
vector space. The proof also strongly uses the hypothesis that X be a normed
space. The following corollary shows that this hypothesis is not necessary,
provided that S is paracompact.

CoOROLLARY 3. Suppose S is a paracompact space and X is « Banach space.
Let Y denote the space X with the weak topology. Then any weakly continuous
weakly compact linear mapping A of C(S)g tnto Y s B-weakly compact.

Proof. For when S is paracompact the 8 topology on C (S) is the Mackey
topology on C(S) as was shown by Conway [3] and so by [7, p. 62] 4 is con-
tinuous on C(S)s into the Banach space X. Since A is weakly compact an
appeal to Corollary 2 completes the proof.

Before considering the case of compact operators on C(S) we state two re-
sults on weakly compact operators on Co(S) and their extension to C(S).

TureorEM 3. Let A be a weakly compact operator on Co(S) into C(T)s.
Then A has a unique extension to a continuous operator on C(8S)s. Further-
more, this extension is weakly compact on C(S)g.

Proof. By [8, Theorem 3] the operator A can be represented by a kernel
A: T — M (S) such that Af = A(f) for all fe Co(S). Since 4 is weakly com-
pact, the kernel \ satisfies condition (6) in [9, Theorem 2] and consequently
condition (3). But this means \ satisfies E (See [8, Remark 5]) and conse-
quently the map f — A(f) for fe C(S) defines a continuous operator B on
C(S)s into C(T)s which extends A uniquely. Since \ satisfies condition
(5) in [9, Theorem 2] and the 8 and norm bounded sets in C(S)s coincide,
the operator B is weakly compact.

CoroLLARY 4. Let A be a continuous weakly compact mapping of Co(S)
into a Banach space X. Then A has a unique extension to a B-weakly compact
operator on C(8)g into X.

Proof. Define the space T' and the operators v and B as in the proof of
Corollary 2. By Theorem 3 and Corollary 1, B has a unique extension to a
B-weakly compact operator B’ on C(S)g into C(T). Furthermore, since
v(X)isclosedin C (T) and C,(S) is B-densein C' (S) one has B’ (C(S)) < v (X)
and hence that A’f = v 'B’f is a unique B-weakly compact extension of 4 to
C(S)g into X.

Finally, certain known results for weakly compact operators on Co(S)
and on the space of continuous functions on S with the compact open topology
have analogues for C'(S)s. One of these is that if T is o-compact and 4 has
kernel \ and is a weakly compact operator, then \(z, E) = [zk(x, y)u(dy)
for some nonnegative bounded Borel measure p on S and function k¥ on
T X 8 such that k(z, -)eL'(s) for all zeT; consequently

4f)@) = [ Sk, vu (@),
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This result is the analogue of the result in [6, p. 665] and follows from [9,
Theorem 2, part 2] and [6, p. 287].

If A maps real functions into real functions then A (z) is a real signed measure
on S for each z ¢ T. Hence A(z) = A(z)t — N (&)™ where A (z)*, N(z)™ are
non-negative measures such that |\ |(z, S) = N\ (z, S) + A (z, S). Setting
ATf = NY(f), ATf = N (f) defines positive operators on C(S) such that
A = A" — A” and such that |\ |(z, S) = (A4*1) (@) + (A71(z). If this
last function is continuous on T then [\ |(-, E) is continuous on T for all
Borel sets E since |\ |(-, E) is lower semicontinuous because

IN[(-, E) = sup { 2of=1 |N(-, E:) | : {E;} 1 is a partition of E by Borel sets}
and also upper semicontinuous because
INIGS B) = [N, 8) — [N, S\E).
Hence by [9, Theorems 1 and 2],
N@) = 0@ + IM@)/2 ad N @) = (MG — A@)/2

are kernels defining weakly compact operators on C (8)ginto C(T)s. Thatis,
if A is continuous and weakly compact and

sup {| (AN) @) [ IFl <1} = [N, 8)

is continuous on T, then A is the difference A* — A~ of positive continuous
weakly compact operators on C(S)g into C (T')g such that

sup {| (AN @) | [F] £ 1} = (A1) (=) + (A71) ().

It is easily seen that the converse statement holds.
We now turn to a consideration of compact operators on C(S)s and prove
the analogue of Theorem 1.

TurEOREM 4. Let A be a linear mapping of C(S)g into C(T)s. Then A s
B-compact if and only if A is compact with the B-topology on C(T') and continuous
with the norm topology on C (T).

Proof. One implication is clear. For the converse, suppose 4 is compact
and continuous with the norm topology on C (7). Let A denote the kernel of
A. Asin the proof of Theorem 2, A (T') is a 8-equicontinuous set. We define
o from the function ¢ obtained as before and again set

ple, E) = L;é;;k(x, dy).

Because M here satisfies stronger conditions than in the proof of Theorem 2,
u is a kernel by that proof. We will show that the mapping 2 — u(zx) is
continuous with the norm topology on M (S).

Define the sets W, and W as before and set

VB(J?, E) = L *1—'

05 7@ Az, dy)
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for B a Borel set. Then, u(z, E) = vw(x, E) + X noivw,(x, E) for each
z & T and Borel set E. If B is one of the sets W or W,,1 then

75 (@) = v5(20) || < asl| M@) — N(wo) |l

whereaz = 1if B= Wandn + 1if B = W,. Since 4 is a compact operator,
the kernel X satisfies condition (3) in [9, Theorem 3] so that £ — X () is con-
tinuous with the norm topology on M (S) and from our above inequality, so
is ¢ — va(x).

We now show that the convergence of the above series is uniform on 7.
We have

I vw, (@) | = sup { | [s f(y)ow, (2, dy) | || f] <1}

sup { | fw, F(y)/a(y)N(x, dy) | : | F | £ 1}

< (n+ 1) | N (z,wa) < 1/0* + 1/7.
Hence p is the uniform limit of continuous functions on T and is continuous.
Hence by (3), Theorem 1, f — u(f) is a compact operator on C(S)s into
C(T)s. Hence C = {u(g): | g| < 1} is relatively compact in C(T")s and

| fo ] < 1implies Af = N(f) = u(fo) e C so that 4 maps a B-neighborhood in
C(8)s into a relatively compact set in C (T )s.

A slight modification of the proof of Corollary 2 yields its analogue for com-
pact operators.

It

CoROLLARY 5. A linear mapping of C(8)g into a Banach space X is -com-
pact if and only of it is continuous and compact.

Finally, one may apply [9, Theorem 3] to obtain analogues of Theorem 3 and
Corollary 4 for the extension of compact operators on Co(S) to C(S)s.
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