ON EQUICONTINUITY OF HARMONIC FUNCTIONS IN AXIOMATIC
POTENTIAL THEORY

BY
A. IoNEscu TuLcga!

Recently there have been several results in the literature on equicontinuity
of harmonic functions in axiomatic potential theory ([5], [9] and [6]). The
purpose of this note is to place these results in the setting of compact and
weakly compact operators in Banach spaces. Our note is close in spirit to
[6]; our results are somewhat more general and our proofs particularly simple.

1. Preliminaries. If E is a Banach space, we denote by E’ its dual. When-
ever we speak of bounded, compact or relatively compact sets in E, this will
always mean in the norm topology of E. Occasionally we shall use the terms
strong, strongly : these will always refer to the norm topology of E, while the
terms weak, weakly will refer to the weak topology o(E, E") of E.

For any set Z we denote by M*(Z) the algebra of all bounded real-valued
functions on Z, endowed with the supremum norm,

F= 117 o = supeea| £(2) |-

Suppose now that Z is a locally compact space. We denote by €(Z) the
algebra of all continuous real-valued functions on Z and by €°(Z) the sub-
algebra consisting of the functions vanishing at infinity [3]; further we denote
by ®(Z), ®(Z) and U(Z) the s-algebra of all Baire subsets of Z (generated
by the compact G;’s), the o-algebra of all Borel subsets of Z (generated by the
closed sets), and the s-algebra of all universally measurable subsets of Z,
respectively. We shall sometimes consider the one-point compactification
of Z; Z* = Z u{»} and we shall identify @°(Z) with a closed subspace of
e(Z7).

Let now (X, 3) be a measurable space, i.e. X a set and 3 a s-algebra of sub-
sets of X. We denote by M”(X, 3) the algebra of all bounded real-valued
J-measurable functions on X. Clearly M*(X, 3) is a closed vector space of
the Banach space M*(X). We denote by 91 (X, 3) the vector space of all
real-valued countably additive measures on 3, endowed with the “total varia-
tion” norm p — || p|. In what follows we identify (X, 3) with a closed
subspace of the dual space (M*(X, 3))’ via the formulas

Sowy = [Fan feM(X,5),neMX, ).
If X is a locally compact space, then clearly
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(X)) € M™(X, ®&(X)) € M*(X,®(X)) € M*(X,u(X)) € M*(X),

and each of these is a closed vector space of the Banach space M (X).

We shall now recall a theorem on compact and weakly compact operators
in Banach spaces due to Thorp and Whitley. Let E be a Banach space, Z
a set and S: E — M”(Z) a continuous linear mapping. Then S can be
represented in the form

(8z)(2) = (z, ), rek

where )\, e E' foreach ze¢Z and \ : 2 — )\, is a bounded mapping of Z into E’.
Let M(Z) = {\,|zeZ}. Then (see [10, p. 597]; see also [1] and [7]):

TaeorEM (Thorp and Whitley). (I) The operator S : E — M*(Z) is
compact if and only if N(Z) s relatively compact in E'.

(II) The operator S : E — M®(Z) is weakly compact if and only if N(Z) is
relatively weakly compact in E’.

2. We shall state here the main theorem; as will be seen, this is an easy
consequence of the Thorp-Whitley theorem and yields all the known results
on weak compactness and compactness of operators arising in axiomatic
potential theory in connection with equicontinuity of harmonic functions
(Sections 3 and 4).

Throughout this section it is assumed that (X, 3) and (Y, F) are measurable
spaces and S : M*(X, 3) — M>(Y, &) is a continuous linear mapping. For
each y ¢ Y the equations

(Sf)(y) = <f7 >‘11>’ fEMw<X> 5)
uniquely determine )\, as an element of (M”(X, 3)) and A:y — )\, is a
bounded mapping of ¥ into (M*(X, 3))’. We shall say that S is represented
by the family (\,),er and write N(Y) = {\, | y e Y}. It isclear that Smaps
bounded pointwise convergent sequences into pointwise convergent sequences
if and only if S is represented by measures, that is A(Y) < m(X, 3).
Below we shall make constant use of the Eberlein-Smulian theorem [7,
p. 430].

TuroreMm 1.  Suppose that N(Y) € (X, 3). Then the following assertions
are equivalent:

(1) If (f,) © M*(X, 3) is a bounded decreasing sequence with pointwise
limat f, then (Sf,) converges strongly to Sf.

(2) If (f,) € M>(X, 3) is o bounded pointwise convergent sequence with
pointwise limit f, then (Sf,) converges strongly to Sf.

(3) There is pe M (X, 3) such that every N, is absolutely continuous with
respect to u.  Furthermore, if we denote by Gy, (a version of) the Radon-Nikodym
derivative of N\, with respect to u, i.e.

W) = Gn) = [F@)6,) dua),  fe M(X,5)

then the set (G, |y e Y} < £1(X, 3, u) is uniformly integrable.
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(4) N(Y) 1s relatively weakly compact in (M”(X, 3))’.
(5) S:M*(X,3) > M*(Y, F) is weakly compact.

Proof. (5) & (4) by the Thorp-Whitley theorem.

(4) = (3). Since M(X, 3) is a closed subspace of (M*(X, 3))’, it follows
that A(Y') as a subset of the Banach space 9 (X, 3) is relatively weakly com-
pact and thus weakly sequentially compact. Thereisthen u e 9 (X, 3) such
that lim,(zy-o| Ay (E) | = 0 uniformly for y ¢ Y [7, p.306-307). Thisshows that
every A, is absolutely continuous with respect to u and that the absolute
continuity is uniform for y ¢ Y. By a well-known theorem of measure theory,
this implies that the set

{GylyeY} C (X, 5, u)

is uniformly integrable (since it is also bounded).

(3) = (2) is immediate.

Since (2) = (1) obviously, it remains to show (1) = (4). Note that if
(E,) € 3is a decreasing sequence with ,, E, = @, then lim,|\,(E,) | = 0 uni-
formly for y € Y. Since the countable additivity of )\, is uniform with respect
to y e Y and since the set A(Y") is also bounded in norm, it follows that A\(Y') as
a subset of the Banach space (X, 3) is weakly sequentially compact [7,
p. 305] and thus relatively weakly compact. As 9(X, 3) is a closed sub-
space of (M*(X, 3))’, we conclude that \(Y) as a subset of (M*(X, 3)) is
relatively weakly compact. This completes the proof of the theorem.

Remarks. (1) We could have also derived Theorem 1 (at least part of the
implications) from the general representation theorem of weakly compact
operators from €(Z) to E (Z a compact space, F a Banach space) given in
terms of vector-valued measures [7, p. 493] or by using a profound result of
Grothendieck (8 : €(Z) — E is weakly compact if and only if it maps weakly
convergent sequences into strongly convergent sequences; see [8]). We
preferred however to avoid vector-valued measures; on the other hand, for the
purposes of measure theory, it is more natural to consider pointwise con-
vergence than weak convergence for sequences of functions belonging to
M*(X,3). That is why we used the Thorp-Whitley theorem instead.

(2) TUnder the conditions of Theorem 1, S maps relatively weakly com-
pact subsets of M*(X, 3) into relatively compact subsets of M*(Y, §) use
the Eberlein-Smulian theorem (see also [7, p. 494] and [8]).

Let now (Z, G) be another measurable space and T : M*(Y,F) — M~ (Z, Q)
a continuous linear mapping. Suppose that T is represented by the family
(z)zez . From Theorem 1 and Remark (2) above we obtain (see also [7, p.
494]):

TuEOREM 2. Suppose that N(Y) < (X, 3), w(Z) < MY, §) and that S
and T are weakly compact. Then To S : M™(X,3) — M*(Z, Q) is compact.

3. Throughout this section we assume that (X, 3) is a measurable space,
Y is a locally compact space, and S : M*(X, 3) — € (Y) a positive linear
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mapping (hence continuous). Suppose that S is represented by the family
()\y)uel’-
TueEOREM 3. Suppose that N(Y) C (X, 3). Then
(i) S:M*(X,5) — (Y) is weakly compact;
(ii) for any closed vector space satisfying the inclusions
e(Y) c Ec M™ (Y),
8 regarded as an operator of M*(X, 3) into E is weakly compact.

Proof. Itisenoughto note that S satisfies statement (1) of Theorem 1 (by
Dini’s theorem) and to use the equivalence (1) & (5).

Remark. In connection with Theorem 3 see also Theorem VI.7.1 in [7,
p. 490].

4. Suppose now that X, Y, Z are locally compact spaces,
S M?(X,u(X)) = e (Y) and T:M>(Y,w(Y)) — e'(2)

are positive linear mappings. Assume that S is represented by the family
(M)yer and T is represented by the family (u,)..z. Using the Arzela-Ascoli
theorem [7, p. 266] we obtain from Theorem 3 and Theorem 2:

TueoreMm 4 (C. Constantinescu). Suppose that N, is a Radon measure on
X foreachy ¢ Y and u,1s a Radon measure on Y for each z ¢ Z. Then the operator

ToS:M*(X,u(X))— c(Z)

is compact and thus maps bounded subsets of M*(X, (X)) into bounded
equicontinuous subsets of C*(Z).

Remarks. (1) Theorem 4 obviously remains true if in the above state-
ments we replace everywhere U(X), U(Y) by B(X), B(Y) or by Go(X),
®o(Y) respectively.

(2) In probabilistic language, the condition S(M*(X, ®(X))) < e*(Y)
means that the kernel A : y — ), is strongly-Feller.

B6. We shall make here several remarks which will lead to an elementary,
short, self-contained proof of Theorem 3 (independent of the Thorp-Whitley
theorem and of Theorem 1 above, or of Theorem VI.7.1 in [7, p. 490]).

Let (X, 3) be a measurable space.

Remarks. (1) LetA C 9 (X, 3) be a set with the property that there is
v e M (X, 3) such that every u e A is absolutely continuous with respect to ».
Then, for each p e (M*(X, 3))”, there is u, e M*(X, 3) such that (o, u) =
{u, , wy for all u e A; in particular,
s((M*(X,5)), M*(X, 3)) and o((M”(X,3)), (M*(X, 3))")
induce the same topology on A (note that, for fixed pe (M*(X, 3))”,
g — {p, g. ») is a continuous linear functional on £'(X, 3, »)).
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(2) If A c m(X, 3) is any countably infinite set, then A satisfies the
assumption in Remark (1) and thus the conclusion of Remark (1) applies
(note that if A = {u1, p2, -+, fn, * - -}, then every u, is absolutely contin-

: _ < 1 l Men l
uous with respeet to the measure » on 3 defined by » —nz_l o l—m)

(3) Let E be a Banach space, A C E’ a o(E’, E)-compact set. Then
A is weakly compact if and only if on every countably infinite subset of 4,
o(E', E) and o(E’, E”) induce the same topology (apply the Eberlein-
Smulian theorem).

Let now Y be a locally compact space and S : M*(X, 3) — €*(Y) a continu-
ous linear mapping. Let S be represented by the family ()\,),er ; we assume
that S is represented by measures, that is N(Y) = {N\, |y e Y} € M(X, 3).
It is obvious that X : y — ), is a continuous mapping of ¥ into (M~(X, 3))’
when endowed with the topology o(M”(X, 3))/, M*(X, 3)). Note that
by extending the mapping y — A, (and the operator S accordingly) to
Y* = Y u{w} with Ae = 0, it remains continuous and thus the set \(¥Y*) =
Ny e Y iso(MP(X, 3)), M®(X, 3))-compact. We shall show that the
operator S is weakly compact. This of course implies that Theorem 3 and
hence Theorem 4 hold for arbitrary continuous linear mappings (without
any positivity assumption). Below, for u, » ¢ (X, 3), we write v < uif »is
absolutely continuous with respect to u.

Second proof of Theorem 3 (without assuming S positive). By Remarks
(2) and (3) above, M(Y*) C (M”(X, 3))’ is weakly compact. Thus A(Y*)
is weakly compact in (X, 3) and there is u ¢ 9M.(X, 3) such that A, < u for
every y e Y* [7, p. 306-307]. Consider the adjoint of S,

'S : (e(Y*))" (= the space of Radon measures on Y*) — (M*(X, 3))".
Using the definition of the adjoint operator it is easily seen that for each
0 e (C(Y*)), 'S(6) is countably additive, ie. *S(6) e M (X, ), and that
’S(6) < u (note that S maps bounded pointwise convergent sequences into
bounded pointwise convergent sequences and that the relations E ¢ 3, u(E) = 0
imply Sez = 0). Let now L' = L'(X, 5, u), L® = L®(X, 3, u) and for each
feM™(X,3) let f be the corresponding element (equivalence class) in L”; the
equation Sf = Sf unambiguously defines Sf. We deduce that S : L” — e(Y*)
is continuous if L* and @(Y*) are endowed with the topologies o( L%, L') and
a(C(Y*), (e(Y*))’) respectively (use the fact that for every 6 ¢ (C(Y*)),
'S(6) < p). If now H € M*(X,3) is bounded, then # < L”is o(L®, L')-
relatively compact and hence S(H) = S(H) < e(Y*) is relatively weakly
compact. This completes the proof.

6. For the immediate application of Theorem 4 to equicontinuity of
bounded sets of harmonic functions in axiomatic potential theory see [6].
Here the author supposes only two axioms verified: a weakened form of
Axiom 2 of Brelot [4, p. 62] and a weakened form of Axiom (K1) of Bauer



534 A. IONESCU TULCEA

[2, p. 16]. For the purpose of applying Theorem 4, the latter can be further
weakened by using Remark (1) after Theorem 4.

Other interesting applications to Markov processes and potential theory
will be given elsewhere.

BIBLIOGRAPHY

1. R. G. BaRTLE, On compactness in functional analysts, Trans. Amer. Math. Soc., vol.
79 (1955), pp. 35-57.

2. H. BAUER, Axiomatische Behandlung des Dirichletschen Problems fur elliptische und
parabolische Differentialgleichungen, Math. Ann., vol. 146 (1962), pp. 1-59.

3. N. BourBaki, Intégration, Eléments de Mathématique, second ed., Livre VI, Chap.
I-IV, Hermann, Paris, 1965.

4. M. BreLoT, Lectures on potential theory, Tata Institute of Fundamental Research,
Bombay, 1960.

5. ———, Axiomatique des fonclions harmoniques, Séminaire de Mathématiques Supéri-
eures (Fté 1965), University of Montreal.

6. C. ConsTANTINESCU, Familles continues de mesures et équicontinuité, C. R. Acad.
Seci. Paris, vol. 262 (1966), pp. 1309-1312.

7. N. DunrFoRrp AND J. T. ScuwARTZ, Linear operators, Part I, Interscience, New York,
1958.

8. A. GROTHENDIECK, Sur les applications linéaires faiblement compactes d’espaces du
type C(K), Canad. J. Math., vol. 5 (1953), pp. 129-173.

9. P. LoeB AND B. WawLsH, The equivalence of Harnack’s principle and Harnack’s in-
equality in the axiomatic system of Brelot, Ann. Inst. Fourier (Grenoble),
vol. 15 (1965), pp. 597-600.

10. E. O. TuorP AND R. J. WHITLEY, Operator representation theorems, Illinois J. Math.,
vol. 9 (1965), pp. 595-601.

UNIVERSITY OF ILLINOIS
UrBANA, ILLINOIS



