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E. J. BARBEAU

This paper is concerned with uniformly closed sets of
continuous real-valued functions defined on a compact
Hausdorff space that are at the same time semi-algebras
(wedges closed under multiplication) and lower semi-lattices,
The principal result is that any such set can be represented
as an intersection of lower semi-lattice semi-algebras of three
elementary types. This is an adaptation of a similar theorem
of Choquet and Deny for lower semi-lattice wedges. A
modified form of the theorem is also given for the case that
the lower semi-lattice semi-algebra is in fact a lattice.

Throughout, £ denotes a compact Hausdorff space and C(E) the
family of all continuous real-valued functions defined on K. For two
functions f and g in C(&), the functions fN g and fU g, defined
respectively for any point » of E by

(f N g) () = min{f(n), 9(n)}; (U 9) () = max {f(n), 9(n},

are also in C(X). A subset P of C(E) is

(a) a lower semi-laitice if and only if f, ge P=fNgeP,

(b) an upper semi-lattice if and only if f, ge P= fU ge P,

(¢) a lattice if and only if P is both an upper and a lower semi-
lattice,

(d) a wedge if and only if f, ge P=af + Bgc P, for any non-
negative real numbers «, 5,

(e) a semi-algebra if and only if P is a wedge and f, ge P =
Jfge P,

(f) closed under squaring if and only if fe P= f*e P,

Choquet and Deny [4] determined those uniformly closed wedges
contained in C(F) which are semi-lattices in terms of certain classes
of Radon measures which generate the dual wedge. The theorem for
the lower semi-lattice case can be formulated as follows. Let o be a
positive Radon measure and £ be a point of E. Define the sets

L,. = {f: fe C(E),o(f) = f(&)},
L,={f.feCE),o(f) =0}.
Each of these is a uniformly closed wedge which is a lower semi-

lattice. We use W' to denote the dual wedge of all those Radon
measures which take nonnegative values on the wedge W, and d, to
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denote the Radon measure with unit mass all concentrated at the point
& of E.

THEOREM 1 (Choquet-Deny). Let W be a untformly closed wedge
which is a lower semi-lattice contained in C(E). Suppose that &
is the family of all pairs (g,&), with § a point of E and o a
positive Radon measure satisfying o({€}) = 0, such that 60, —oe W',
suppose that & is the family of all positive Radon measures o such
that — oe W', Then

W =[N {Lse: (6,8 e AN N[N {L:0oec FH}].

For the proof, see [4]; the result is valid even if & is void or
& consists of the zero measure alone. (The convention that a void
intersection is the whole of the space is adopted.) An analagous
theorem holds for upper semi-lattices. These results were originally
given in a more general setting with the underlying space not neces-
sarily compact, but with the funection space given the topology of
uniform convergence on compacta.

F. F. Bonsall, [1], [2], considered the relationship between lattice
and algebraic properties of a function wedge. He showed that any
uniformly closed semi-algebra A containing the function 1 and contain-
ed in C*(E) (the set of all nonnegative functions in C(E)) is a lattice
if and only if it has the “type 1 property”, i.e.,

feA=fll+ fleA.

In addition, he gave an interesting characterization of such semi-
algebras as sets of functions monotone with respect to certain quasi-
orderings on E. In [2], Bonsall gave intersection theorems for certain
closed wedges and semi-algebras contained in C*(F) which were upper
semi-lattices and permitted reduction by constants, (A subset K of
C(FE) permits reduction by econstants if and only if fe K, A = 0=
(f—=™MU0eK)

The main purpose of the present paper is to show that any
uniformly closed lower semi-lattice semi-algebra contained in C(¥) is an
intersection of ones of certain elementary types. The result obtained
does not require the full force of the multiplication property of a
semi-algebra, but only closure under squaring; its proof depends heavily
on Theorem 1. In the final section, a similar intersection theorem for
lattices is deduced. Unlike earlier results for semi-algebras, the
theorems here are not restricted to nonnegative functions.

Because of the asymmetry introduced into the situation by the
multiplication, one cannot trivially obtain a corresponding result for
upper semi-lattice semi-algebras. It seems that the class of these
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semi-algebras is much more extensive and varied than the class of
lower semi-lattices, so that a complete determination is still in the

future.
By abuse of notation, we use, for any Radon measure o, the

symbol ¢ to refer both to the continuous linear functional defined on
C(E) and to the corresponding regular measure defined on the Borel
subsets of E, but no confusion will result from this, The support of
o in F is denoted by S(o).

2. The Principal Result. Let ¢ be a positive Radon measure
with support S(¢), & and { be two points of £ and N a closed subset
of E. Then it is clear that each of the sets

Are = {1 Fe C(E), o(f) = f8), 0 = 1)) = f&) (vy e S(0))}
B ={f:fe C(B), f(§) = fO)
Cy = {f: fe C(H), f(n) =0(vne N)}

is a uniformly closed semi-algebra which is a lower semi-lattice, and
that any intersection of sets of these forms is such a semi-algebra,
It will be shown that every uniformly closed lower semi-lattice semi-
algebra is an intersection of sets of the forms A, ., B.. and Cy.

LEMMA 1, Let A be a closed subwedge of C(E) closed wnder
squaring, and suppose that 6, — o€ A’ where o 1s a positive Radon
measure on E and & is a point of E. Then, for fe A,

[f) 1 = A1)

whenever 1 e S(o).

Proof. If fe A, then f2e A. Suppose f(§) = 0. Then (— o) (f?) =
0, so that f* vanishes almost everywhere (¢). Hence f() = f%(n) =0

whenever 7 e S(0).
On the other hand, if fe A and f(§) = N # 0, then g = NV f%¢

AN CHE) and g(§) = 1. Define
G={pnekl g >1t={pnek |/ > O]} .

If G is void, then | f(n)| = | f(§)| for 7 belonging to %, and, a fortiori,
to S(g). If G is nonvoid, then G, being open, is o-integrable, Let K
be any compact subset of G, and let \p = inf {g(n): e K}. Since g
attains its minimum on K, Mz > 1. For m any power of 2, g™ belongs
to A, and ¢4, the characteristic function of K, satisfies ¢ =< Mg ™9™,
so that

o(K) = xg™a(g™) = Ag™g™(E) = g™ .
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Hence g(K) = 0. Since d(G) = sup {o(K): K compact, K & G} = 0, then
G N S(o) = ¢ and the result follows.

LEMMA 2, Let &% and & be the families defined as in Theorem
1 with respect to the untformly closed wedge A, and suppose that A
28 closed under squaring. Let
N={p:nekE, f(n) =0(vfeA)}. Then:

(a) o€ . if and only if S(o) E N;

(b) 2f (0,8)e & and every function in A takes a mnonnegative
value at the point &, then A S A,

(e) if (0,8 e & and some function in A takes a megative value
at the point &, then there exists closed disjoint subsets M, and M,
of S(o) (etther possibly void) such that

(i) Myu M, = S(o‘),

(i) M,= N,

(iii) ne M, =A< B.,,

iv) o(M) = 1.

Proof. (a) If AS L, and fe A, then (— o) (f*) = 0, from which
f?, and hence f, vanishes on S(s). This part is now clear,

(b) It must be shown that whenever e S(s) and fe A, then
0= f(np) = f(§). By Lemma 1, we know that | f(n) | =< f(§). Suppose,
if possible, that, for some point { in S(s), some positive ¢ and some
fe A, f({) = —e. Choose a positive integer m such that f(§) < me,
and let . = fNmf. Then he A and |[h(Q)| = — h(]) = me > f(§) =
(&), so that Lemma 1 is contradicted.

(e) Let f, g€ A and suppose that f(§) = — 1, 9(§) = + 1. Then
f+gedAand (f+9) (&) =0, so that, by Lemma 1, (f+ 9)(3) =0
for every point 7 in S(¢). In particular, (f + f*) (y) = 0 for ne S(o),
with the consequence that f takes only the values 0 and — 1 on S(o).
Define M, = S(e) N {n: f(np) =0} and M, = S(o) N {n:f(n)=—1}
Evidently M, and M, are closed, disjoint sets satisfying (i).

Let he A. If h(§) = 0, then, by Lemma 1, & vanishes everywhere
on S(o). If h(¢) > 0, then the argument of the last paragraph with
g replaced by (h(£))7'h yields f(7) + (k(£))"'*h(n) = 0 for each point 7
in S(o). If () < 0, then (— h(§))"*he A, and the argument of the
last paragraph applied to (— 2(§))™*h and f* yields (— h(§))~'h(7n) +
f*(m) = 0 for each point 7 in S(s). In any case

0 (melM,)

MD =) ey

so that (ii) and (iii) are true. Part (iv) may be seen by noting that,
for he A, h(&)o(M) = o(h) < h(f) and both positive and negative
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values are possible for & at &,

THEOREM 2. Let A be a uniformly closed subwedge of C(E) such
that (i) A is a lower semi-lattice,

(ii) A 7s closed under squaring.
Let 7, be the family of all pairs (c,8), with & a point of E and
o a positive Radon measure satisfying o({€}) = 0, such that A S A,
let #,; be the family of all pairs (&, L) of distinet pornts of E such
that A S B,;; let N = {n:ne E, f(n)=0(vfec 4)}.
Then:

D A=[N{Ace(0,8)e FH N[N{B: (5, 0eF} N Cy.

Proof. By Theorem 1, with & and .&; defined with reference
to A, we have that A is the intersection of all sets of the form L,
with (o, §)e & and of the form L, with o€ .9, Denote by F the
set on the right hand side of (I). Clearly, A< F. On the other hand,
if fe F, then, by Lemma 2(a), fe L, for each o€ .&;. Let (0,%) e <.
If every function in A is nonnegative at &, then, by Lemma 2(b),
A<S A, so that (0,8 e & and FS A,.< L,.. If some function in
A is negative at &, then there is a decomposition {M,, M} of S(o)
satisfying the conditions of Lemma 2(c). Let fe F. Then f belongs
to Cy and so vanishes on M, & N. Also, if e M,, then A S B,,,, so
that (§,n)e #, and feB,,, ie., f(y) = f(§). Since o(M,) = 1, this
yields f(§) = f(¢) o(M,) = o(f), so that fe L, .. In either case, F < L,,,.
Hence

ASF S [N {Lne (0,9 ZNNN{L: ce = 4.

REMARK. The result is valid if any of &, ., and N are void.
If &, is void, A is a lattice, so that the property of being a lower
semi-lattice but not a lattice forces all the functions in A to be non-
negative at least on a nonvoid subset of E.

CONSEQUENCES OF THEOREM 2. (a) Since all sets of the forms
A,., B and C, are semi-algebras, the wedge A satisfying the condi-
tions of Theorem 2 is automatically a semi-algebra,

(b) Theorem 2 holds if the condition (ii) is strengthened to “A
is a semi-algebra”,

(¢) Any wedge A contained in C*(¥) which satisfies the conditions
of Theorem 2 is an ideal of some semi-algebra T which has the type
1 property. For (o, §&)e 7, let

T... = {f: fe C*(E), f(n) = f(§) (vne S(9))} .
Then A, N C*(E) is an ideal of T,,., so that T may be taken to be
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T=[N{Tes:(0,8)e FHNIN{Bes: (§,0)e 71 N Cy .

(d) Any wedge A contained in C*(E) which satisfies the conditions
of Theorem 2 and in addition contains the function 1 has the type 1
property, and hence is a lattice,

3. Semi-algebras which are lattices. In this section, let A be
a uniformly closed semi-algebra contained in E which is a lattice.
Since A is in particular a lower semi-lattice, the representation (I)
given in Theorem 2 is valid, and, in faet, when &, is void, expresses
A as an intersection of lattices. However if & is nonvoid, then (I)
is unsatisfactory since semi-algebras of the form A, are not lattices
unless ¢ is either the zero measure or has all of its mass concentrated
at one point. This section will be concerned with modifying the family
Z, so that A is given as the intersection of certain elementary lattices,

Suppose &, contains the pair (o, §) with S(o) containing at least
two points. For ne S(g), define the function » = p,,. by

p(n) = sup {f(n): fe 4, f(§) =1} .

(There is no loss of generality in supposing that the supremum is
taken over a nonvoid set, for otherwise S(o) U {§} would be a subset
of N, defined as in Theorem 2.) Note that 0 < p(n) <1 for each
point 7 of S(¢) and that p(y) = 0 if and only if e N. The set

Poe = {f: fe C(E), p() f(§) = f() = 0(vye S(o))}
= Cynsiy N [N {41 0 = p(1)7'0,, ne S()\N}]

is a uniformly closed lattice semi-algebra which contains A, We show
that P,. < A, so that

AS [N{Pr (0,8 e FH N[N {B.et (§,0) e 72} N Cy
Sln{dee(o, e FJN[N{B: (§,0)eF}NCyr=A4.

Let we P, If u(§) =0, then u(y) =0 for each 7 belonging to
S(o) so that o(u) = 0 = w() and ue A, ,. If u(€) # 0, suppose, with
no loss of generality, that w(§) = 1. Since u(n) < p(n) for ne S(o)
and since w is continuous, for given positive ¢ and given point { € S(o),
there exists a function f;¢ A and an open subset V; of £ such that
Ce Ve, fu(6) =1 and fi(n) > u(y) — ¢ for each point 7 of VN S(o).
Because S(o) is compact, there exists a finite set ¢, {,, - -+, £, of points
of S(o) such that

SO)S U{Veii=1,2,--, k.

The function f=f; Uf,U -+ U/f, belongs to A and f(§) =1,
J(%) > w(n) — ¢ for each point 1 of S(s). Hence
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o(w) = o(f + & = o(f) + a(e)
=@ +o@=1+0().

Since o(u) =1 + o(¢) for each positive ¢, o(u) = 1. It is deduced
that for any function % in P, ., u belongs to A, ..
We can now obtain the following result.

THEOREM 3. Let A be a uwniformly closed subwedge of C(E)
which s a lattice and closed under squaring., Let F,* be the family
of all pairs (o,&), with & a point of E and ¢ a positive Radon
measure which etther 1s the zero measure or has total mass at least
unity all concentrated at a point distinct from &, such that A S A,,;
let &, and N be defined as in Theorem 2. Then the equation

A=[N{Ac:(0,9)e F N[N {B:(§,0)e 7N Cy

expresses A as anm intersection of uniformly closed lattice semi-
algebras.

REMARK. If the wedge A is contained in C*(E), then a simpler
representation for A is possible. Define for 0 <« <1 and points &,
7 of E the set

Quen = {f2 fe CH(E), afé) = f(n)} .

Then A can be expressed as an intersection of semi-algebras of the
form Q,,;,,. (Observe that C*(E) S A,,., that B,; N CH(E) = Q.,:,: N Qyze
and that Cy N CH(E) = N {Qoe.n: € E, ne N}.)

BIBLIOGRAPHY

1. F. F. Bonsall, Semi-algebras of continuous functions, Proc. Lon. Math. Soc. (3) 10
(1960), 122-140.

2. , Algebraic properties of some convex cones of functions, Quart. J. Math.
(Oxford) (2) 14 (1963), 225-230.

3. N. Bourbaki, Intégration-Chapitres I-IV, Hermann (ASI 1175), 1952.

4. G. Choquet and J. Deny, Ensembles semi-réticulés et ensembles réticulés de fonctions
continues, Jour. de Math. Pures et App. 36 (1957), 179-189.

Received February 26, 1965.

THE UNIVERSITY OF WESTERN ONTARIO
LONDON, CANADA






PACIFIC JOURNAL OF MATHEMATICS

EDITORS
H. SAMELSON *J. DUGUNDJI
Stanford University University of Southern California
Stanford, California Los Angeles, California 90007
R. M. BLUMENTHAL RICHARD ARENS
University of Washington University of California
Seattle, Washington 98105 Los Angeles, California 90024

ASSOCIATE EDITORS

E. F. BECKENBACH B. H. NEUMANN F. WoLF K. Yosipa

SUPPORTING INSTITUTIONS

UNIVERSITY OF BRITISH COLUMBIA STANFORD UNIVERSITY

CALIFORNIA INSTITUTE OF TECHNOLOGY UNIVERSITY OF TOKYO

UNIVERSITY OF CALIFORNIA UNIVERSITY OF UTAH

MONTANA STATE UNIVERSITY WASHINGTON STATE UNIVERSITY
UNIVERSITY OF NEVADA UNIVERSITY OF WASHINGTON

NEW MEXICO STATE UNIVERSITY * * *

OREGON STATE UNIVERSITY AMERICAN MATHEMATICAL SOCIETY
UNIVERSITY OF OREGON CHEVRON RESEARCH CORPORATION
OSAKA UNIVERSITY TRW SYSTEMS

UNIVERSITY OF SOUTHERN CALIFORNIA NAVAL ORDNANCE TEST STATION

Printed in Japan by International Academic Printing Co., Ltd., Tokyo Japan



Pacific Journal of Mathematics

Vol. 18, No. 1 March, 1966

Edward Joseph Barbeau, Semi-algebras that are lower semi-lattices . .. .... 1
Steven Fredrick Bauman, The Klein group as an automorphism group

without fixed POint. . ....... ..o e 9
Homer Franklin Bechtell, Jr., Frattini subgroups and ®-central groups . . . .. 15
Edward Kenneth Blum, A convergent gradient procedure in prehilbert

SPACES ..o v et et e e e e e e 25
Edward Martin Bolger, The sum of two independent exponential-type

random variables . ....... ... ... . e 31
David Wilson Bressler and A. P. Morse, Images of measurable sets . . ... ... 37
Dennison Robert Brown and J. G. LaTorre, A characterization of uniquely

divisible commutative SEMIZIOUPS . . ... ..o v eaaiiieennnn 57
Selwyn Ross Caradus, Operators of Riesztype . ..., 61
Jeffrey Davis and Isidore Isaac Hirschman, Jr., Toeplitz forms and

ultraspherical polynomials . ........... ... ..., 73
Lorraine L. Foster, On the characteristic roots of the product of certain

rational integral matrices of ordertwo ......... ... ... .. . ... 97
Alfred Gray and S. M. Shah, Asymptotic values of a holomorphic function

with respect t0 its MAXIMUM TEFM .. ... .oou it 111

Sidney (Denny) L. Gulick, Commutativity and ideals in the biduals of
topological algebras.............................
G. J. Kurowski, Further results in the theory of monodiffri
Lawrence S. Levy, Commutative rings whose homomorph
self-infective . ....... ...
Calvin T. Long, On real numbers having normality of ord
Bertram Mond, An inequality for operators in a Hilbert s,
John William Neuberger, The lack of self-adjointness in t
boundary value problems .........................
C. A. Persinger, Subsets of n-books in E> ...............
Oscar S. Rothaus and John Griggs Thompson, A combina
the SYMmertric group .. ...,
Rodolfo DeSapio, Unknotting spheres via Smale . . . .. ...,
James E. Shockley, On the functional equation
Fmn)F((m, n))=Fm)Fn) f(m,n))..........
Kenneth Edward Whipple, Cauchy sequences in Moore sp




	
	
	

