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Abstract

Let S be a commutative semitopological semigroup with identity and
involution, I' a compact subset in the topology of pointwise convergence of the
set of semicharacters on S. Let f be a function which admits a (necessarily
unique) integral representation of the form

f(s)= [p(s)du(e) (peT,s€5)

with respect to a complex regular Borel measure p, on I'. The function |f|(-)
defined by |f|(s) = [re(s)d|p,| is called the variation of f. It is shown that
the variation |f] is bounded and continuous if and only if f is also bounded
and continuous. This, coupled with the author’s previous characterization of
functions of bounded variation, gives a new description of the Fourier trans-
forms of bounded measures on locally compact commutative groups.

1. Introduction and motivation

Consider the following three classical questions.

(1.1) When is a real sequence the difference of two completely monotonic
sequences?

(1.2) When is a complex function on a locally compact commutative group
G the Fourier transform of a regular complex measure on the character group?

(1.3) When is a real function on the half-open interval (0, 1] the difference
of two non-negative, non-decreasing continuous functions?
These problems can be abstracted and unified by considering classes of
“r-positive” functions on a semigroup S as follows.

Let S denote a commutative semigroup with identity 1 and involution *,
and % (S) denote the class of all complex-valued functions on S. For each
s € S define the shift operator E |#(S) » % (S) by

(Ef)(t)=f(st) (feF(S),te8).
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Since E E, = E_,, the linear span &7 of the set { E_|s € S} of shift operators
forms a commutative algebra with identity I = E (I = E, if S is an additive
semigroup) under Cauchy multiplication as defined by (Xa,E, )Xb,E, )=
La;bE, . An involution is added to &/ by defining (Xc,E )* = Zc,Es,
Followmg [8, p. 136], let P be the convex cone spanned by posmve linear sums
of finite products from a subset 7 of &/ which satisfies:
(i) T*=TforeachT €

(i) I—TePforeachTeE

(iii) &7 is spanned by linear sums of products of members of 7.
The linear functionals on & can be identified with % (S) via T — Tf(1). We
call f € #(S) 7-positive if Tf(1) > 0 for all T € P, i.e. if f can be identified
with a positive linear functional on & relative to the cone P.

The following illustrates how (1.1), (1.2) and (1.3) can be put in the
preceding set up.

1.1y Set(S,-,*)=({0,1,...}, +,n*=n).If 1= {E|, I — E,} then the
classical difference operator A, (cf. [11, p. 101]) is given by

A f(n) = E}(I - E) f(0) (feF(S)).

Thus, f is 7-positive if and only if {f(n)}, is a completely monotonic
sequence.

1.2)y Set(S,-,*)=(G, ,s*=s"N.1If r = (T, }, ,where o is a fourth
root of unity, s € G and

=1 i 4
T,, 4(1+ SE+ sEs*)

then the r-positive functions are precisely the positive definite functions [7, p.
141].

1.3y Set(S,-, *)=((0,1],s - t = min[s, t], s* = s5). If
r={E, I- E]s<(0,1]}

then it easily follows that the r-positive functions are the non-negative,
non-decreasing real functions.

Once we impose the discrete topology on the non-negative integers, the given
topology on the topological group G and the usual open interval topology on
(0, 1] respectively, then all of the above semigroups are semitopological (i.e.
multiplication is separately continuous) with a continuous involution. More-
over, we can abstract question (1.1), (1.2) and (1.3) by asking:

(1.4) When is a function on a semitopological semigroup S in the linear
span of the continuous 7-positive functions on S?

As is well known, the answers to (1.1) and (1.3) are, respectively, that f be
of bounded variation (BV) in the sense of Hausdorff and that f be continuous
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and BV in the classical real variable sense. Recall that a sequence { f(n)}, is
BV in the sense of Hausdorff if and only if

n
A =T, 3 (o )1d,if ()l < oo.
k=0

While Eberlein’s theorem (cf. [9, p. 32]) answers (1.2), it fails to extend in a
natural way to the generality of (1.4). In fact since the constant 1-function is
the only continuous semicharacter in the case of (1.3), Eberlein’s theorem does
not even carry over to this special case. As a corollary (Corollary 2.2) to the
main theorem we answer (1.4) for bounded functions when the involution is
continuous. In the case of (1.2), all Fourier transforms of measures are
necessarily bounded and the involution is always continuous. Thus we have
formulated a new answer to (1.2) in the flavor of the classical answers to (1.1)
and (1.3). The Bochner-Herglotz-Weil theorem then implies that the BV-func-
tions on a locally compact commutative topological group G are just the
Fourier transforms of the regular Borel measures on the character group. We
find it convenient to prove the above corollary in the next section before
proving the theorem itself later in §3.

2. Functions of bounded variation on .S

We recall the general notion of BV-functions introduced in [8] which
subsumes all previous notions as mentioned in the introduction. Let £ be a
collection of finite subsets A of P such that:

20)(1) Xy aT =1Iforeach A € Q,ie. each A € Q is a partition of unity.

(i) € is a subsemigroup of the collection of all partitions of unity under
Cauchy multiplication as defined by AN = {(TT’|T € A, T’ € A'}.

(iii) Each T € 7 is a member of some partition of unity.
For each f € #(S) and A € Q, define ||f]|, = L;< Al Tf(1)| and impose the
semigroup ordering on ; i.e., A; > A, whenever there exists A; € & such
that A; = A,A;. Then the function A — ||f||, is nondecreasing and the total
variation ||f]| of f € #(S) is defined by

Gv) 1Al = Lim, 1))

The function f is said to be of bounded variation (BV) whenever ||f]| < oo and
BV(S) will denote the set of all BV-functions.
If in (1.1), Q is selected as partitions of the form

A, = {(’;)E{(I—El)""'|i=0,1,...,n} forn=1,2,...,

then the binomial theorem implies £ satisfies conditions (2.0.i) through (2.0.iii)
relative to 7= {E;,I — E;}. In this event the total variation of Hausdorff
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referred to in §1 agrees with that introduced above. Similarly in (1.3), if Q is
selected as the set of partitions

A,={E,E —E,,....1—E } where0<s,<s < -+ <s,<1,

it follows that the abstract notion of total variation is in agreement with the
classical real variable concept. As for question (1.2), for each member s of a
group G let A be the partition defined by A, = {7, Jo* = 1} and Q be the
collection of all finite products A of partitions of the form A,. Then (2.0.iv)
can be taken as the definition of the total variation ||f]| of a function f on G.

Let T be the set of all (not necessarily continuous) 7-positive semicharacters
p on S;ie., p is a complex function on S which is 7-positive such that p # 0

and p(st) = p(s)p(2) for all 5,¢ € S. It follows that p(s*) = p(s) for each
p € I'. If T is equipped with the topology of pointwise convergence then the
following theorem is implicit in {8].

(2.1) THEOREM. A complex-valued function f on S admits a (necessarily

unique) integral representation of the form
@) f(s) = [rp(s)dp,(p)

with respect to a regular Borel measure p, if and only if f € BV(S). Moreover
the map f — p is a linear bijection of BV(S) onto the regular Borel measures on
T such that

(i) p, is non-negative if and only if f is T-positive,

(iii) p, is real if and only if f(s) = f(s*) for all s € S and

@) gl = 1.

Assuming the main theorem as stated in the abstract and assuming continu-
ity of the involution we can now answer question (1.4) for bounded functions.

(2.2) COROLLARY. The span of the T-positive bounded continuous functions on
S is the collection of bounded continuous BV-functions.

Proof. (i) A direct application of Theorem (2.1) shows that f is BV
whenever it is in the span of the 7-positive functions.

(ii)) Conversely assume f is bounded, continuous and BV. Suppose, more-
over, that p, is real. Then the main theorem implies that the variation |f], as
already defined by |f|(s) = [rp(s)d|p,], is continuous and bounded. But then
f is the difference of two 7-positive functions, since

f=30A+1) =301 - f).

In the general case f, as defined by f,(s) = f(s*) is BV and bounded.
Continuity of f, follows from continuity of the involution. The converse
assertion now follows since f = f, + if, where f; = (f+ f4)/2and f, = (f —
fx)/2i and since both f; and f, have real representing measures by (2.1.iii).
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Remarks. (i) In general and contrary to all of the examples considered
thus far, neither a BV-function nor its variation need be bounded. For let S be
any commutative semigroup with trivial involution, which admits an un-
bounded r-positive semicharacter p. If p € T then p itself may be represented
by point mass at p and hence is an example of an unbounded BV-function.
Note |p| = p. In particular one could take S to be the non-negative integers
under addition with n = n* and with 7 = (E,, I — 1E,} and define p by
p(n) = 2"

(ii)) If S is a group, or a semilattice as above when S = (0,1], or more
generally an inverse semigroup (cf. [2, p. 27]) with s* =s~!, then every
7-positive and hence every BV-function is necessarily bounded (cf. [1]). In this
event the boundedness can be removed from the corollary as well as from the
main theorem. In as much as the involution is continuous for a locally compact
group G as well as the semigroup (0,1] pertinent to (1.3), Corollary 2.2
provides the new answer to question (1.2) promised and reproves the known
answer to (1.3).

In order to underscore the difference between Eberlein’s result and ours for
the group case, consider the group of integers under addition. Eberlein’s result
cf [5, p. 32] characterizes those functions f which are in the complex span of
the positive definite functions as those f for which all finite sums |Xc;f(j)| are
bounded by a common multiple of supy|Xc;e ~i%)|, Our charactenzatlon asserts
that f is in this span if and only if

tim 3 (0" DT @) (T ) ()] <

n— oo

where

T, = %(1 + 2B+ %E_l) and o*=1.

(iii) When S is not a group the functions which are 7-positive with respect
to 7={T, |s< S,04 =1} are shown in [7, p. 141] to be the -definite
functions studied in [6] and are necessarily bounded. In this case, boundedness
can also be removed from the corollary as well as from the main theorem. In
fact the results of [1] show that the class of functions on S which are BV with
respect to this = is the largest possible collection of bounded BV-functions on
S with respect to any T.

3. Main theorem

We are indebted to J.P.R. Christensen for suggesting the proof of the
following.
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(3.1) LemMmA. Iff € BV(S) then f is bounded if and only if |p(-)| < 1 for all
p in the support of the representing measure p.,. Consequently a BV-function f is
bounded if and only if its variation |f|(-) is bounded.

Proof. Assume f is bounded and fix r,t € S. Let Q be the point wise open
set

{peT||p(r) >1}.

Assume Q is not empty and define » to be the restriction of u, to Q. For each
s € S, set |s| = supr|p(s)| and note that compactness of I' implies 0 < |s| <
0. Since

[ B0 di o)

it follows that the function s — [\ op(s)p(#)dp,(p) is bounded on the set
{(rr*)"|n = 0,1, ...} which implies boundedness of s — fp(s)p(¢)d»(p) on
this same set. Thus the function H(z) as defined by

) H() = T ( i)ty a2

is analytic on the open unit disk U. But if |z| < (1/|r|)? then

“ F)|2nzn le(2)l
£ o] s 72— <200,

Hence the dominated convergence theorem implies that the order of integra-
tion and summations in (i) can be interchanged obtaining

(i) H(z) = [ ——%(—p(»/lp(r)v)dv(p)

0)

for z sufficiently close to zero.
Let m be the image of the measure (—p(¢)/|p(r)|?) dv under the map

p—1/p(r)>.

Then the support of m is contained in [1/|r|?,1]. Since |r| < oo, the change of
variables formula shows that

F(z) = fz_i-g_ dm (§)
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agrees with H(z) on a sufficiently small neighborhood of the origin. But both
H(z) and F(z) are analytic on U\ [1/|r]|? 1] so that F(z) = H(z) on this set.
Consequently F(z) admits an analytic continuation, namely H(z), to all of U
which by the theory of Cauchy transforms [4, Corollary 1.3], implies

Im|([1/1r],1)) = 0.

Thus [(—p(2)/|p(r)|>)dv(p)=0 for all € S and hence the Stone-
Weierstrass theorem implies (1/|p(r)|?)dv(p) =0 so that |»| = 0. Conse-
quently, if |p(r)| > 1 then there exists an open set, namely Q, containing p
such that |p|(Q) = 0 so p cannot be in the support of u,. This establishes the
“only if” part of the assertion. The converse is clear.

As in [6], we do not assume continuity of the involution in the following.

(3.2) THEOREM. The variation of a BV-function f on a commutative semitopo-
logical semigroup S with identity and involution is continuous and bounded if and
only if f is continuous and bounded.

Proof. (i) If g is a continuous, bounded, 7-positive function on S and f
is a BV-function such that p, is absolutely continuous with respect to p, then
f is continuous.

Indeed, the Stone-Weierstrass theorem implies that the linear span of the
functions on I' of the form p — p(s) (p € I, s € §) are dense in L(T, p,).
But since dp;/dp, € L,(T, p,) and

(Eg)(t) = frp(t)p(S)dug(p) (s,2€8),

there exists a sequence { f, }, of linear sums of translates of g such that
lim,||f, — fll = 0.

Thus for each s € S we have

If(s) = £u(s)l =

[o(s )( 4er) )

/'d(“/ I

dp,
= \f = £l

where the inequality follows from Lemma 3.1. Hence f, converges in L,-norm
to f so that continuity of f, implies continuity of f.
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(i) The “only if” part of the theorem now follows from (i) since p, is
absolutely continuous with respect to |u,| and |p,| = p, by definition.

(iii) Conversely, assume f is a continuous, bounded BV-function on S. By
(10, p. 126], |dp,/d|p,|| = 1 so that a complex-valued function  on I' can be
defined by

h(p) = 1/(dpy/d|p,).

As in (i) the Stone-Weierstrass theorem implies the existence of a sequence
{h,}, of continuous functions on I' of the form

hn(p) = Zai,np(si,n) (ai,n € C’ si,n € F)

which converges uniformly to A. But h, h, € L(T,|p|) for each n and
lim,||h, — h||; = 0. Define the continuous functions f, on S by f, =
Y,a; ,E, f.Then

|£,(s) = 1A1(s) | =

Je()Zap(s,.,) dn, ~ Jo(s)din,

=| Jo )| et an(s.0) s~ )|y

< fIZa,-,,,p(si,n) —h(p) ‘d““fl (Lemma 3.1)
= llh, = hll, = 0.

Therefore f, converges uniformly to the variation |f| so that continuity of f,
implies that of |f].

Remarks. (i) The most well known application of this theorem is, as
mentioned in the introduction, in connection with question (1.3). More gener-
ally it implies the known result that the variation |f| of every continuous
BV-function on the unit cube of R" is “one-sided” continuous in each variable
if and only if f is “the same-sided” continuous in each variable of [5, pp.
61-64].

(ii)) We do not know if the main theorem or Cor. 2.2 is valid without
boundedness.
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