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INVERSION FORMULAE FOR THE INTEGRAL
TRANSFORM ON A LOCALLY COMPACT
ZERO-DIMENSIONAL GROUP

FRANCESCO TULONE

ABSTRACT. Generalized inversion formulae for multiplicative integral trans-
form with a kernel defined by characters of a locally compact zero-dimensional
abelian group are obtained using a Kurzweil-Henstock type integral.

1. Introduction

In this paper, we consider integral transforms with kernels defined by char-
acters of a locally compact zero-dimensional abelian group. Transforms of this
kind are usually called multiplicative transforms (see [I]).

The problem of getting an inversion formula for integral transform is a contin-
ual analogue of the one of recovering the coefficients of a convergent series with
respect to characters of a compact zero-dimensional abelian group considered
in [6]. So, we use those results on series to obtain the correspondent results on
transforms. As in [5] and [6], we will use here the Kurzweil-Henstock method of
integration.

Our first result is a locally compact version of [, Theorem 4.2]. The sec-
ond result is a generalization of [5, Theorem 5.1], where we are weakening the
conditions on the way of convergence of the transform.

In comparison with [4], we consider here transforms directly on the group
instead of using a mapping of this group on the real line. That mapping was
connected with introduction of a certain ordering in this group which can be
avoided here.
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2. Preliminaries

Let G be a zero-dimensional locally compact abelian group which satisfies
the second countability axiom. We also suppose that the group G is periodic. It
is known (see [I]) that a topology in such a group can be given by a chain of
subgroups

..DG_;,D...0G 202G 1D0GyDG1DGy...0G, D... (1)
with G = J > G, and {0} = >° __ G,.. The subgroups G,, are clopen sets
with respect to this topology. As G is periodic, the factor group G, /Gp41 is
finite for each n and this implies that G,, (and so, also all its cosets) is compact.
Note that the factor group G, /Gy is also finite for any n < 0, and so, the factor
group G/Gy is countable. We will use the notation given in [6], in particular,
we denote by K, any coset of the subgroup G,, and by K, (g) the coset of the
subgroup G,, which contains the element g. For each g € G the sequence {K n(g)}
is decreasing and {g} =(,, Kn(9).

Now, for each coset K, of G,,, we choose and fix an element gg for the rest
of the paper. Then, for each n € 7Z, we can represent any element g € G in the

form
9= 9K, +{9}n, (2)

where {g},, € G,,. Indeed let g € K,,, for some n, then g = gk, +9— gk, and we
can put {g}, := g — gk, . We agree to put g, =0, so that g = {g},, if g € G,,.

Let I" denotes the dual group of G, i.e., the group of characters of the group G.
It is known (see [I]) that under the assumption imposed on G, the group I is
also a periodic locally compact zero-dimensional abelian group (with respect to
the pointwise multiplication of characters) and we can represent it as a sum of
increasing sequence of subgroups

..o, D...DI' s, DI'1 DIy DI D...DT, D... (3)
introducing a topology in I'. Then I' = U °° T, and N=° T, = {7¥},

where (g,7(?) =1 for all g € G (here and below, (g,7) denote the value of
a character v at a point g). For each n € Z the group I'_,, is the annulator
of G, i.e.,

=Gl = {vef‘ :(g,v)=1 forall ge Gn}.

The representation (2]), the properties of a character and of the annulator

imply (9:7) = (95K057) - ({g}ns7) = (95,57):

So, with a fixed element g, , the value (g,~) is constant for all g € K,,.

The factor groups I'_,_1/I'_,, = Gy /Gy and G,/G,11 are isomorphic
(see [1I]) and so they are of a finite order for each n € Z. This implies that the
group I'_,, /T is also finite for any n > 0, and I'/Ty is countable.
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Now, as we have done above for the group G, we choose and fix an element
v, € J for each coset J of I'g. Then, using multiplication as the group operation
on the group I', we can represent any element v € I' in the form:

Y= {’7}7 (4)
where {7} € T'g. We agree to put v, = 70, so that v = {y} if v € To.

We denote by pe and pr the Haar measures on the groups G and I', respec-
tively, and normalize them so that pug(Go) = pr(Ly) = 1. We can make these
measures complete by including all the subsets of the sets of measure zero into
the respective class of measurable sets.

3. Results related to the compact case

We remind here some definitions and results given in the papers [5] and [6].
We consider derivation basis Bg constituted by the family of basis sets

BU = {(Iag) ) € G7 I= Kn(g), n Z V(g)}a
where v runs over the set of all integer-valued functions on G.

In the terminology of the derivation basis theory, any coset K,, n € Z, can
be called Bg-interval.

This basis has all the usual properties of a general derivation basis (see [2], [7]).

A B, -partition is a finite collection 7 of elements of 3, where the distinct
elements (I',¢’) and (I”,¢") in m have I’ and I” disjoint. If L is a Bg-interval
and U(I,g)Eﬂ' I = L, then 7 is called §,-partition of L.

For each Bg-interval L and for any (8, € Bg there exists a [3,-partition of L.

The following Kurzweil-Henstock type integral was defined in [5]:

DEFINITION 3.1. Let L be a Bg-interval. A complex-valued function f on L
is said to be Kurzweil-Henstock integrable with respect to basis Bg (or Hg-
-integrable) on L, with Hg-integral A, if for every € > 0, there exists a function
v: L — Z such that for any §,-partition m of L we have:

> fl9nall) - Al <e.

(I,g)em
We denote the integral value A by (Hg) [, f dpa-

Remark 3.1. We note that all the above definitions depend on the structure of
the sequence of subgroups (). So, if we consider for the group T" the definitions
of the Br-basis and the Hr-integral, then we should use the sequence (@) in our
construction.
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Remark 3.2. It is easy to check that Hg-integral is invariant under translation
given by some element g € G.

We also need the following extension of Definition B.I]to the case of functions
defined only almost everywhere on L.

DEFINITION 3.2. A complex valued function f defined almost everywhere on
a Bg-interval L is said to be Hg-integrable on L, with integral value A, if the
function

f1(g) = {f(g)7 where f is defined,

o, otherwise

is Hg-integrable on L to A in the sense of Definition [3.T}

It is clear that a complex-valued function is Hg-integrable if and only if both
its real and imaginary parts are Hg-integrable.

If the group G is compact, as it is in [6], the chain () is reduced to the
one-side sequence

G=GyDG1DGy...0G, D...

In this case the Hg-integral is defined on the whole group G. Moreover, the group
I' of characters of the group G is discrete now (see [I]) and can be represented
as a sum of increasing chain of finite subgroups

ITpcl''ycl'sC...CcT_,C...,

where I'g = {,y(o)} with (g,fy(o)) =1 forall g € G.
Characters 7 constitute a countable orthonormal system on G with respect
to the normalized measure pug (see [5]) and we can consider a series

Z a~7y (5)
yerl

with respect to this system. The convergence of this series at a point g is defined
in [6] as the convergence of its partial sums

Sau(9) =Y ay(9,7) (6)

’yer—n
when n tends to infinity.

With the series (0] we associate a function F' defined on each coset K,, by

F(Kn) = Sn(g) dupg- (7)
/

The above integral can be understood in the Lebesgue sense. F' is known to be
an additive function on the family of all Bg-intervals.
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The next theorem is proved in [6].

THEOREM 3.1. Suppose that the partial sums S, (g) of a series Zwel“ a,y and
a Hg-integrable function f satisfy the inequalities

lin_1>infRe Sn(9) <Ref(g) <limsupReS,(9), (8)
lim inf Im Sn(g) <Imf(g) <limsupIm S,(g) (9)

everywhere on G except on a countable set S, where

lin_1>inf u(K™Re S, (g) <0 <limsup p(K")ReS,(9), (10)
n oo n—oo
liminf p(K™)Im S, (g) <0 <limsup pu(K")Im S, (g) (11)
n—0o0 n—00

hold. Then the series Zwer a~7y is convergent to f a.e. and it is the Hg-Fourier
series of f.

Another version of the theorem on the recovering coefficients was proved in [5]:

THEOREM 3.2. Suppose that the partial sums Sy, (g) of a series ZWEF ay7y con-
verge almost everywhere on G to a function f and satisfy the conditions

—o00 < liminf Re S,,(g) < limsup Re S, (g) < 400, (12)
n—oo n—00

—o00 < liminfIm S, (¢g) < limsupIm S, (g) < +o0 (13)
n—0o0 n—00

everywhere on G except on a countable set S, where

1
Sn(g) =0 (m) (14)

holds. Then f is Hg-integrable in the sense of Definition and the series
Zwer a,7 s the Hg-Fourier series of f.

We need also the following theorem (see [5]).

THEOREM 3.3. The partial sums S, (f,g) of the Hg-Fourier series of a Hg-
-integrable on G function f are convergent to f almost everywhere on G.

4. Inversion formula for transform in the locally compact
case

To simplify our notation, in this section we will put K = Ky, [¢]:= ¢k,
{g9}:= {g}o, so that representation ([2) with n = 0 for any element g of some
coset K of Gy can be rewritten in the form g = [g] + {g}, where [g] is a fixed
element of K and {g} € Gy. Similarly, we will sometimes use the notation
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[v]:= 7, to underline duality, so the representation (@) for any element v of
some coset J of 'y can be rewritten in the form v = [y]- {7}, where [7] is a fixed
element of J and {7} € I'y.

Using this notation and the properties of a character -, we can write
(9,7) = ({g}. 1) - ([9, 21) - (Lo} {0}) - (9], {0})- (15)

Now we observe that:

1) {g} € Go and {7} € I'y = Gy. So ({g},{7}) = 1, and we can eliminate
({g},{7}) from representation (I5) getting

(9:7) = ({g}, 7)) - (9], ¥]) - (], {~})- (16)

2) [’ﬂ € Ffm(’y) =G
subgroup Gy.

7%1(7) where m(y) > 0 and [4]];, is a character of the
3) ([g],[7]) is constant if g belongs to a fixed coset of Gy and 7 belongs to
a fixed coset of I'y.

4) Using the duality between G and T" we can state that g represents a char-
acter of I and, similarly to the property 2), [¢]|r, is a character of I'y. So
([g],{~}) is a value of this character at the point {v}.

Therefore, according to (I8), if g belongs to a fixed coset of Gy and v belongs to
a fixed coset of Ty, we can represent (g,7), up to a constant multiplier ([g], [fy]),
as a product of ({g},[7]) considered as a value of the character [y] at {g}, and
([g], {7}) considered as a value of the character [g] at {7}

We now generalize Theorem B.I] and Theorem to a locally compact case.
In what follows, all the integrals are either Hg- or Hr-integrals. The measure
e or ur, written under the integral sign, will indicate which of the integrals is
used.

THEOREM 4.1. Assume that G is the group described in Section[2, T' being its
dual group. Let a(vy) be a locally Hr-integrable function and let for some locally
H¢-integrable function ¢ the following inequalities hold:

lim inf Re /a('v)(grv)dursfieqﬁ(g)SlimsupRe /a('v)(gm)dur, (17)

n—oo n—oo
r_n r_n

liminfIm [a(y)(g,7) dpr < Ime(g) < limsupIm [a(y)(g,v) dur (18)

n—00 n—00
]‘—‘7774 ]‘—‘7774
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everywhere on G expect on a countable set T, where we have

fiminf uc(K, ) Re [a()(9.7) due (19)
r_,
<0 < limsup pg(K,) Re/a(v)(g,v) dur,
n—oo Fin
hmlnfug(K ) Im / (g,7) dur (20)

<0 < limsup pg(K Im/ (9,7) dpr.

n—oo
r_n

Then the function a(y) can be recovered from ¢ by the following inversion for-
mula:

a(y) = lim #(9)(g,v)dug a.e.onT.

n—oo
G_n

A particular case of the previous theorem is the following

COROLLARY 4.2. With the same assumptions on G, T and a(v), let

lim  [a(v)(g,7)dur = ¢(g)

n—00
r_,

a.e. on G, where ¢ is a locally Hg-integrable function on G. Moreover, every-
where on G expect on a countable set T, we have

lim sup /a(v)(g,v) dpr| < +oo

n—oo
r_n

and for g € T, we have

i j(K(9)) [a()(9,7)du=o.

n—0o0
r_n

Then the function a(y) can be recovered from ¢ by the following inversion for-
mula:

a(y) = lim #(9)(g,v)due a.e.onT.

n—oo
G_n
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THEOREM 4.3. Assume that G is a group described above, I' being its dual group.
Let a(vy) be a locally Hr-integrable function and

lim [ a(v)(g,7) dur = ¢(g) (21)

n— o0
r_,

a.e. on G. Moreover, everywhere on G expect on a countable set T, we have

timsup | [a(2)(g. ) dur| < +oc (22)
n—oo
and for g € T we have
lim e (Kn(g)) / a(v)(g, ) dur = 0. (23)
an

Then ¢ is locally Hg-integrable and the function a(y) can be recovered from ¢
by the following inversion formula:

a(y) = lim [ ¢(9)(g,7)dpue a.e.onT. (24)

n—oo
G_n

Proof of Theorem I and Theorem 3 We sketch the proof fol-
lowing the lines of the proof of a similar result given in [5] indicating the step
where we use different theorems on recovering the coefficients of series.

Having fixed a coset K, suppose that g € K, and let .J denote any coset of I'g.
Then, by (10),

Ja@dne = 3 [at) gk 0D (k. b)) - (1o ) dr

r_, JCcr'_, J
= 5" (o) /aw)([g], W) - (lgh {0}) dpr. (25)
JCcr'_, J

The latter sum can be considered as a partial sum
K
> 05 ({ad ) (26)
Jcr_,

of the series with respect to the system of characters {7}, at the point {g},
with the coefficients

K
) = fa) (9): ) . {3}) .
J
Now, we are going to apply Theorem B or Theorem to this series.
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In the case of Theorem[].1}, we obtain, according to the inequalities (I7), (I8)),
(I9), (20) and the equality (25]), that for the last series the following inequalities
hold

liminf Re S,,(¢9) < Rep(g) < limsupRe S, (g), (27)
n—00 n—00
liminfIm S, (¢) < Im¢(g) < limsupIm S, (g) (28)
n—00 n—00

except on a countable set T' where (I0) and (II]) hold.

We now introduce the variable t = {g} € G and we can consider the above
inequalities to hold on Gy for the function f(t) = ¢(gx + t). This means that
the partial sums of our series and the function f satisfy on Gy all the conditions
of Theorem Bl Applying this theorem we get that the coefficients bSK) are the
Hg-Fourier coefficients of f(t), with respect to characters vy, i.e.,

) = fa) (o)) s 1) dr
— [1@{{9¥.25) duc (29)
Go

- /¢<g>({g},w> dic

(in the last equality we use Remark [3.2)

In the case of Theorem[{.3, we obtain, according to the assumption (2I)) and
the equality (25) that partial sums (26]) are convergent almost everywhere on K
to a function ¢(g).

Introducing the variable ¢t = {g} € G once again, we can consider this series
to be convergent almost everywhere on Gy to the function f(t) = ¢(gx +1t). The
partial sums (26]) are bounded, according to (22)) and (25]), except on a countable
set S ={t € Go:gx +teT}, where ([23) holds corresponding to the condition
(I4) applied to t € S.

Therefore, by Theorem [3.2] the function f is Hg-integrable on Gy, and so,
¢ is Hg-integrable on K and the coefficients bSK) are the Hg-Fourier coefficients
of f(t), with respect to characters 7, getting again the equality (29).

Now, we can finish the proof of both theorems. By observation 3), ([g], [7]) is
constant when g € K and vy € J with |([g], [])| = 1. Hence 29) implies

/a(v) (9x,{7}) dur —/¢(9) (lg], 7)) (g}, 7s) dpc- (30)

J

Now, we notice that for each fixed J, the value [, a(7) (gK, {7}) dur is the
Hg-Fourier coefficient, with respect to the character gx, of the Hg-integrable
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function a(y) = a([y] - {7}) considered as a function of {7} € T'y. Applying
Theorem B3] to this Hg-Fourier series, we get

dim ) /a('v)(gx,{'v}) dur - (95, {7}) = a(h] - {7}) = a(v)

KCcG_, J

for almost all values of {7} on I'y, i.e., a.e. on J. Hence using ([B0) and then (TG,
we compute

lim Z /a(v)(gK,{v})dﬂr‘(gKv{V})

n—oo

KCG_»n'g
= Jim S [olo){lal B (), 20) du - (o )
KCG_n j
= lim [ é(9)({g}. 1) - (95, {7}) - (9], D)) dnc
G_p

= lim [ ¢(g)(9,7)duc =a(y)  ae. on..

The last equality is true for any J, so we get (24]), completing the proof. O

We remark that Theorems F.1] is not true if we use Denjoy-Khintchine inte-
grable function ¢ (see [3] for the compact case), but it becomes true with this
last integral if we put some additional hypothesis on the group and on the type
of convergence (see [§]).
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