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ABSTRACT

The dual space of the class of Henstock-Kurzweil integrable functions
is well known in the one-dimensional case and corresponds to the space
of multipliers which, in turn, coincides with the class of functions
of bounded essential variation. Comparable results in higher dimen-
sions have been elusive. For cases in which the partitions defining the
Henstock-Kurzweil integrals are defined on n-cells (parallelepipeds)
with their sides parallel to the coordinate axes (i.e., Cartesian prod-
ucts of compact intervals), we prove that a function is a multiplier
of the class of n-dimensional (n > 2) Henstock-Kurzweil integrable
functions if and only if it is of strongly bounded essential variation as
defined by Kurzweil. This result was proved earlier by T.Y. Lee, T. S.
Chew, and P.Y. Lee in the two-dimensional case by a different method.
The sufficiency part of our proof makes use of a generalization of a
method used earlier by P.Y. Lee in the one-dimensional case.
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1. INTRODUCTION

In recent years there has been a great deal of interest in theories of
integration more general than the well known Lebesgue theory. These
theories are nonabsolute in the sense that an integral [ f may exist
even when the integral [ |f| does not, a property that Lebesgue inte-
grals do not have. The best known of these theories bear the names
of Denjoy, Perron, Henstock, and Kurzweil (for summaries, see [CD,
F, G, H, Kul, L1, M, Mc, P1, S1]).

In the present work we will be concerned with the Henstock-Kurzweil
approach, which is a generalization of Riemann’s original constructive
method. This approach has been thoroughly investigated in the one-
dimensional case, but less extensively studied in higher dimensions.
We will restrict ourselves to the discussion of the case of functions
defined on particular types of compact sets in R™ (n-cells, see below).

In order to simplify our presentation and to make otherwise long
complicated formulas comprehensible, we will use vector notation where
possible. We will also use it in some nonconventional cases, where the
intent should be obvious. In other cases, we will define our meaning.
For example, if {a;}! ,,{b;}, are sequences of real numbers with
a; < b;, 1 =1,2,---,n; we denote the corresponding n-cell by

I, = a1, b1] X [ag, bo] X -+ X [ay, by)]. (1.1)

We denote this by I, = [a,b]. Let x = (x1---x,), and for ¢ < n, let
Xy =21, ,%Tq and X,y = Tgy1,° -, Ty. Below, we record most of
the nonconventional cases:
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One says that a real-valued function f defined on [, is integrable
in the Henstock-Kurzweil sense or is Henstock-Kurzweil integrable,
and denotes its integral [; f(x)dx if, for each ¢ > 0, there exists a
positive function § : [,, — R, (generally called a gauge or gage) such
that if P = {J;|i=1,2,---,m} is a partition of I,, into a set of
nonoverlapping n-cells {.J;} with union I,, = Cj J; such that if x@ e

=1



Ji € B(x®,6(x™)), where B(a,r) denotes the open ball of radius r
and center a in R", then

> F () = [ Fex)dx| < <.

where p(J;) denotes the Lebesgue measure of the n-cell (J;). Such
a partition is called a d-fine partition. Henstock-Kurzweil integrals
can be described in terms of primitive functions, thereby providing a
formulation of the fundamental theorem of calculus [CD, F, G, Kul,
L1, M, Mec, P1, S1]. In the one-dimensional case for example, if f is
Henstock-Kurzweil integrable on the interval [a, b], then there exists a
(primitive) function F(z), z € [a,b], such that

/ f(@)de = F(b) — F(a), (1.2)

and the derivative of F' exists and is equal to f a.e. on [a,b]. Gener-
alizations of this result to higher dimensions are known [CD, H, Kul,
Ku2, M, MO, 02, Mc, P1] and it will be convenient to describe one
of these by using a formalism analogous to that discussed by Tolstov
[To]. For a real-valued function ¢ defined on I, consider the first
difference:

Ai(P(x); [ai, b)) = d(xi-1, biy Xn—iz1) — ¢(Xi1, a4, Xp—i—1).  (1.3)
Similarly, second differences are defined as (for i # j ):

Agya; (05 lai, bi] X [az,b;])= Ay (Agy (03 [ai, bi)); [ay, bs])
Cb( b by ) — B g, by, )
_¢("'7bi7"'7a/j7”')+¢("'7ai7“'7aj7"')'

One easily shows that
Agiw; (05 [ai bi] X [az, b5]) = Ay, (95 i, bi] X [ay, bs]), (1.4)

and the following convenient formula for n'* differences has been given
by Tolstov ([To], p. 70):

Ax, (¢;1,) = o(b) + an'--i(—D%Kﬁ(—l)%(a), (1.5)



where the summation indices ki, -- -, k, satisfy the constraints k; <
ko <--- < kg and the functions ¢, are obtained from ¢ by evaluating
that function at the lower limits ay,---, a4 at the zy, = ap,, -+, 21, =
ay,, and at the upper limits x,, = b, for the remaining indices. The
expressions (1.5) will be very useful to us later in this paper.

It will be convenient for our subsequent considerations to use some
notation that is slightly different from that employed by Tolstov.
Thus, we will denote a difference by the symbol A with a subscript that
indicates the order of the difference with particular differences being
indicated by a specification of the intervals upon which the function is
evaluated and, for purposes of brevity, we will omit the square brackets
in the indication of the intervals. The latter simplification should not
cause any confusion because we only consider closed intervals. Thus,
we will indicate differences such as (1.3) by Ay (d(xi-1, +, Xn—i—1); @i, b;)
and (1.5) by A, (¢; I,,). The symmetry properties (1.4) and higher or-
der versions thereof show that differences are uniquely defined by a
specification of their order and of the intervals upon which they act.

The n-dimensional (n > 2) generalizations of (1.2) are

/f(x)dx — AW(F; 1), (1.6)

where I’ denotes the n-dimensional primitive function of f on the n-cell
I,. (See eq. (3.13) in the proof of Theorem 3.1 for the justification
of the above equation.) We will denote by HK, the collection of
Henstock-Kurzweil integrable functions in n dimensions, where n > 1.

The main object of this paper is to investigate the dual spaces of
the class of HK, functions for n = 2,3,---. As was first done by
Alexiewicz [A] in the one-dimensional case, the H K, functions on [,
(1.1) can be topologized by using the Alexiewicz norm:

1f]l.4 = sup [F(x)],

Xeln

where F' denotes the indefinite integral of the H K, integrable function

f: X1 X
Fx)= [ [ 1y ay.
ai an
It is known that the space of H K, functions is not complete relative

to the topology defined by the Alexiewicz norm, but it can be com-
pleted to a space of Schwartz distributions [MO,Ku2|. It is known in



dimensions n = 1 [Th] and n = 2 [O2] that the space of HK,, func-
tions, topologized by the Alexiewicz norm, is a barreled space but is
not a Banach space. In one dimension it is known that there exists
a one-to-one correspondence between the continuous linear function-
als (relative to the topology defined by the Alexiewicz norm) and the
functions of bounded essential variation [O1, S2, MO, L1, CD], and
that these functions are multipliers of H K; where, in general, a func-
tion g is said to be a multiplier of a space of integrable functions G if
hg € G whenever h € G. In particular ([L1], Sec.12), if T" denotes a
continuous linear functional on H K ([a,b]) for a finite closed interval
[a, b], then

b
T(f) = [ f@)glw)da

for all f € HK;([a,b]) and some g of bounded variation on [a,b].
Moreover, ||g|lz < 2|T|| 4, where ||g|| 3 = inf V(g1), in which V' (g) de-
notes the total variation of g on [a, b] and the infimum is taken over all
functions g; of bounded variation on [a, b] which are equal to g a.e. on
la, b]. In this one-dimensional situation, a function has bounded essen-
tial variation if and only if its first (Schwartz) distributional derivative
is a signed finite Borel measure.

In dimensions n > 2, however, the situation is different because,
as we will discuss in more detail below, there are many distinct classes
of functions of bounded variation, each of which coincides in the one-
dimensional case with the class of functions of bounded variation usu-
ally considered. Several different classes of functions of bounded vari-
ation in two dimensions were listed and their interrelationships dis-
cussed by Clarkson and Adams [CA]. We list below a few of these
that we will need to use in our subsequent discussion.

DEFINITION 1.1. A function f(x,y) is said to be of bounded vari-
ation in the Vitali-Lebesque-Frechet-de la Vallee Poussin sense on the
rectangle Iy = [ay, by] X [ag, by] if

(L 1) (1) @ (2
SO | An(f [, 2] x [, 2 2))]
i=0 j=0

is finite for all partitions of I, into nonoverlapping nondegenerate
closed rectangles: a; =z < z{?) < ... < al) = b for i = 1,2
with m; = ¢ and my =p .

DEFINITION 1.2. A function f(x,y) is said to be of bounded vari-
ation on Iy in the Hardy-Krause sense if it is of bounded variation

b}



in the sense of Definition 1.1 and, in addition, f(z’,y) is of bounded
variation in y for at least one 2’ and f(x,y’) is of bounded variation
in z for at least one 7/.

DEFINITION 1.3. A function f(x,y) is said to be of bounded vari-
ation on Iy in the Tonelli sense if the one-dimensional total variation
of f(x,y) (considered as a function of y) is finite a.e. on (a1, b;) and
its Lebesgue integral over (aq, by) exists (and is finite), with a similar
condition on the one-dimensional total variation of f(z,y) considered
as a function of z.

Kurzweil ([Ku2], see also [Kul], p. 95) defined a real-valued func-
tion g on I5 to be of strongly bounded variation if it is of bounded vari-
ation in the sense of Definition 1.1 and if , for every z € [ay, b1], g(z, *)
is of bounded variation on [as, bs] and, for every y € [ag, bo], g(+,v)
is of bounded variation on [ay,b;]. Thus, it is seen that the condi-
tion of strongly bounded variation is a special case of the condition
of bounded variation in the sense of Definition 1.2. In [Ku2] Kurzweil
proved (in the n-dimensional case) that functions of strongly bounded
essential variation are multipliers for the class of Perron integrable
functions and that these functions correspond to continuous linear
functionals of the space of Perron integrable functions. Since the class
of Perron integrable functions is equivalent to the class of HK func-
tions, similar results hold for the dual space of the HK functions.
Thus, Kurzweil’s result gives a sufficient condition for a function g
to be a multiplier of the space HK,. In an important paper [LCL],
Lee, Chew, and Lee proved, in the two-dimensional case, that this
condition is necessary, as well as sufficient, for a function to be a mul-
tiplier of the space HK. These authors claim that their proof can be
extended to all higher dimensions, and our main goal in the present
paper is to give a different proof of this characterization of the multi-
pliers of the H K, spaces when n > 2. The sufficiency part of our proof
makes use of a generalization of a method used by P. Y. Lee ([L1], pp.
72-73) in the one-dimensional case and yields an explicit expression
for the integrals by means of integration-by-parts formulae in terms of
Riemann-Stieltjes integrals. The existence of these higher-dimensional
Riemann-Stieltjes integrals can be proven by using a generalization of
Clarkson’s argument [C] for the two-dimensional case. We note that
it is sufficient to consider Riemann-Stieltjes integrals rather than the
more general Perron-Stieltjes or Ward integrals because the primitives
of Henstock-Kurzweil integrals are continuous.

It is known in the two-dimensional case [MO, 02, LCL]| that T'(f)



is a continuous linear functional on the space HK5(I5) (relative to

the topology defined by the Alexiewicz norm) if and only if there

exists a finite signed Borel measure p on Iy = [a, by X [ag, by] such

that T'(f) = [ f(x,y)du(z,y) for all f € HKy(Iy). In this connection,
I

Krickeberg [Kr] proved that a real-valued function on R™ has first dis-
tributional derivatives that are measures if and only if it is of bounded
variation in the sense of Tonelli. Ostaszewski [MO,02] proved that dis-
tribution functions of finite Borel measures are of strongly bounded
essential variation and are multipliers of H K3(/l3), but was not able to
prove that these multipliers are associated with the most general form
of continuous linear functional on the space of H K5 functions. Such
a proof was provided later by Lee, Chew, and Lee [LCL]. Multiplier
problems have also been investigated for other types of Riemann-type
integrals [L.2, P1, P2, MP, BS, B].

Our objective in this paper is to give a new proof of the result of
Lee, Chew, and Lee on the characterization of the class of multipliers
of the space of H K,, functions for n = 2,3, ---. We first prove, in The-
orem 2.1 in Section 2, that a necessary condition that a function be a
multiplier of HK,, is that it be of bounded essential variation in the
n-dimensional version of the class of functions of bounded variation
defined in Definition 1.1. This theorem was proved before we were
aware of the work of Lee, Chew, and Lee. After the present work was
presented at the conference by the second author, Lee Tuo Yeong in-
formed him of the results in the papers [LCL] and [L.2]. It then became
clear to us how to modify the proof of Theorem 2.1 so that we obtain
a proof of the necessity that functions of strongly bounded essential
variation be multipliers for the H K, functions.This is discussed in
Section 4. The proof of the sufficiency of this condition in Theorem
3.2 makes use of a generalization to n dimensions (n > 2) of a method
used by P.Y. Lee in the one-dimensional case ([L1], Theorem 12.1 and
Corollary 12.2, pp. 72-73).

2. Necessary condition for existence of multipliers

In this section we obtain a necessary condition in order that a
function g be a multiplier for H K,, . The idea of the proof is to reduce
from an arbitrary integral dimension (n > 2) to the one-dimensional
case and then use similar arguments to those used in earlier proofs
for that case ([CD], Theorem 50, p.45; [L1], Theorem 12.9, pp. 78-79;
[S2]). Asin the Introduction, we restrict ourselves to functions defined
on compact n-cells in R".



THEOREM 2.1. Let f and g denote real-valued functions defined
on an n-cell I, (1.1). If fg € HK,,(I,) for all f € HK,(1,,), then g is
equal a. e. to a function of n-dimensional (n > 1) bounded variation
in the sense of Vitali et al.

Before proceeding to the proof, we discuss n-dimensional variations
in the sense of Vitale et al and their connection with the n'" order
differences (1.5). Given the definition of n-cells I,, as in (1.1), consider
partitions of these sets of the form

a; :x(()) <x§1) <x£}zz = by,
Qg = 1:(()) < :v§2) < x% = by,

(2.1)

(n)

an, = x5 < Ty

Then, generalizing Definition 1.1 to n > 3 dimensions, we define n-
dimensional variations in the sense of Vitali et al of real-valued func-
tions ¢ on I, by:

V(p; I,) = ess sup Z Z ’A x[ll, nl [11, n]])

11=1 in=1

L @22)

where the n' differences A, are defined by (1.5) and the essential
supremum is taken over all partitions (2.1).
For the second differences we have

1 2 2 1
AQ( 11 17?[751);?;%2) 17‘Tz( )()1) Q(S2()x§ )7‘T§2))(1) (2)
_¢< L1 15 Ly, )_ ¢(37i1 axirl) ‘Hb( 11717%‘271)7
so that
2 2 2 1 1
‘AQ ; '51) 1,1‘,51), ’52)17 ’Eg))‘ <W(¢< 7$§2));IE,§1)_1,:L‘§1)) (2 3)
2 1 1 :
+ W(¢(, xl(g)—l)7 x1<1)—17 x2(1))7
where w denotes one-dimensional essential oscillations:
w(h;a,b) =ess sup [h(x) — h(y)]
x,ye[a,b} (2 4)
=ess sup h(z)— essinf h(x). '
z,y€la,b] z,y€(a,b]

It easily follows from (1.5) that, for example,

1,n| | 1n
M(orbep™y ™)
:An—l((b( 'fl) X; €; ’x’fll 17Izn ) (25)

9 zn i1—1> i 1

—Ap1(o(-- wi )756(-1), AT ,xﬁ" Y :c(" 1))7

7zn1 i1—10 Y 1—1 L,
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and the expressions on the right-hand side of (2.5) may be replaced
by pairs of (n — 1)-differences in which the function ¢ is evaluated at
the endpoints of other "component” intervals of the n-cell I,,. Then,
from (2.3), (2.5), and induction, we obtain:

‘A [1 n] b n]m
2 2 n— n n 26
< T F )l el 30
C1= Cpn—1=
where, in (2.6), for each ¢; (j = 1,2,---,n — 1) the values ¢; = 1 or

c; = 2 are to be chosen corresponding to whether the function ¢ is
evaluated at the left or r1ght endpoints, respectively, of the intervals
e e, (=12, ,n— 1),

zJ—la

PROOF OF THEOREM 2.1. For n = 1 the definition of functions
of bounded variation in the sense of Vitali et al reduces to the usual
concept of functions of bounded variation, so the theorem is true in
this case. See the references cited in the first paragraph of this section.

For n > 2, following an argument of P. Y. Lee for n = 1, since fg
is HK,, integrable for all f that are absolutely H K, integrable (and
hence Lebesgue integrable); g must be essentially bounded. To begin
the proof for the n > 2 cases, we use an argument analogous to one
used in the n = 1 case in the papers cited above. Suppose that g is not
equal a. e. to a function of bounded variation in the sense of Vitali et
al in n dimensions (n > 2). Thus, for any function ¢; equal to g a.e.,
g1 is not of bounded variation in the stated sense. Then there exists
a point v € I, such that g; is not of bounded variation in the stated
sense on any open n-cell which contains . Since the variation of g;
in I, is unbounded, the variation of g; in every open subset 9 of I,
completely enclosing ~ is also unbounded. Otherwise, one would be
able to enclose every point of ¢ in a sub-n-cell of I,, in which g; has
bounded variation. But it would then follow, by an application of the
Heine-Borel theorem, that there exists a finite number of n-cells which
cover ¥ on each of which g; has bounded variation. Then ¢; would be
of bounded variation on 1, a contradiction. In particular, g; is not of
bounded variation in the stated sense on every n-cell with one vertex
at .

We next use a generalization of the one-dimensional argument of
Celidze and DzvarSeisvili ([CD], Theorem 50, p. 45). Wecally € I,, =
[a, b] asingular point of g if, for all sub-n-cells I,=la,b]cl, yel,
and V(g;I,) = +o0, where V is defined by (2.2). From the assump-
tion that g is not of bounded essential variation, we infer that the set



of such singular points is not empty. We may assume, without loss of
generality, that the point a € [,, is a singular point.

By the definitions (2.2) and inequalities (2.6), there exists a sub-
n-cell of each I,, Jl(n)z [aM), 3] C I,, and partitions of Jl(n)

ozgl) = mgl) <<z 61 ,

(0 _ @ _ ESNe
Q9" =T <37¢(12)1: 2 s

a® =z < ... < 2 = g0

n qn,1 n

such that

41,1 dn,1 2 n n n

Z E Z E w(g(xgzla“'a in 111)n 17))‘%5”)717‘%571))

i1=1 in=1c1=1 cn,lzl

> V(g J") 21

Further, on each sub-n-cell K\ = [xfll)_l,xz(ll)] X oo X [ 5:)_1’ Z(”)] C
Jl(”), there exist disjoint measurable sets Lfll)ln, Hl(ll)ln K fn) with

,u(Lz(ll)Zn) = N(H‘(l)m,in) =1, > 0 (where p denotes Lebesgue measure

11,

on R") such that

3 1
g(z)zém? + S, if z e Lg), (2.7a)
and ] 5
g(z)§§m}, + g, if ze H(,l), (2.7b)
where
2 2 M) (n-1)
mf;’ = Z e Z €SS Sup g(xcl’h? e 7xcn_1’in_1; y)? (28)
a=l 1=l yep!™ 2]
2 2 (1) (n-1)
mp = Z Z ess 1nf o 9 @i Te i 3Y),  (2.9)
ci=1  en_1=1 yelz™ i

and, in defining (2.8) and (2.9), we have used the fact that two sets of

the forms {960121, to 7x£:7111)n 1}>< [x( " TR z ] and {mc i x(Zilll)n 1}><
[];l(:) 1 l’z( )] are disjoint if ¢; # ¢ for at least one value of i € {1,2,---,n—

1}.
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By repetition of the above considerations, we obtain by induction
a sequence of disjoint n-cells J; ) = = [a® ﬁ(k)] C I, with ﬂ(k ol

l

fori=1,2,---,nand k= 2,3,--- such that lim oz(k) = lim ﬁ(k

k—+o0 k——+o0
a; for each = 1,2,---,n. Moreover, on each n-cell Jk ") there exists a
partition
(k) _ k)
(k) xé?k , << :Ul(li)k B}k)’
_ (2 2) _
Qg = xSIQ,)kfl << mﬂ(m)k 2 > (2‘10)
k) _ ,.(n ' n) __ k
) =afy, | << afd, = o0,
with
q1,k dn,k 2 2 1 n—1 n n
Yo XN e 3 wlglall, el ) i a))
q1,k—1+1 Gn,k—1+1c1=1 cp—1=1
>V(g: i) 2k
(2.11)
On each set K(n) = {xﬁlzl, e ,xijj‘f}n X [xgn)_l, fn)} C J(n) there

exist disjoint measurable sets Lyf),H(, such that n,_; > ,u(L( )) =
,u(HI(ff)) = 1, > 0 and such that (2.7) holds with the sets Lg/ and H\"
replaced by Lg’f) and H (fc), respectively. In addition, kliELn e = 0.

We now define a real-valued function f on I,, by

Dk if z € L(Ilf),

f(z) = —pr if z € H}F),
0 otherwise,
where 1
— =/ V(g I (2.12)
Pk

and g1 +1<1;< g5 for 7 =1,2,---,n. Then

/fdz_/fdz— qlk . an /fdz+/fdz_0

J<") 11=q1,k—11t1 in= an 1+1 L(k

11



so f € HK,,(I,,). Similarly, by (2.7), we obtain

q1,k Adn,k

Jfgdz= X - 2 pl [ gdz— [ gdz]
I, 11=q1,k—1+1 in=Qnk—1+1 (k) g®
I I
q1,k dn,k
*
> X Y pewkmp — myp]
11=q1,k—1+1 In=qn,k—1+1
q1,k dn,k 2
11=q1,k—1+1 in=qpn,k—1+1c1=1
2
1) (n—1) () (n)
Z 1pk77kw(g(xc1i17 T 7xcn_1in_1’ .)7 xinflftin )
Cn—1=

using (2.8), (2.9), and (2.4). Then, from the inequalities (2.11) and the
definition of py (2.12), we have [ fgdz>+/V (g; Jkn)). Since V (g; Jkn)) —
i

+o00 as k — +oo, it follows that fg ¢ HK,(I,). This contradiction
completes the proof of Theorem 2.1.

An example of a function in two dimensions that is of bounded
variation in the sense of Vitali et al but not in the sense of Hardy-
Krause was given by Clarkson and Adams [CA], which we change in a
trivial manner to conform to the notation in the present paper. Thus,
we define a real-valued function h on Iy = [a1, b1] X [ag, bs] by:

h(z,y) = (x — a;) sin( ) for x #a;; =0 for x=aq.

r — aq
One can easily modify this definition to give examples of functions in
n dimensions (n > 2) that belong to the n-dimensional class of Vitali
et al, but are not of strongly bounded variation. Let us define, for
example, h on I, by:

1

1 —

h(x) = (1 — aq) sin( ) for x #a;; =0 for x=a.

Other examples of this type can easily be constructed.
3. Sufficient Conditions for Existence of Multipliers

In this section we give a new proof of the result of Kurzweil [Ku2], in
the n-dimensional case with n > 2, that functions of strongly bounded
essential variation are multipliers for the class of Henstock-Kurzweil
integrable functions. (Actually, Kurzweil considered the equivalent
class of Perron integrable functions.) Our proof yields integration-
by-parts formulae analogous to the one-dimensional result of P. Y.

12



Lee ([L1], Theorem 12.1 and Corollary 12.2, pp. 72-73) which the
proof generalizes to the n-dimensional case, and which agrees with
the explicit result stated by Kurzweil in the n = 2 case.

We begin with a lemma on the existence of certain types of Riemann-
Stieltjes integrals, which generalizes the corresponding result of Clark-
son [C] when n = 2. Consider partitions of ,, of the form (2.1) and

let §i(j ) denote real numbers which satisfy the inequalities:

sz(j)lggz(])éxz(j) (7’:172a7m]7]:17277n> (31)
with , , . ,
€9 = 2l = aj, gggg — x?% =b;. (3.2)
If the sums

% % (€PN AL (o(xle™)), (3.3)

i1=1 in=1

where A, denotes the n'™ difference of the function ¢ defined by (1.5),
tend to a finite limit as the norm of the subdivisions approaches zero;
then the integral with respect to ¢ is said to exist. It will be denoted

by

b b

[ [ x)doix). (3.4)
and will be called a Riemann-Stieltjes integral. We have:

LEMMA 3.1. A necessary and sufficient condition that the integrals
(3.4) exist for each real-valued continuous function h defined on I,
is that ¢ belongs to the n-dimensional class of functions of bounded
variation in the sense of Vitali et al (Definition 1.1).

REMARK. For n = 2 Clarkson [C] considered, in addition to the
convergence of (3.3) to (3.4) which he called the restricted integral, the

convergence of the sums % %2 h(&i(jl),fz-(?))AQw(a:El),xf))), wherein
i=15=1

the numbers {@m ci=1,---,mj;j = 1,2} in (3.3) with n = 2 have
been replaced by the numbers {51-(,? =1~ myk=1,--- mo;j =
1,2}. The limit of these latter sums, when they exist, was called the

unrestricted integral. We will not need these integrals, and so will not
consider their n-dimensional generalizations.

The proof of Lemma 3.1 follows from a straightforward extension
of Clarkson’s argument in the n = 2 case.
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We now have:

THEOREM 3.2. Let f and g denote real - valued functions defined
on I,. Suppose that f € HK,(I,) (n > 1) and let g be of strongly
bounded essential variation. Then fg € HK,(I,) and we have the
following integration-by-parts formulae in terms of Riemann-Stieltjes
integrals:

[ T F0g()dx = An(Fgia,b) + (~1)"BO
al an by (35)

n—1 bq
+ q;(_l)q - .af Ay g(F(xg; ), 9(Xg5 -+ ); An—qy Puq);

al

where F' denotes the n-dimensional primitive of f,

B = ?~ 7F(x) dxg(x), (3.6)

al

and the (n — q)-differences in (3.5) are defined by (1.5) with the func-
tion ¢ replaced by the product of the functions F and g with the
differentials d,, - - - d,, inserted between them.

REMARK. For n =1, (3.5) reduces to the result

b b
[ fade = 8u(Fgia,b) - [ Fladg(a) (37)

discussed by P. Y. Lee ([L.1], Theorem 12.1 and Corollary 12.2, pp.72-
73), while for n = 2 it becomes

b1 bs
[ [ flz1,22)g(xy, x0)daidey = Ao(Fg;aq, by asz,by) + Béo)

ay az

b

- f AI(F<$17 ')dxlg(xh )) ag, bQ) - f AI(F('WTQ)dzzg('?xQ); ai, bl)u
az

in agreement with the result given by Kurzweil [Ku2].

Proof of THEOREM 3.2. For n =1, g is of bounded variation in
the usual sense, fg € HK;, and the integral of fg satisfies (3.7) to
which (3.5) reduces in this case.
For the case n > 2, in terms of the d-fine partitions (2.1), (3.1),
(3.2), define
Jn= 3 Y e Ang(ep™), (3.8)
=1

i1=1 7

14



where Ap = ﬁ (xﬁj) - x(])_l) We write

5

j=1
Jo=Tn+ (J — T}), (3.9)
Sy [1,n]
n - Z Z f (£I’m>7
i1=1 in=1

and an easy calculation shows that the terms in J, — T}, involve prod-
ucts of at most n — 1 summations. Using the finite additivity of the
differences A,, (see, e.g., [To], p. 68), we decompose T,, in the form

T,=TWY 4+ 73 47O, (3.10)

where
mi1—1 mnp—1
kn—l

k
{Z B A= A fa i)
X (=1)"An(gs 6™ < €D,

mi1—1 mp—1

TO = 3 03 A(Ffa:xg])[(=1)"An(g: €5 - el 1),

k1=1 kn=1

(3.11)
and
mi—1 mp—1
TV =3 - 3 fE™Arlg(E™) = Aalg: (6™ D)) (3.12)
i1=1 in=1

First consider 7,,Y. Since f € HK,(I,), for every € > 0 there exists
d(&; . n]) > 0 such that for any J-fine partition (2.1), (3 1),(3.2) (i. e

there exists a positive function ¢ such that each n-cell H [z 02l )] C ]
J

z—la ij

is contained in the open ball in [, with center (f iz ) and radius 0)
one has

Z Z f(&; e JAr = Ay (Fi[a @ xgr])| <, (3.13)

i1=1 in=1
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where F' denotes the n-dimensional primitive of f. (This is the justi-
fication for writing eq.(1.6).) From (3.13) and the definition (2.2) of
n-dimensional variations in the sense of Vitali et al, it follows that

70| < eVi(g; I). (3.14)
To evaluate T?, we have by (1.5):

1n
F(xi™)

+ 5 3 .. f: (—1)qFKé+(—1)"F(a), (3.15)

where ky < --- < k, and (see the discussion following eq. (1.5)) the
functions F; are obtained from F' by evaluation at the lower limits

a; for the indices K (’1 and evaluation at the upper limits x,(jl) for the
remaining indices. By Lemma 3.1 the contributions to T{?) obtained
by replacing A, (F;---) in (3.11) by the first term in (3.15) converge
to the Riemann-Stieltjes integrals (3.6). Similarly, for the contribu-
tions to 7){?) obtained from the terms in (3.15) involving the functions
F:, we use repeatedly the decompositions (2.5) of A, (F;---) into
differences of lower order to prove, again using Lemma 3.1, that these
contributions to 7%} converge to the following Riemann-Stieltjes in-
tegrals:

bg11 b

S (=17 ] -"f{F(aK;];anq)}X

k1=1 qul Ag+1 Qan

{dx"*qA‘I(g(' . ;Xn—q); [aKé . bKt’l])}
= Z Z (_1)(137(«;1’.."]“1),
j1=1

jqzl

and, as usual, we have the constraints j; < --- < j, on the summa-
tion indices. Finally, for the contributions to T\ arising from the
remaining term in (3.15), we obtain

1P S o S Al ) = Fla)a(oifas )

ki=1

using the additivity of the A, and the identifications (3.2). Thus,
upon collecting the above results, we obtain:

T® =T + F(a)A,(g;[a: b)) (3.16)

16



with, for every ¢ > 0,

T® — Bn’ < €, where

-1 n n
B, =(-1)"BO + 33 .. 3 (—1)1BUr), (3.17)

=1j1=1  jg=1

3

L)

where j; < --- < jg.
We now consider T3 as given by (3.12). Again using formula
(1.5), we have:

n—1 n

An(g; (€4 : b V4D e S (1), (— 1) g™,

q=1j1=1 Jq=1
(3.18)
where the subscripts ji,---,j, are subject to the constraints j; <
+ < jq and the functions g, are derived from g in a similar manner
as described in the discussions following (1.5) and (3.15). Substitution
of (3.18) into (3.12) gives:

mi—1 mp—1 n] n—1 n n
T = (1) 2 B fE ) Arlg(b) + X % e 8 (<))
i1=1 in=1 qg=11i1=1 ig=1
(3.19)
where, as in (3.18), 4; < -+ < .
m;—1
We now transform the summations Y. (j =1,2,---,n) in (3.19)
ij=1

to summations of the form Y. and call the resulting expressions T(* :
i=1

T7§4) — (_1)”*1 % e %L f( g’n])All[‘g(b) + nz zn: e .anl(—l)qgfg]a

=1 ip=1 =lir=1  ig=
(3.20)
with i; < --- < i,. The difference between T*) and T¥ involves terms
in which the number of summations is < n — 1 and one easily shows
by straightforward calculations that these terms cancel with some of
the terms in J,, — T},. We note that the summations for given values
of ¢ in (3.20) are special cases of the summations (3.8) because, in the
functions g;;, some of the arguments are the variables fl(] ) and some
are upper limits. Thus, the terms in (3.20) can be evaluated by using
the same procedure that we are using to evaluate J,,; viz., by using
analogues of the decompositions (3.10), (3.16), and the transformation
from (3.19) to (3.20).
For the terms in (3.19) with a given value of ¢ in the set {1,2,--- n—
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1} we have, by analogy with the decompositions (3.10):

n

Ty = (=1t 3 - 3

a1 =1 ag=1
Zl Z f( [ln )AI g(fal - f((;{l); bn_q) (3.21)
i1=
= T( 1) +T(42) _|_T(43)’

where a; < -+ < oy and
n n mi—1 mg—1
T7(L4q1):( IDLaE A DERPRED DI SEFPRED'S
1= 1 aqzlkl 1 k}q:l
ky Matl [ln
PR Z > Z f(&)Ar
11=1 ig=1lig11=1 in=1
1
—Au(F; [a, x[Kf”H b)) }
1 1,
SO L(;ﬂ : Eier),
n n mi—1 mg—1
Té‘*f)z(—l)"ﬂ*l Yoy Y e
’ a1=1 ag=1 k=1 kq=1

(AL (F;fag : 2 [an—g : b)) | %
(=198, (g(- -3 y); [l et )
TED = (—1mhet 55 5 5 B (e A

ki=1  kg=lii=1  ip=1

x [g(& bag) + (1T Ag(g(- - bng); €157, b))

where we again have the constraints k; < --- < k, on the summation
indices.

Each expression 7, éi}l) can be estimated in a similar manner as 7("
in (3.14), and a decomposition analogous to (3.16) for T*) can be ob-
tained for 7'¢ 4 2) with associated terms T(4 2) converging to appropriate
Riemann- StleltJes integrals analogous to (3 17). For Tfféij’), we apply
formula (1.5) to A, and obtain expressions analogous to (3.19):

m1—1 mn—1 n

TED) = (=) 3 - Y i [f( 1”])141,} g(b)+
i1=1 in=1 k1=1 kq=1
1
5 S 1 g, (b D),
¢=14=1 B =1 @ e
(3.22)

with the constraints k; < --- <k, and 3; < --- < By on the summa-
tion indices.
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m;—1
We now transform the summations JZ (j=1,2,---,n) in (3.22)

iy=1
to summations of the form in:l to obtain new expressions, say T(?q),
as we did in passing from T®) to T. Just as in the earlier case,
the difference between (3.22) and Tn?q involves terms in which the
number of summations is < n — 1 and these terms cancel some of the
terms in J, — T,,. We note that the terms in the summation over q in
(3.20) contain expressions that combine with the first term in (3.20),
and the combination of these quantities can be estimated by using an
argument similar to that used in (3.13). Finally, by combining the
evaluations of (3.20) with the results (3.16), we obtain the formula
(3.5), thereby completing the proof of Theorem 3.2.

REMARK. We note that, for dimensions n > 3, the contributions
to (3.21) for ¢ > 2 contain terms that cancel some of the contributions
to (3.21) with smaller values of q. This has the effect of changing the
sign of the contributions of the latter terms to (3.20).

4. Characterization of multipliers

We now combine Theorem 3.2 with a modified version of Theorem
2.1 to obtain the following characterization of multipliers for the class
of HK,, functions.

THEOREM 4.1. Let f and g denote real-valued functions defined
on I,. Then, for a given positive integer n > 1, fg € HK,(1I,) for all
f € HK,(I,,) if and only if g is of strongly bounded essential variation
on I,,.

Before discussing the proof of this theorem, we need to modify the
definition of the n-dimensional variations (2.2) to obtain quantities
more appropriate for functions of strongly bounded variation. A defi-
nition appropriate for this case has been given by Kurzweil in [Ku2].
For partitions of the form (2.1), in addition to considering essential
suprema of n'* differences as in (2.2), one must also consider essen-
tial suprema of all lower order differences involving the ”component
intervals” of I,,. For example, in the case n = 2 we consider:

mip  m2

VSBV<¢; L) = esspsup poip>) [\Az o; x§}ll, x;”; T2, xﬁ?)) +
11=112=

a6, a2y D) +

0121 io—17 *ig

‘ Ao 2@ )

) 02127 11 17 7,1

)

4.1)

c1=1 co=1
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where, as in (2.6), the values ¢; = 1,2 for j = 1,2 correspond to the
evaluation of the functlon ¢ at the left or right endpomt respectively,
of the intervals [z; G) T T ] Then, by analogy with the derivation of
the inequalities (2 6) we obtain upper bounds for the n-dimensional
(n =2,3,---) versions of (4.1) in terms of the one-dimensional essential
oscillations w defined by (2.4):

Vspv (¢ 1) <messsup 3 -+ 3. %
P 1=l ipg=lu=1 (4.2)
2 2 ) , :
o G Ga) 0 L)
cjlzil Cjn§:1W(¢(xcj1ij1’ ’xcjn—1ijn—17 )7 Ti, =1, T4, ) ’
where j, < jp+1(p = 1,2,---,n — 2) and v has the value in the set

{1,2,---,n} that is distinct from the values {j1, j2, -, Jn—1}. We see
that, whereas the variations (2.2) can be bounded by one-dimensional
essential oscillations over any of the one-dimensional ”component in-
tervals” of I, that we wish, as in (2.6), we note from (4.2) that the
upper bounds of the variations Vsgy(¢;1,,) involve one-dimensional
essential oscillations over all of the one-dimensional component in-
tervals. Thus, it will be convenient in the proof of Theorem 4.1, to
be discussed below, to decompose the variations Vspy (¢;1,) in the
following manner:

Vepv(¢;I,) = i Vég)vw;[n) where, for each v € {1,2,--- n} as
v=1
defined following (4.2), with j, < jp41 for p=1,2,--- n —2:
mi Mp 2
VR (63 1) <nesssup 3 v 3 X e
P i1=1 in=1 Sy =1

2 i (jn, ) v v
Z w((b(xgzi)ijl,...’xcj 14' )7 ’EV) 171.'51/))

1
. — n—1 Jn—l
Cjp_1=1

(4.3)

PROOF OF THEOREM 4.1. It follows from Theorem 3.2 that the
condition that g is of strongly bounded essential variation is sufficient
to have fg € HK,(I,) for all f € HK,(I,) with n = 1,2,---, so
our task is to show that the proof of Theorem 2.1 can be modified
to provide a proof of the necessity of this condition. For n = 1 the
definition of functions of strongly bounded variation reduces to the
usual concept of functions of bounded variation, so the result is true
in this case.

For n > 2, following the argument in the proof of Theorem 2.1, we
may again reduce to the case in which g is essentially bounded. Now,
suppose that g is not equal a.e. to a function of strongly bounded
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variation. Then, modifying the argument in the proof of Theorem 2.1,
for any function gy = g a.e., go is not of strongly bounded variation
and there exists a point x € I, such that gs is not of strongly bounded
variation on any open n-cell which contains . In particular, we may
suppose that k is a singular point of g where, however, we now define
the concept of singular point in a different manner than in the proof
of Theorem 2.1 by using the definition of variation given following the
statement of the present theorem (i.e., the n-dimensional analogues
of (4.1)). We may assume, without loss in generality, that the point
(ay,---,a,) € I, is a singular point in this modified sense.

The proof now proceeds in a similar manner to that of Theorem
2.1. We obtain by induction a sequence of disjoint n-cells J,E") =

[agk), §k)] x -+ x [a®) W] C I, with ﬁ (k) k_l) fori=1,2,---,n
and k = 2,3,--- such that khrf oz(k) = khgl 6( = a; for each i €
{1,2,---,n}. (For convenience, we use the same notation for these n-

cells as for the n-cells discussed in the proof of Theorem 2.1.) On each

of these n-cells J,gn), there exists a partition of the form (2.10) such
that inequalities analogous to (2.11) hold for each value of v defined
following (4.2):

q1,k Qn,k
DS NNETTD S
11=q1,k—1+1 in=Qn,k—1+1

2 2 . )
G Geew) ) 0 (4.4)
chZZI Cj Z*1<¢d(g(xcjlljl7 71’0]-”712]-”71 ) Tiy=1, T )
> Lyl >k
Then on each set K™ = {2V At S S P l(”)_l,x(”)]
I1 J1 In—1%n_1 v

(k) H)

Ji" , there exist disjoint measurable sets L AT
k ZJ 1, CIRR T %

k,v k,v
such that ng_q, > u(ngl’), i 1,@) = /L(Hl-(j1 7,,)_’%71714”) = 1, > 0 and

such that analogues of (2.7) hold:

3w I
VS L%lv g g(z) > MZ(JIX iyt 5m§11)f"vijn71’“’ (4.5a)
while
zc HY :g(z)<1M-V) . (4.5b)
iy s, siv S oMy iy e T Mg ey
where
) < 2 (1) Gnot) .
(4.6)
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essinf g(x gl)i]_ ,
171

—1yelzl?) | 2l

m®
Sy i Z

. _1 Ci
In—1

Y
C]n 1 Jn 1

29Dy,

(4.7)

and, in defining (4.6) and (4.7), we have used results analogous to the

one stated following (2.9). In addition,
of v defined following (4.2).

lim ng, = 0 for each value
k—+oco

For a given z in [,,, we now define a real-valued function f(z) by

pey il z € L)

7,]1, ,’L]n 1, v

—pry ifz € Hg’y) i ; ) 2,
1’7 1’
0 otherwise,
where )
= 1o\ Ve (9 147),
Pk
and g; 1 +1<i;<q; for j =1,2,---,n. Then
Q,k qn.k
[fdz= [ fdz= ¥ oz Z
In zin) =q1k—1+1  In=qnk—1 Cglfl
v=1(kv) H(k y)
iy g, iy TR

so that f € HK, (I
(2.4), we have

q1,k dn,k 2 2
[fgdz> ¥ - ¥ %%
In 1=q1,k— 1+1 in=¢n,k—1+1¢; =1 G, =

(¥) m®)
Z Pk, VI:MZ] R T z PR
‘h k an,k 2 2
11=q1 k—1+1 In=0qn k—1+1 leil G,

2 promaw(g@lly oo, i

05
n—1"Jn-1

i
In—1

) 1717

n). Similarly, by (4.5) and using (4.6), (4.7), and

i)

=1

xgl’)).

Then, using the inequalities (4.3) and the definition (4.8) of py,, we

have

[ Fadz== 3 AV (9 )
v=1
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Since Végv(g; J,S”)) — 400 as k — 4oo for v € {1,2,---,n} by
the inequality on the right-hand side of (4.4), it follows that fg ¢
HK,(I,). This contradiction completes the proof of Theorem 4.1.
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