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Abstract. We introduce the notion of an H-primitive being the limit of a se-
quence of absolutely continuous functions satisfying certain conditions and use
it to formulate an alternative definition of the Henstock-Kurzweil integral on
a closed bounded interval. Furthermore, the definition provides a characteri-
sation of the primitive of a Henstock-Kurzweil integrable function.

1. Introduction

The Henstock-Kurzweil integral has several alternative definitions. In particu-
lar, it has a Riesz-type definition. More precisely, a function f defined on a closed
bounded interval [a, b] is Henstock-Kurzweil integrable there if and only if there ex-
ists a control-convergent sequence {¢,} of step functions such that ¢, (z) — f(z)
for almost all = in [a,b] as n — oo (see [1, Definition 10.1]). Note that in this
definition we begin with a sequence of elementary functions, namely the step func-
tions ¢, converging to the function f which will be Henstock-Kurzweil integrable
if the sequence satisfies certain condition, in this case control convergence. Note
that step functions are Lebesgue integrable and primitives of Lebesgue integrable
functions are absolutely continuous.

In this short paper, we shall show that we can also define the Henstock-Kurzweil
integral if we begin with a sequence of primitives, of Lebesgue integrable functions,
converging to a function which will be the primitive of a Henstock-Kurzweil inte-
grable function if the sequence has certain properties which will be made precise in
due course.

2. Preliminaries

Throughout this paper we shall let a closed bounded interval [a, b] be fixed and
consider real-valued point functions f defined on [a, b].

A set {(Li,x;) : i =1,2,...,n} or simply {({;,x;)}"_, of interval-point pairs is
called a partial division of [a,b] if I1,I,..., I, are non-overlapping closed subin-
tervals of [a,b] such that |J]_, I; C [a,b] and x; € I; for each i. We call z; the
associated point of I, and the collection of the intervals I; a partial partition of
[a,b]. A partial division D* of [a,b] refines or is a refinement of another partial
division D of [a, D] if for each (I,x) € D*, we have I C J for some (J,y) € D. If P*
denotes the collection of intervals I in D* and P denotes the collection of intervals
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J in D, then P* and P are partial divisions, and we also say that P* is a refinement
of P.

A division of [a,b] is a partial division {(I;,z;)}? ; such that the union of I; is
[a,b]. Note that a division D = {(I;,z;)}7~, of [a,b] is essentially a selection of
points in [a, b] of the form

a=u <z <vy=u < <u, <z, <, =b

where I; = [u,,v;] for i = 1,2,...,n. We call the collection of the intervals I; of a
division {(I;, z;)}"; of [a,b] a partition of [a,b].

Let 0 : [a,b] — (0,00) be a positive function. We call § a gauge on [a,b]. An
interval-point pair (I,x) is d-fine if I C (x — §(z),z + 6(x)). A partial division
{(I;,x;)}, of [a,b] is 0-fine if (I;,x;) is d-fine for each ¢ = 1,2,...,n. Since divi-
sions are themselves partial divisions, d-fine divisions of [a, b] are similarly defined.
A gauge 67 is said to be finer than a gauge d2 on [a, b] if for every z € [a, b] we have

We shall next define the Henstock-Kurzweil integral. For brevity and where there
is no ambiguity, D = {(I,x)} shall denote a finite collection of interval-point pairs
(I,z) and have its corresponding Riemann sum denoted by (D) > f(z)|I| where
|I| denotes the length of the interval I.

Definition 2.1. A function f is said to be Henstock-Kurzweil integrable, or briefly
H K-integrable, on [a, b] to a real number A if for every £ > 0, there exists a gauge
0 on [a, b] such that for every dé-fine division D = {(I,z)} of [a, b], we have

(D) fla) 11— 4] <.

We write (H)f; f(z)dr = A. The HK-integrability of f on any subinterval of [a, b]
is similarly defined.

If a real-valued function F' is defined on [a,b], for each [u,v] C [a,b], we will
write F(u,v) = F(v) — F(u). If P = {[u;,v;]}1 is a partial partition of [a, b], for
brevity we will sometimes write (P)>|F(u,v)| for Y. |F(v;) — F(u;)| where [u, v]
represents the intervals [u;, v;].

We will provide an alternative definition of the H K-integral using primitives in
the next section. To this end, we need the following definitions.

Definition 2.2. A function F' is said to be absolutely continuous, or briefly AC,
on [a,b] if for every € > 0 there exists n > 0 such that for any partial partition
P = {[u,v]} of [a,b] satisfying the condition (P)> (v —u) < n, we have

(P)Y |F(u,v)| <e.

Definition 2.3. Let X C [a,b]. A function F defined on [a, b] is said to be AC*(X)
if for every ¢ > 0 there exists 7 > 0 such that for every partial partition P =
{[u,v]} of [a,b] with end points u or v belonging to Y satisfying the condition that
(P)> (v —u) < n, we have

(P)Y |F(u,v)| <e.

Definition 2.4. If [a,b] is the union of a sequence {X,,} of closed sets such that
Fis AC*(X,,) for each n =1,2,..., then F is said to be ACG on [a, b].
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3. Main Results

We shall first prove the following convergence theorem which serves as a motiva-
tion for the alternative definition of the H K-integral that we will formulate in this
paper. In what follows, a property is said to hold almost everywhere in [a, b], or
equivalently for almost all z in [a, b], if it holds everywhere in [a, b] except perhaps
in a set of measure zero.

Theorem 3.1. Let f,, be HK -integrable on [a, b] with primitives F,, forn =1,2,....

Suppose that fn(x) — f(z) for almost all x in [a,b] and F,,(x) — F(x) as n — oo

for all € [a,b]. Then the function f is HK -integrable on [a,b] with primitive F

if and only if the following condition is satisfied.

(4+) For every € > 0 there is M(x) taking positive integer values such that for
infinitely many positive integers m(x) > M(x) there is §(x) > 0 and for any
0-fine division D = {[u,v],&} of [a,b] we have

D) Z | Frne) (u,v) = Fu,v)| <e.

Proof. We may assume that f,(z) — f(z) everywhere as n — co. Suppose f is
H K-integrable on [a,b] with primitive F. Given ¢ > 0 and z € [a,b], there is a
positive integer M (z) such that whenever m(z) > M (z), we have

Since each f, is H K-integrable on [a, b], there is a gauge d,, on [a, b] such that for
any 0,-fine division D = {(I x)} of [a b] we have

D)) |Fu(I () ]| < e(27™").

Also, there is a gauge &y on [a, b] such that for any dy-fine division D = {(I,z)} of

[a, b], we have
D) |F(I) z)|I]] <e.
Now for every m(x) > M (z ), we define a gauge ¢ on [a, b] given by
0(x) = min(dy,(2) (), do(x))
for all € [a,b]. Then for any J-fine division D = {(I,z)} of [a,b], we have
(D)Z|Fm(1)(1) 7F(I)| < Z‘qu) fm(»L)( )|I| |
+(D) D (e (@) = (@) 1]
+(D) Y |f(@) 1| = F(I)|

< 25(2*”)+5(b—a)+6

n=1

= 2c+e(b—a).

Hence we have proved the result for every positive integer m(z) > M(x). Con-
versely, suppose the hypotheses are satisfied. Using the same notations as above,
for each = € [a,b] we choose a positive integer m(z) > M (z) such that

|fr(z)(z) — f(x)] <e.
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Then we modify the gauge 0 so that §(x) < () (2) for each x € [a,b]. Thus for
any o-fine division D = {(I,z)} of [a, b], we obtain

Z‘fm(r ‘I‘ mm)(1)|
(D) |Frnw) (1) = F(I)]

< E(b—a)—kia@_

= 2+¢(b—a).
Hence f is H K-integrable with primitive F' on [a, b]. O

In Theorem 3.1, it is immaterial whether we require the condition f,(z) — f(x)
as n — oo to hold for all, or almost all,  in [a,b] because in the latter case we
can always assume f,(z) = f(z) = 0 for x in the set of measure zero where the
condition does not hold, and write f,(x) — f(z) as n — oo for all z in [a,b]. Tt
changes nothing as far as the primitives are concerned because if f(z) = g(z) for
almost all = in [a,b], then f is HK-integrable on [a,b] if and only if g is HK-
integrable there and the integral values are equal [2, Proposition 1.1]. Also note
that in the theorem, it is necessary that condition (4) holds for all m(z) > M (x).
However, it is sufficient to have only infinitely many m(x) > M (z) in order that f
is H K-integrable with primitive F'.

We shall call condition (4) in Theorem 3.1 the H-condition on [a,b] and say
that {F,} satisfies the H-condition on [a, b].

Definition 3.2. A continuous function F' is called an H-primitive on [a, ] if there
is a sequence {F,} of functions which are AC on [a,b] such that F,,(x) — F(z) as
n — oo for all « € [a,b] and {F,} satisfies the H-condition on [a,b]. We shall call
{F,} an H-sequence of F on [a,b].

Obviously the set of all H-primitives on [a, ] is closed under addition and scalar
multiplication.

It is well known that functions which are AC on [a, b] are primitives of Lebesgue
integrable functions there. Thus an H-sequence is necessarily a sequence of primi-
tives of Lebesgue integrable functions.

The following result shows that the H-primitives include all primitives of H K-
integrable functions.

Theorem 3.3. If a function F is the primitive of an H K -integrable function on
[a,b], then it is an H-primitive on [a,b].

Proof. Since F is the primitive of an H K-integrable function on [a, b], it is con-
tinuous and ACG* on [a,b] (see for example, [1, Theorem 6.13]). Hence there is
a sequence {X,} of closed sets with union [a,b] such that F' is AC*(X,,) for each
n. We may assume that for each n we have X,, C X,,41 and a,b € X,,. Now for

eachn = 1,2,..., let (a,b)\ X,, = Uzl(agn), bgn)), where bgn) < al(.i)l for each i, and
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define F,(z) = F(x) when z € X,,, in particular F,(a) = F(a) and F,(b) = F(b),
and
F(b") ~ F(af")

(n)
b(ﬁ) _ a<n) (.’L’ —a,; )

Fo(z) = F(a{™) +

K3

when z € (a!™,b{™). It is easy to see that F,(z) — F(z) as n — oo for all
x € [a,b]. We shall prove that each F,, is AC on [a, b]. To this end we first let € > 0
be given and let n be fixed. Since F'is AC*(X,,), there exists 7; > 0 such that for
every partial partition P = {[u, v]} of [a,b] with end points u or v belonging to X,
satisfying the condition that (P)Y (v —u) < n,, we have

3

(P)Y_|F(u, )| < 3 (3.1)

Choose a positive integer N such that 22N+1(b’gn) - agn))< 77. Since agn), bgn) €
X, by (3.1),
o
3 \F(agnhbgn))\ <§. (3.2)
i=N+1

Since on each [agn), bg")] the function F, is defined linearly, and is thus AC there,

we choose 1 > 0 such that for every partial partition P = {[u,v]} of U, [a{™ 5{™]
satisfying the condition that (P)) (v —u) < n,, we have

(P) Y IFuluv)] < <. (3.3)

Take any partial partition P = {[u,v]} of [a,b] such that (P)) (v —u) < n where
n = min(n,,n2). Let ¥,, = Uil\il(agn)7 bgn)) and Z,, = U;’iNH(aEn), bg")). Consider
the following cases. (1) u,v € Xp; (2) u,v € Yy,; (3) u,v € Zyy; (4a) u € X, v € Yo
(db)ueY,,ve X,; ba)ue X,,,ve Z,; (bb)ue Z,,ve X,; (6) ueY,,veZ,.
Note that it is not possible to have v € Z,,v € Y,,. In (4a), v € (a,(ln), bé")) for some
positive integer ¢ < N. We write [u,v] = [u, a((zn)] U [a,(ln)7 v] and note that F'(u,v) =
F(u,a,(ln)) + F(a((zn),v). In (4b), u € (al()"),bl(,n)) for some positive integer p < N.
We write [u, v] = [u, b;")] U [bl(,n), v] and note that F(u,v) = F(u, bz(jn)) + F(bl(yn)7 ).
Likewise, in (ba), v € (a(n),bgn)) for some positive integer s > N and we write
[u,v] = [u, agn)} U [agn),v], while in (5b), u € (a£."),b§.”)) for some positive integer
r > N and we write [u,v] = [u,b&n)] U [bgn),v]. In (6), u € (a,(,n),b,(,n)) for some
positive integer p < N and v € (agn),bgn)) for some positive integer s > N. We

write [u,v] = [u, 5] U b5, al™] U [a™, v] and note that
Fo(u,v) = F(u, bén)) + Fn(bz(;l)a agn)) + Fn(agn),v).

Let P; be the collection of all intervals [u,v] from (1), all intervals [u, a\™] from

(4a), all intervals b, v] from (4b), all intervals [u,al™] from (5a), all intervals

[bﬁ"),v} from (5b), and all intervals [b;n),ag")] from (6). Let P, be the collection

of all intervals [u,v] from (2), all intervals [a\™, v] from (4a), all intervals [u, 5]

from (4b), and all intervals [u, bz(,")] from (6). Let Pj be the collection of all intervals
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[u,v] from (3), all intervals [a{",v] from (5a), all intervals [u, 5] from (5b), and
all intervals [agn), v] from (6). Clearly P, U P, U Ps is a refinement of P and

(P)Y M <(PLUPUP) Y [|=(P)Y 1| <n

for i = 1,2,3 where I = [u,v] denotes a typical interval in the partitions P; and P.
Since for every [u,v] € P; we have u,v € X,,, applying (3.1) yields

(P)Y I Fa(w o)l = (P)Y_|F(u,0)]
9

< .
3

On the other hand, since P, is a partial partition of Y, and (P2) > |I| < 1 < n,,
by (3.3) we obtain
€
(P2)Z‘Fn(uvv)| < g
(n

Next, if [u,v] € P where u,v € Z, then u € (az(?n),bén)) and v € (aq )7b((1n)) for
some positive integers p and ¢ where p < ¢q. If p = ¢, then

Foy) — F(ay”)
b0 — o

P

[Fu(u,0)] = (v —u)

< [P, 67)].

Otherwise,
F b(“) - F (n) F b(") _F (n)
|Fn(u,v)| _ ( q ) (a’q )(via(n))i (P ) (aP )( 7a(n)
IO q IO P
q q D P

IN

[F(af, b)) + [ F(af, b5

For intervals in P3 of the form [aﬁ"), v], we have

FO) - F(al"
Faa | = [FEDZTE) )
bgn) . agn)
< | F(al™, b))
Similarly, for intervals in Ps of the form [u, bg")}, we have
FOM) - F(a™
Fn(u,bgn))‘ — (br) (a )(bgn) — )
bs«n) - agn)
< [P, 5|
Consequently, by virtue of (3.2),
(P)Y IFa(wv)] < Y2 |Flal™ b))
i=N+1
€

< =
3
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Therefore we obtain

(P)Y | Fa(uv)l < (P)Y_|Falu, )|+ (Po) Y| Fu(u,0)] + (P3)Y | Fu(u, )
E.

<

We have thus proved that F,, is AC on [a,b] for each n. Note that the derivative
F! of F,, exists almost everywhere in [a,b]. More specifically, F/ (z) = F'(x) for
almost all z in X,,, and

F(b™) - F(a{"™)
p _

i T

F(x) =

when z € (agn)7b§n)). Let f be the HK-integrable function on [a,b] of which F
is the primitive, and for each n let f, = F/. Evidently, since F/ = f almost
everywhere in [a,b], f, converges pointwise to f almost everywhere in [a,b]. By
Theorem 3.1, {F,} is an H-sequence of F on [a,b]. We have therefore proved that
F is an H-primitive on [a, b] as desired. O

The next result shows the conditions for an H-primitive to be a primitive of an
H K-integrable function. Note that a function which is AC on [a, b] is differentiable
almost everywhere in [a, b].

Theorem 3.4. Let F' be an H-primitive on [a,b] and {F,} an H-sequence of F
on [a,b] such that F!(z) — f(z) as n = oo for almost all x in [a,b]. Then f is
HK -integrable on [a,b] and F is the primitive of f.

Proof. Since {F,} is an H-sequence of F on [a,b|, each F, is AC on [a,b]. Hence
the derivative F), of F), exists almost everywhere in [a, b] and is Lebesgue integrable,
and thus H K-integrable on [a, b]. Furthermore, since Fy,(x) — F(x) as n — oo for
all x in [a,b] and F)(x) — f(z) as n — oo for almost all z in [a,b] where {F),}
satisfies condition (4), by Theorem 3.1, the function f is H K-integrable on [a, b]
with primitive F'. (Il

With Theorems 3.3 and 3.4, we have thus obtained the following theorem which
provides an alternative definition of the H K-integral.

Theorem 3.5. A function f is HK-integrable on [a,b] with primitive F if and
only if F is an H-primitive on [a,b] and has an H-sequence {F,} on [a,b] such
that F) (z) — f(x) as n — oo for almost all x in [a,b].

In fact Theorem 3.5 provides a characterisation of the primitive of an HK-
integrable function.

It is easy to verify the uniqueness of the H K-integral using this alternative
definition. If F' and G are H-primitives which have respectively H-sequences {F},}
and {G,} on [a,b] such that F (z) = f(z) and G}, (x) = f(x) as n — oo for almost
all = in [a,b], then for every subinterval [c,d] C [a,b] and for every € > 0 there is
M (x) taking positive integer values such that for infinitely many positive integers
m(z) > M (x) there is §(z) > 0 and for any d-fine division D = {[u,v],&} of [¢,d]
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we have
[F(e.d) = Gle,d)| < (D) [Funge) (u,v) = Fu,v)|
+ (D) Y [ ()0 = 1) = Fge ()
+ (D)X |Fre &) = £ (0w
+ (D) Y |Gl (©) = ()] (w0 = w)
+ (D) Y |Gl (€)(0 = 1) = Gongey (u,v)|
(

+(D Z|Gm(g)%’0 G(u,v)|
E.

Hence F(c,d) = G(c,d) for every subinterval [c,d] C [a, b].

Using this alternative definition of the H K-integral many basic properties of the
H K-integral can be verified easily. For instance, we can prove readily that if f is
H K-integrable on [a, b] then it is H K-integrable on every subinterval [c, d] of [a, b]
and that the Denjoy space, which is the space of all H K-integrable functions, is a
vector space.
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