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Abstract

Motivated by Maly and Kuncové (2019), we study a scale of generalized Kurzweil-Stieltjes integrals
on the real line. Our generalization is based on the concept of p-oscillation instead of ordinary
oscillation, which was the key concept in their definition. Since Kurzweil-Stieltjes integral can be
equivalently defined using ordinary oscillation, our improvement consists in using p-oscillation instead
of ordinary one and a-systems instead of partitions of the interval. These changes lead to a larger
classes of integrable functions. The key concepts like p-oscillation and p-median are discussed in detail.
The integrals introduced are non-absolutely convergent and cover both the Lebesgue and Henstock-
Kurzweil integral. Our main results concern e.g. the uniqueness of the indefinite generalized integrals
and the dependence of the classes of integrable functions on the parameters p € [1,00) and o > 1. At
the end, an analogue of the known Hake’s theorem is presented.

1 Introduction

The main topic of this paper is study of the class of HK S? integrals based on minimization of sums of
p-oscillations instead of ordinary oscillations and a-systems instead of partitions. Our main results are
contained in the closing section 5.

In section 3 we introduce the definition of p-median of a measurable function as a minimizer of its
LP-norm which is the key concept in the definition of p-oscillation and generalized Kurzweil integral.
However, it is not obvious how to compute p-oscillation of a given function. It leads us to question if it is
possible to classify p-medians of a given function for any p, i.e. how to find a number ¢(p) € R for given
measurable function f € LP such that the value of the norm || f —c¢(p)|l, will be minimal. We can answer
this question for p = 1, p = 2 and p = oco. In particular, the p-median for p = 1 is the classic median,
for p = 2 it is the integral mean value and for p = oo it is the arithmetic mean of essential suprema and
infima. Furthermore, if f € L>°(I), then the relations

essinf f < ¢(p) < esssup f
xzel zel

hold for all p € [1,00]. We have proved the existence and uniqueness of p-median for p > 1. Since L? is
uniformly convex Banach space for p € (1,00) and constant functions its closed convex subset, p-median
is the unique "nearest” constant function from the given measurable function f € LP. Further, we have
proved that median of a measurable function on bounded interval always exist but doesn’t have to be
unique. However, median of continuous function is determined uniquely.

In section 4 we are dealing with the concepts of p-oscillation and the ordinary oscillation. We have
proved that both oscillations are pseudonorms, i.e. the functional

f = osc,(f, I)



is a pseudonorm on LP(I) if p € [1,00] and on the space of bounded functions if p = C. Further, we have
proved that function p — osc,(f, I) is non-decreasing and if f € L>°(I), then

plgr;o osc,(f, I) = oscoo (f, I).
For all p € [1,00] and a measurable function f € LP(I) we have proved the relations

oscy(f, I) < oscoo(f,I) <osc(f, I)

which implies the inclusion between H K S? integrable functions
HKS, CHKS?Y C HKSE.

Generally we can say that features of the ordinary oscillation are more pleasant than features of the
p-oscillation. Since p-oscillation neglect Lebesgue null sets, it is not possible to define the definite integral
by Newton-Leibniz formula as

/b fdG = F(b) - F(a),

which makes a sense only for HKS, integral. Further, we have proved that ordinary oscillation is
subadditive with respect to the interval, i.e. for given bounded function f : [a,b] = R and ¢ € [a,b] we
have

osc(f; [a,b]) < osc(f, [a,c]) + osc(f, [e,b]),

but p-oscillation does not have this property and therefore HK S? is not subadditive with respect to the
domain.

In Section 5, we recall the definition of the HK S? integral as introduced by Maly and Kuncova,
and further develop its properties. Recall that it is shown in [8] that the definition of Kurzweil-Stieltjes
integral is equivalent to the definition of H K S integral based on the ordinary oscillation. The indefinite
HKS,, integral need not to be either continuous or regulated function. But as we have proved, if
the integrator is continuous, respectively regulated function, then the indefinite integral must be also
continuous, respectively regulated, independently on the integrand. Finally, we have proved Hake’s
theorem for HK S, integral which says that if I is indefinite H K'S,, integral of f with respect to G on
[a,b) and if there exist a finite limit

L= 1im (F(z)~ 70) (G(x) -~ G0)),

r—b—

then if we define F(b) := L, function F' will be an indefinite HK S,, integral of f with respect to G on
the whole interval [a, b]. For related references, see e.g. [1] or [2].

2 Preliminaries

Let M be an arbitrary subset of R, then pu(M) is the Lebesgue measure of M and, for p € [1,00], LP(M)
is, as usual, the space of real valued functions measurable on M and such that || f||, < co, where

I, = ([ 15@Pde)” it pe (o) and |fll = esssup|f(@)] if p=ox

is the usual norm on LP(M).

Throughout the paper we use the following notations:



R real numbers,

RT real positive numbers,
N natural numbers,

A

c

median,
(p) p-median,
I Lebesgue measure,
1d identity Id(z) = =z,
osc ordinary oscillation
(based on projection using the supremum norm),
0S¢ p-oscillation

(based on projection using the LP norm),
HK Henstock-Kurzweil integral (classical),

HK, Henstock-Kurzweil integral based on ordinary oscillation
(equivalent to HK integral),

HK, Henstock-Kurzweil integral based on ordinary oscillation and a-systems
(the same as HKY),

HKP Henstock-Kurzweil integral based on p-oscillation,

HK? Henstock-Kurzweil integral based on p-oscillation and a-systems,

HKS  Henstock-Kurzweil-Stieltjes integral,

HKS, Henstock-Kurzweil-Stieltjes integral based on ordinary oscillation and a-systems
(the same as HK SS),

HKS; Henstock-Kurzweil-Stieltjes integral based on a-systems for a = 1
(equivalent to HK S integral)

HKS?  Henstock-Kurzweil-Stieltjes integral based on p-oscillation and a-systems.

3 Median and p-median

Next definition was used in [§] (c.f. Definition 2.5 therein) and it is an analogue of median of random
variable in probability and statistics, cf. e.g. [10, Section 1.4].

Definition 3.1 (MEDIAN). Let f : [a,b] — R be a measurable function. We say that the number A € Ris
the median of the function f on [a, b] if there exists a measurable set M C [a, b] such that u(M) = 1(b—a),
f<XonMand f > Xon [a,b]\ M.

Remark 3.2. The median can be defined on any bounded interval but we will restrict ourselves to the
median of a closed interval.

Definition 3.3 (p-MEDIAN). Let I C R be a bounded interval and f € LP(I) for some p € [1,00]. We
say that the number ¢(p) € R is the p-median of the function f on I if

mE1f = cllp = || = (o),

Remark 3.4. The existence of p-median is obvious. Indeed, since the function g(c) = || f — ¢||, is
non-negative, continuous and its limits at £oo are +o00, it follows that it has a minimum.

As we will prove later, median coincides with p-median for p = 1. We will also show that for p = 2 the
p-median coincides with the integral mean value of the given function, while for p = oo it is simply the
arithmetic mean of essential supremum and infimum of the given function. Furthermore, if f € L>(I),
then the relations

essinf f < ¢(p) < esssup f
xzel zel

hold for all p € [1, 0]



Remark 3.5. If f : I — R is a measurable function such that f ¢ LP(I) for some p € [1, 0], then we say
that it doesn’t have p-median. For example, the function f(z) = %, x € (0,1) does not have p-median
for p = 1 since f & L*(0,1) but its median is 2.

We want to prove the uniqueness of p-median for p > 1. First, let us recall the definition of uniformly
convex Banach space as used in [3]).

Definition 3.6 (UNIFORM CONVEXITY). We say that a Banach space X is uniformly convex if for every
e € (0,2] there exists a § > 0 such that for all x,y € X with ||| = |ly|| = 1 we have

Hx;yH <1-—§ whenever |z—y|>c¢.
Remark 3.7. For p € (1,00) is LP uniformly convex space (Theorem 333, []).
Next proposition is taken from [7, Theorem 8.2.2].

Proposition 3.8. Let X be a uniformly convex Banach space and Y C X closed convex subset. Then
for every x € X there exists a unique y € Y such that

inf o 2] = [}z — o).

Proposition 3.9 (UNIQUENESS OF p-MEDIAN). Let I C R be a bounded interval and f € LP(I) for some
p € (1,00). Then there exist a unique number c(p) € R such that

inf |17~ clly = |17 ~ @,
Proof. Since X = LP(I) is uniformly convex Banach space and
Y = {f : I — R; f is constant function a.e. on I}

is closed convex subset in X, the uniqueness of p-median follows immediately by Proposition [3.8 O

Remark 3.10. The uniqueness of p-median holds also for p = oo, since ¢(c0) is the arithmetic mean of
essential suprema and infima (as we will see in Proposition 3.14) and this number is determined uniquely.

Now, we will prove that median of a measurable function always exist.
Proposition 3.11. Fvery measurable function f : [a,b] = R has a median.

Proof. Let a measurable function f : [a,b] — R be given and

51 {r e £ 55)

5= {Ne B (7 (o0 < 2500,

The monotonicity of measure implies that h1()\) := u(f~1((—o0, \))) is non-decreasing on R and ha()) :=
pu(f~1((X, +00))) is non-increasing on R. Moreover, 0 < h;(\) < b—a for all A € R and i € {1,2}.

Denote Ay := f~((—o0,k)) for k € N. Then Ay, C Ay4q for each k and in view of the continuity of
measure we get

Jim pu(Ay) = ’U(kL—Jl Ap) =b—a.



Therefore, there is a k; € N such that pu(f~!((—o0,k1))) > %5%. Hence, S; is bounded from above. Next,
we will show that it is non-empty. To this aim, put By := f~((—o0, —k)) for k € N. We have By, C By
for each k and all these sets have finite measures. Thus, using the continuity of measure again, we obtain

Jim pu(By) = M(Dl By) =0.

Therefore, there is a ko € N such that
b—a

p(f M (=00, —h2)) < 5

In other words, S1 # (). Analogously, we can prove that Sy is nonempty and bounded from below.

Obviously Ay = supS; < 0o and —oo < Ay = inf Sy. Moreover, it is easy to see that Ay < A1. Indeed,
if the opposite was true, we could find numbers c7, ¢y such that Ay < ¢; < ¢ < Ag. In such a case we

would have
b—a b—a

w(fH(=00,e1))) > == and p(f ™ ((e2, +00))) > —5

a contradiction, since f~1((—o0,¢1)) N f~1((c2,00)) = 0, while f~((—00,¢1)) U f~1((c2,0)) = [a, b].
Let A2 < A1 and let an arbitrary £ € (A2, A1) be given. Then we can choose & € S7 and & € Sy in
such a way that Ao < & < € < & < A1. By the definitions of the sets 5.5, we have

b

B (00, 8)) < pl( (=00 ) < T30 and pu(F (6 00))) < u(f 7 (€2,00) <

b—a
5

Thus,
p(f (=00, &) + ulf (€ 00) < u(fH (=00, 60))) + p(f (€2, 00))) < b —a. (3.1)

On the other hand, f~*((—00,&]) U f~1((£,0)) = [a,b] and this together with yields
,u(f_l((—oo,f]) +M(f_1((§7oo)) =b—a,
i.e. any &€ € (A1, \2) is the median of f.

It remains to consider the case A; = Az. Thus, let A* := A; = A2. Then, since (—oo, \*) C S, we have
1(fH (=00, A))) < 3(b—a) for all X < A* and, thanks to the continuity of measure,

)
)

(7 (o0, A1) = Jim (= (o0, 3)) < 22 (32)
Similarly,
WO o)) < 252 (3.3

If one of the relations (3.2), (3.3) reduces to the equality, then A* will be the median of f. Indeed,
if p(f~1(A\*,00)) = 252, then for M = f~}(A*,00)), we have f(M) = (A\*,00), p(M) = 5% and
f(la, 0] \ M) C (=00, A7].

Now, assume that both inequalities (3.2)) and (3.3)) are strict. Then, as obviously

[a,b] = f7H(((=00, A)) U FTHIA D) U FH((A, 00))),

the set f~1({\*}) is nonempty and p(f~1({\*})) > 0. We can define h(t) = u([a,t] N f~1({\*})) for
t € [a,b]. As h is continuous on [a,b], h(a) = 0 and h(b) = b — a, we can find a ty € [a, b] such that

(to) = u(la, to] N £~ (D) = 250 — (o0, A7) > 0.




Furthermore, f~1({\*}) = AUB, where A := [a,to]N f~1({\*}) and B := (to, b]N f~1({\*}) are disjoint.

Simultaneously,

PAU S o0 X)) = 250 a(BU SO o0) = 25

f(x) <X forz € AU F (o0, \%) and f(z) > \* for x € BU f~1((\*,00)).

It follows easily that A* is the median of the function f. O

Example 3.12. Median does not have to be uniquely determined, as shown by the following example.
The median of the function f : [0,2] — R given by the formula

o ifzelo)
f(x)_{1 if e [1,2]

can be any number from the interval [0, 1]. Indeed, let M = [0,1). Then given an arbitrary A € [0, 1], we
have f < Aon M and f > Aon [0,2]\ M.

On the other hand, it is easy to verify that, if p > 1, then all the p-medians of the function f on [0, 2]
are equal to 1.

Example 3.13. The median of the function sinz on [—m, x| is zero, as well as all its p-medians with
p > 1 (shown in [0]).

[

2
2

for all z € [Z,37] and sinz < g for all z € [0, Z) U (2%, 7]. On the other hand, its p-median c(oo) for
p = 0o equals %, while ¢(2) = 2 fow sinzdz = %

o

Example 3.14. The median of the function sinz on the interval [0, 7] equals 1+/2 because sinz >

Proposition 3.15. Median of the continuous function f : [a,b] — R is uniquely determined.

Proof. For a contradiction, let us suppose that f has two medians A1, A2 such that A\; < As. then, by the

definition of the median, there are measurable sets M7, Ma C [a, b], of measure b_?“ and such that

flz) <A forallz € My and f(z) > Ay for all z € [a,b] \ M,
and
flz) < Xg forallz € My and f(z) > Ag for all z € [a,b] \ Ma.

Using these properties, we get

b—a
2

b—a
2

= u(Mz) > p(f 7 (=00, A2))) = p(My) + p(f (A, A2))) = +u(f7H (A, A2))).

It follows that u(f~1((A1, A2))) = 0. However, the preimage of an open interval (A1, A2) under a continuous
mapping f must be an open set. Therefore, f~1((A1,\2)) is an open set of measure zero, so it must be
empty. Thus, the range Hy of the function f must be a subset of the set [0, 1] U [Ag, 00]. Since the
continuous image of the interval [a, b] is again an interval, it must be either Hy C [0, \1] or Hy C [Ag, 00].
But, in the former case it is f(z) < A; for all z € [a,b] which implies that Ay can not be the median
of f. Similarly, in the latter case we have f(x) > Ay for all € [a, b] which means that A1 can not be the
median of f. These conclusions contradict our assumption, of course. O

Proposition 3.16. Let I C R be a bounded interval and f € L>°(I). Put
A:=essinf f(z) and B :=esssup f(z).

xel zel
Then



inf [|f el = _inf(1f ~cl, forallpe Lo

Furthermore,

A+ B B—-A

Inf IS = elloo = Hff 2 Hoo 2

Proof. (i) First, let us prove the first part of the statement, i.e. that the sought number ¢ will always lie
in the interval [A, B]. In other words, we want to show that

inf — 2, < |If - for all ¢ € (—oc0, A) U (B, c0).
Lt F =2l < f —l, forall € (<00, 4) U (B.oo)

If ¢ € (B, 00), then for almost all x € [a, b] we have
[f(x) —c|=c—f(z) > B— f(z) = |f(z) — Bl
Consequently, |f(z) — ¢|P > |f(x) — BJP for a.e. x € I and, thus, ||f —¢|, > ||f — All,-
In case p = oo we have

If = ¢lloc 2 [[f = Blloo if ¢ > B and [|f = cloc = [|f = Alloe if ¢ < A.

To summarize,
inf ||f—c¢|, = inf —c for all p € [1,00].
nf |f el = _inf[1F el pe 1]
(it) Let us prove the remaining part of the statement. If ¢ € R is an arbitrary constant, then

essinf (f(z) —¢c)=A—c¢ and esssup(f(z)—c)=B—c.
zel zel

Thus
[ f = ellc = max{|A —¢|,|B — c[}.

Function y(c) = max{|A4 — ¢|,|B — ¢|} has a minimum for ¢ = A%B and therefore

A+ B B

_A+BH:B—A

1 = clloe :max{‘A_ 2 2 0

)

Remark 3.17. Analogously, if instead of p-norm we consider the supremum norm || f|| = sup,¢; |f(z)
we get

: 1 .
inf If =l = | - 3 (sup f(@) + inf f(@)]
Proposition 3.18. Let I C R be a bounded interval and f € L*(I). Then

: Jy F()dt
igﬂg”f —cll2= Hf— IMT

2

In other words, for p =2 the p-median of f equals to the integral mean value of f.

Proof. Let ¢ € R. Since L*(I) C L'(I) for I bounded, both integrals [, f(z)dx and [, f*(z) dz exist and
are finite. Therefore

9(e) = If — el = / (f(x) - o) da = / () da - 2 / f(@)da + ¢ (D).



This is a quadratic function of ¢ with a positive leading coefficient and thus it must have a minimum.
Its derivative is

d(c) = 2 / f() d + 2 (1),

Hence )
/ . .
g'(c) =0 if and only if c:—/f(x)dx.
wI) Jr
This is its stationary point, and the function g takes a minimum there. Therefore, it is also a minimum

of the function ||f — ¢||2. O

Example 3.19. Next example shows that even if the p-median ¢(p) is determined uniquely for all
p €[1, 00], the function p — ¢(p) need not be monotone, in general. Indeed, for the function

flz) = sinz if z € [0, 7],
~\sinz  if 2 € (,27]

we have ¢(1) = ¢(00) = 0. On the other hand, ¢(2) is negative, as by Proposition we have

2 p
¢(2) = %/0 ) dz = %(5—2) <0.

1 ifzed
0 ifeelll,
It was shown in [0, Example 2.2.6] that the p-medians ¢(p) of this function are uniquely determined and

Example 3.20. Let f(z) = { where I C R is bounded interval and J C [ its subinterval.

c(p)
0.8

0.7
0.6

e o e B e

0.4

03

02

0.1

-1 0 1 2 3 4 5 6 1 8 9 10 11
=0:-1

Figure 1: Graph of function ¢(p) in case *ﬁ‘\,{) =2

they are explicitly given by the formula

c(p) = ((W)”il + 1>71 for p € (1, 00).

Notice that the limit of p-medians as p — 400 is indeed the arithmetic mean of essential suprema and

infima, i.e (p) = 3 = c(c0). Further, notice also that

lim ¢
p——+oo

Jm e(p) =1=c(1) if p(J) > p(I\J) and  lim c(p) =0=c(1) if u(J) <p(I\J),



i.e. the limit of p-medians ¢(p) as p — 1+ is indeed the median of f.
If I\ J) = p(J), then ¢(p) = % for all p € (1, 00], while the median of f is not unique at it can be
any number from the interval [0, 1]. (See Figure 1.)

Example 3.21. Let

8 ifze [0,1],
flx)=40 ifxze(l,6],
—4 if z € (6,10].

Then the p-median ¢(p) of f on [0,10] is determined uniquely for any p € [1,00], but no explicit
formula for ¢(p) is available. One can verify that ¢(1) = ¢(3) = 0, while ¢(2) < 0 and ¢(oc0) > 0. Thus, the

function p — ¢(p) is not monotone. Notice that the arithmetic mean of suprema and infima is ¢(c0) = 2,

while the integral mean value evaluates c¢(2) = — 2

:.
For a given p > 1 let us denote g(c) := || f — ¢||b. Obviously,
g9(c) = (8 = ¢)’ +5[c|" +4(4 + ¢)”
and g is continuous [—4, 8]. Furthermore,

‘o —p(8—c)P L +5p|c|Ptsgne+4p(4+ )Pt for ¢#0,
g\c)=
—p8P~l L p4r for ¢=0.

i 23]

Figure 2: Graph of ¢(p)

One can verify that ¢’ is continuous and increasing on [—4, 8], while
g'(-4)<0,4'(8) >0 and ¢'(0-)=g'(0+) =p(4* —8"H)).

In particular, for a given p € (1,00), there is exactly one point ¢(p) € (—4,8) such that ¢'(c(p)) = 0.
This defines implicitly the function p — ¢(p). In addition, g is decreasing on [—4, ¢(p)] and increasing on
[c(p), 8]. Finally, ¢’(0) = 0 if and only if 82~ = 4P i.e. if and only if p = 3, i.e. ¢(3) = 0. (See Figure 2.)

Open problems.

e LIMITS OF p-MEDIANS. In Example we have seen that for the function f considered there the
limit of p-medians ¢(p) as p — oo is ¢(o0) and the limit of ¢(p) as p — 1+ is the median of f. The
question is whether this is true in general.



e PROPERTIES OF p-MEDIANS. Is function p — ¢(p) continuous? Is it differentiable? Is it true that
lim ¢ (p) =07

p—14

e EQUIVALENCE OF MEDIAN AND MINIMIZER OF L' NORM. We will prove in Proposition that
any median of an integrable function is also its p-median for p = 1. An interesting question remains
whether it is true that a number A € R is a median of f € L'(I) if and only if

inf [|f — ¢l = [|f = All,?

4 Oscillations and HK? integral

In this section we introduce the notions of oscillation which is the key concept in the definition of H K SP
integral. Next definition is taken from [§, Definition 2.3].

Definition 4.1 (OsCILLATIONS). Let I C R be a bounded interval and p € [1,00]. We define the
p-oscillation of a measurable function f: I — R as

oscy(f, 1) := (u(1) 7% inf |1 = el

Here and in what follows we set % =0if p = o0.

Definition 4.2. For an arbitrary function f : I — R defined on the whole interval I, the value

osco(f, I) := 1 sup |f(z) — f(y)]

2 z,yel
will be said to be the ordinary oscillation of f.

Remark 4.3. We will often skip the symbol C' and denote ordinary oscillation as osc(f, I). Analogously
to Maly and Kuncov4 in [8], we will consider the symbol C' as a possible value of p and always put 1/p =0
for p = C. The subscript C refers to the space of continuous functions and the somewhat unusual factor
% is an output of the usage of the supremum norm instead of the LP-norm.

Note that, while in the definition of p-oscillation we require the function f to be measurable, ordinary
oscillation can be defined also for non-measurable functions. On the other hand, on the contrary to
p-oscillation, the ordinary oscillation does not neglect sets of zero Lebesgue measure.

The ordinary oscillation of the function f : I — R can be equivalently defined as

osc(f, 1) := 5 (sup f(x) — inf f())-

xzel
Indeed,
sup |f(z) — f(y)| = sup (f(z) — f(y))
z,yel z,yel
= sup f(z) + sup(—f(y)) = sup f(x) — inf f(y).
zel yel z€l yel

The following proposition is taken from [8, Proposition 2.6].

Proposition 4.4 (Oscillation and median). Let I C R be a bounded interval, p € [1,00], f € LP(I) and
let A € R be the median of f on I. Then

osc,(f, T) < (D)% | f = Allp < 2% ose,(f, T).

10



In particular, for p =1 we get

oscr(f, 1) = (D) If = Alla

and
nf 1~ el =11 = All.

(In other words, median coincides with p-median for p = 1.)

Next, we will introduce new definition of generalized Kurzweil integral based on minimization of sum
of p-oscillations instead of ordinary oscillations which leads to a wider class of integrable functions.

Definition 4.5. We say that {[a;, b;],z;}"_; (n € N) is a tagged partition of the interval I C R if the
intervals [a;, b;] are non-overlapping, their union is I and z; € [a;, b;] for every i € {1,...,n}.

Definition 4.6. Let an arbitrary positive function ¢ : [a,b] — R be given. We say that the tagged
partition {[a;, b;], z;}7, is o-fine if

[ai,bi] C (l‘l — 5(3%),3%‘ + 5(3?1)) for all 7 e {1, R ,n}.

Definition 4.7 (Generalized Kurzweil integral). Let I C R be an interval, f, F' be functions measurable
on I and p € [1,00]. We say that F is an indefinite HK? integral of a function f if for all € > 0 there
exists 0, : I — RT such that

Zoscp(F — fxy)1d, [a;, bi]) < e (4.1)

=1

where Id(x) = z, holds for each d.-fine tagged partition {[a;, b;], z;}?, of the interval I.

Remark 4.8. Using ordinary oscillation in (4.1]) instead of p-oscillation we get an equivalent definition
of an indefinite Kurzweil integral. This follows from [8, Proposition 3.7].

Proposition 4.9. Let I C R be a bounded interval and f € L>°(I). Then
0s¢oo (fy I) < osc(f, I).
Moreover, if the function f is continuous, then the equality holds.

Proof. From Proposition 3.9 we have

oscoo(f, I) = % (ess sup f(x) — essei}lff(:v)) <
z€el r

1 .

5 (sup f(z) — inf f(z)) = osc(f, I).
zel xzel

Moreover, if the function f is continuous on the interval I, then

inf f(z) =essinf f(z) and sup f(x) =esssup f(x),
zel zel zel zel

thus the equality of oscillations occurs. O

Example 4.10. For function

Jo if ze(0,1)\{L; ke N},
f(f”)_{; it 2 {d keN).

we get 0s¢oo(f, [0,1]) = 0, while ordinary oscillation is osc(f, [0,1]) = +oo.
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Example 4.11. Function F(x) = z+ xg(z), where xq is the characteristic function of the set of rational
numbers, is for every p € [1, co] an indefinite H K? integral of function f(x) = 1 on [0, 1]. Since p-oscillation
neglects values on sets which have Lebesgue measure zero and g(x) := F(z) — f(z;) z is constant function
a.e. for arbitrary tags x;, we observe

OSCP(97 [07 1]) = OSCP(XQv [07 1]) =0.

On the other hand, F is not an indefinite H K integral of f, since ordinary oscillation is

1
osc(g, ai, bi]) = 5

for each tagged partition {[a;, b;], z;}7_, of the interval [0, 1].

Proposition 4.12 (Triangle inequality for oscillation). If f1 and fo are measurable functions on the
bounded interval I C R and p € [1,00] or p = C, then

0scy(f1+ fa, I) < oscy(f1, I) + oscy(fa, I).
Proof. Let p € [1,00]. By Definition [4.1| we have

_1,
oscp(fi1 + f2, I) = (pn(1)) "> ;gﬂg | f1+ f2 = cllp-
Let ¢1,c2 € R be such that ¢ = ¢; + ¢3. Then
. _ o _ _ < _ _
Jnf [|fs + fo—clly q,lglzfeR [fi—a+fo—cfp < Cl}gfeR (||f1 allp +11f2 Cz||p)
= Cllng I f1—cillp + CIJgR f2 = c2llp-
Further, we deduce

oscy (i + fo, 1) < (u(D) 7 ( inf fy = eally + inf [1fo = call,)-
= oscp(f1,1I) + oscy(f2, I).

For ordinary oscillation we have

osclfi + fo 1) = 5 5w (i + 2)) — (a + F2)(@)] = 5 swp [) + Faly) — @) — fol)

2 z,yel z,yel

wp [1(5) = fu(e)| + 5 sup [£aly) ~ fa(w)] = ose(fi, 1) +osclfz, 1)

1
S —
2 ,yE ;cyeI

O

Remark 4.13. The multiplicative constant (u(I))~/? appearing in the definition of oscillation enables
to show that the function p — osc,(f, I) is non-decreasing, as we will see in proof of following Proposition.

Proposition 4.14. Let I C R be a bounded interval and f € L*>(I). Then the function H(p) := oscy(f, I)
is non-decreasing on [1, 00).

Proof. Let p,q € [1,00) be such that p < ¢. Since g + % = 1, using Holder’s inequality, we obtain

9—p

frowace fuapnoes furomiad ! forees)

P
q

([ar@r?ae)" =
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I£1lp < I1fllq (u(1)) 77" Consequently,

P

H(p) = oscy(f, 1) = (u(1))"% inf |If —cll, < (u(1))"% inf || = el (u(1)) 5
= (u(1)77 ik [|f —ellg (u(1)> "7 = (1)) inf |f — ellg = oscy(f, 1) = H(a)-
This completes the proof. O

Remark 4.15. Generally, if I is bounded interval and f € LP(I) for some p € [1,00), then the function
H(q) = oscy(f,I) is non-decreasing on [1,p].

Example 4.16. (i) Let f(z) := Inz for z € (0,1). Then f € L?(0,1) for every p € [1,00), the
function H(p) = osc,(f,(0,1)) is non-decreasing on [1,00), but f ¢ L>°(0,1).

(ii) Let f(x) := 2= '/2 for x € (0,1). Then f € LP(0,1) for every p € [1,2) and the function
H(p) = oscp(f,(0,1)) is non-decreasing on [1,2).

The following lemma can be found in [9, Theorem 3.10.7].
Lemma 4.17. Let I C R be a bounded interval and f € L*°(I), then

Tim (71 = o
Proposition 4.18. Let I C R be a bounded interval and f € L*°(I), then
plggo 0scy(f, I) = o0scoo(f, I).

Proof. According to Proposition the function H(p) := osc,(f, I) is non-decreasing. Therefore its
limit for p — oo does exist. Further, notice that by Proposition [3.16] we have

B-A
it £ —elly= _nf |7 —cly forpeltod and ing]lf - el = 2,
where
A =essinf f(x) and B =esssup f(z).
xel zel
Since

. . _1 .
Jim osc,(f, I) = lim (u(1)"7 ( At I =l ) = lim (CGI&fB] 1f = cllp),

we need to prove that
lim inf — = f — )| s0-
pr00 (cel[{lax,B] I = cll) H}x .B] If =l

According to the previous lemma, we have
lim ||[f —¢|l, = ||f — ¢l forany ce€R. (4.2)
p—o0

We will show that this convergence is uniform with respect to ¢ € [A, B]. To do it, the first step will be

the proof that the relation (4.2) is true locally uniformly on R. So, assume that € > 0 and ¢ € R are given
and choose pg € [1,00) such that

€
[I1f =cllp = lIf = elloc| < 5 forall p>po.

Further, let 6 > 0 be such that § (1 + (1)) < § Then we have
€

[Lf =l =1 = lloo| < [I1f = elly = I1f = elloo| + ¢ = el p(1)/? < 5 5 S 5 =
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for all p > pg and ¢ € (¢— 3, ¢+ §). This proves the locally uniform convergence with respect to ¢ € R in
([£2). By means of the Vitali Covering Theorem it is now easy to show that ||f — ¢|, tends to || f — ¢[/co
as p — oo uniformly with respect to ¢ € [A, B].

Now, we will finally prove that

lim infB] If —clp= inf |If = cloo- (4.3)

P—00 c€[A, c€[A,B]
Let us denote g(¢) := || f — ¢|loo, gp(c) :=||f — ¢||p and let € > 0 be given. We can find py such that
|gp(c) — g(c)| <e forall ce€[A,B] and all p > po.
Take c1, ca € [A, B] satisfying

g(cr) < inf g(e)+e and gp(c2) < inf gp(c) +e.

c€[A,B] c€[A,B]

Then
cei[ﬂfm 9p() < gp(c1) = g(e1) + (gp(c1) — g(e1)) < cei[glfB] glc) +2¢
and
o 9(c) < g(c2) = gp(c2) + (g(c2) — gp(c2)) < inf gy(c) +2¢

or

. 9 < <

Inf g(c) — 2e < inf gp(c) < inf g(c) +2¢
for any p > pg. This completes the proof of (4.3)) and thus the proof of the proposition, as well. O

Proposition 4.19. Let I C R be a bounded interval, p € [1,00] or p = C. Then the functional
O: foscy(f, I)
is a pseudonorm on LP(I) if p € [1,00] and on the space of bounded functions if p = C.
Proof. Triangle inequality was proved in Proposition 4.12. It remains to show that O is homogeneous,
Le oscy(t f, I) = |t|oscp(f, I) holds for any ¢ e R.

In case p = C' this relation is obvious. If p € [1, 0], then

osey (1 £, 1) = (u(1)) " inf ||t f —ell, = (u(D)"> ink [t] | f = 21,
= [t Ga(1) ™7 nf 11 = yllp = |t]oscy(f, T)

for all ¢ # 0. For t = 0 the desired relation is obviously true. O

Remark 4.20. Note that, since oscillation of every constant function is zero, oscillation can not be a
norm.

Remark 4.21. Having in mind Proposition 4.19, it is easy to see that the HK? integral is linear (shown
in [6]).

Lemma 4.22 (Subadditivity of oscillation with respect to the interval). Let ¢ € [a,b] and f : [a,b] — R.
Then

ose(f, [a,b]) < oself, [a,c]) + osc({, [c, ). (4.4)
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Proof. If a function f is unbounded on the interval [a,b], it is also unbounded on at least one of the
intervals [a, c] or [c,b]. The oscillation of the unbounded function is equal to 400, so in this case the
statement holds trivially.
Assume that the function f is bounded on [a,b] and consider the following cases
o If sup f(z)= sup f(z) and iI[lfb] f(z) = inf ]f(a;), then
xre|a,

z€[a,b] z€(a,c] z€la,c

sup [f(y) = f(z)l= sup |f(y)— f(x)| < sup [f(y)—f(@)+ sup [f(y)— f(2)]

z,y€[a,b] z,y€[ac] z,y€[a,c] z,y€[c,b]
Wherefrom our assertion immediately follows.

o If sup f(x) = sup f(x) and inf f(x) = inf f(z), then the proof is analogous to the
z€la,b] z€|e,b] z€la,b] z€le,b]
previous case.

e Let us suppose that sup f(z) = sup f(x) and inf f(x)= inf f(xz). We want to prove that
z€[a,b] z€a,c] z€[a,b] z€[c,b]

osclf, [a,B]) < ose(f, [a ) +ose(f, [e.B]), ie.
sup f(z)— infb]f(x)g sup f(z)— inf f(z)+ sup f(x)— inf f(x).

z€[a,b z€la, z€[a,c] z€la,c] z€|c,b) z€[c,b]

If we subtract sup,¢[, 4 f(2) from both sides of the inequality and add inf,c(45) f(7) to both sides
of the inequality, we can see that it suffices to prove

0<— inf ]f(x)—l— sup f(x), orequivalently sup f(xz)> inf f(x).

z€la,c z€e,b] z€[e,b] T z€la,]

However, this must always be true because [a, ¢] N [¢,b] = {c¢} and thus

inf f(z) < f(c) < sup f(z).

wefa,c] weleb]

e In the case sup f(x)= sup f(z) and inf f(x)= inf f(z), the proof is analogous to that
z€la,b] z€|e,b] z€la,b] z€la,c]
of the previous case. O

Remark 4.23. The previous statement holds only for ordinary oscillation (i.e. for p = C), but does not
hold for p-oscillation whenever p € [1,00]. As a counterexample, consider the function

~Jo if zelo,1],
f(x)_{1 it ze(1,2].

On the intervals [0, 1] and (1, 2] it has zero oscillation, since on these intervals it is constant and the p-
oscillation neglects sets of zero Lebesgue measure, but on the interval [0, 2] the function f has a positive
oscillation. Thus

osc,(f, [0,2]) > osc,(f, [0,1]) + osc,(f, [1,2]).

As we already noticed, it is not possible to define the definite HKSP integral (in the Newton-Leibniz
sense) for p # C. In particular, any straightforward extension of the Saks-Henstock lemma does not have
a sense for these integrals. One could think about the modification based on considering the sums of the
form

ZOSC(F — f(&) Id, I)

taken over the full tagged partitions of the interval and/or tagged systems of subintervals. However,
as mentioned above, since p-oscillation is not subadditive with respect to the domain, neither such
modification does not have, to our opinion, any sense for H K SP integrals with p # C.
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Remark 4.24. Let ¢ € [a,b] and f : [a,b] — R be a monotone function. Then

osc(f, [a,b]) = osc(f, [a,c]) + osc(f, [c,b]).
Indeed, let f be non-decreasing on [a,b]. Then sup f(z) = inf f(z), inf f(z) = inf f(z) and

vela] z€le.b] = z€la]
sup f(x) = sup f(z). Therefore
z€Ja,b] z€|e,b]
sup f(xz)— inf f(x):( sup f(xz)— inf f( )) (sup f(z) — inf f(m))
z€a,b] z€[a,b] z€Ja,c] z€la,c] z€Je,b] z€[c,b]

Lemma 4.25. Letp € [1,00] orp=C, J, I CR are bounded intervals and let f : I — R be a measurable
function. If J C I, then

oscy(f, J) < osep(f, I). (4.5)

Proof. For p=C we have

5w [f) - f(0)| <

2 x,yeJ

Thus, (4.5)) is evidently true.
If p € [1,00], then the inequality

/J'f (2) - K" dz < / |f(2) = K|P da

holds for each K € R. Consequently,

([ 1w~ xran)’ < (i - wpar)?

and hence also

i ([ - wpar)” <t ([ 1) - i ar)”.

osc,(f, J) < osc,(f, I).

Thus

O

Remark 4.26. From the previous two lemmas we immediately obtain that an ordinary oscillation is
finite subadditive function on the space of bounded function, i.e. if for a given function f : [a,b] — R
there exists n € N such that

n

[a,b] = U[ai,bi], then  osc(f, U a;, b;] <Zosc s lai, bi
i=1

i=1

We will use this property of ordinary oscillation in Chapter 5 to prove the additivity of the H K'S,, integral
with respect to the integration domain (see Theorem [5.14)).

oo
Example 4.27. Ordinary oscillation is not countably subadditive, i.e. if [a,b] = U [a;, b;], then, in

general, it is not true that

osc(f, fj [a;, b;] ZOSC £y lai, bi (4.6)
i=1
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holds for each bounded function f : [a,b] — R. Indeed, consider the function

0 if zel0,1]
xT) =
f(@) {1 if ze (1,2
and the system of intervals [0, 1], [%, 2], [%7 %], ..., le.
1 1 )
{la0,bo] = (0,1, as,bi] = [1+ 55,1 + 55 | 2 2}
Then [0,2] = | [as, b;]. The oscillation of the function f on the interval [0, 2] equals 1, but on each of the

i=0
intervals [a;, b;] the function f is constant and therefore has zero oscillation there. Thus, (4.6) does not
hold for this function.

Example 4.28. Let f(z) = z on [—1, 1]. Then, obviously, osc(f, [-1,1]) = 1 and, since f is continuous
on [—1,1], we have by Proposition [£.9] that osco.(f, [~1,1]) = 1. On the other hand, one can verify that
all its p-medians are zero for p € [1, 00]. Therefore for p-oscillation of function f we get

1 1 1
» 1 \»
osey(f, [~1,1]) =277 inf [lo — cll, = 27% |jall, = 277 ( / 1 e
As we can see, function p — osc,(f, [—1,1]) is non-decreasing and

: : 1 \»
pgrfoooscp(f, [-1,1]) = pl}r-‘,r-loo (m> = 08Coo (f, [—1,1]).

Example 4.29. Let f(z) =sinz on [—m, 7]. Then

osc(f, [—m, 7)) = %| sin(g) - sin(—g)| = 1.

The same holds also for as p-oscillation of f on [—m, 7] if p = o0, since f is continuous on [—m,7|. One
can verify that all its p-medians for p € [1, o0] are zero. Therefore,

oscp(f, [, 7)) = (2m) 77 || sinz]],.

Using software Mathematica we can verify that

L T(EEL) (2
oseyf, [ ml) = 7% (Rt )? forpe i, o).

In particular,

. 2
osci(f, [-m,7]) = (27r)_1 [[sinz|, = .
and

osca(f, [~mw]) = (2m) 7 |[sinzl2 =

(See Figure 3.)
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Figure 3: Graph of p — osc,(f, [-m,7]) = a7 (

5 Generalized Kurzweil-Stieltjes H K S? integrals

In this chapter, we introduce the definition of H K .S® integral which generalizes the Kurzweil H K? integral
(introduced in definition 4.7) and deal with its properties.

Definition 5.1 (a-system). Let @« > 1 and I C R be an interval. A system of intervals with tagged
points {[a;, b;], z; }; is called a (tagged) a-system in [ if the intervals

(x; —a(x; —as), z; + alb; — ;)

are subsets of I and pairwise disjoint.
Let 0 : [a,b] — RT be a gauge, we say that the a-system {[a;, b;], z;}7; is o-fine if

[ai, b;] C (z; — 6(x;), @ + 0(x;)) forall i e{l,...,n}.

The following definition of the H K S?, integral is a generalization of the H K? integral in the aspects
that instead of tagged partitions we consider tagged a-systems and instead of identity integrators we
admit wider class of integrators, like in Stieltjes integrals. For a = 1 and p = C this definition is
equivalent to the classical definition of the Kurzweil-Stieltjes integral, as we will show in Proposition

I3

Definition 5.2 (HKS? integral). Let I C R be an interval, & > 1, p € [1,00] or p = C and f, F,G be
measurable functions on I. We say that F' is an indefinite H K.S?, integral of a function f with respect to
a function G if for all € > 0 there exists a gauge d. : I — RT such that the inequality

n
ZOSCP(F — f(x;) G, [ai, b]) < e (5.1)
i=1
is true for all d.-fine a-systems {[a;, b;],x;}, in the interval I.
Notation 5.3. By the symbol HK? we will mean HK SE for the choice G(z) = z.

Remark 5.4. It is easy to see that the HKS? integral is linear with respect to both the integrand and
the integrator (see [6], linearity with respect to the integrator follows analogously to the proof for the
integrand.).
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Remark 5.5. In the literature one can meet also the notion of so called centered integrals. An a-system
{[a:, bi],x:}7—, is said to be centered if every tag x; is a center of the interval [a;,b;] and the HKS?
integral is said to be centered if only centered a-systems are considered in Definition It is clear from
the definition that the existence of the uncentered integral implies the existence of the corresponding
centered one.

Remark 5.6. Recall that p-oscillation neglects sets of zero Lebesgue measure. Thus, if p € [1,00], F is
the indefinite HK S? integral of f with respect to G on I and ® vanishes a.e. on I, then F' + @ is also
an indefinite integral of f with respect to G on I. In particular, for p € [1, o0] it makes no sense to define

a definite integral by the usual Newton-Leibniz formula, i.e. ff fdG = F(b) — F(a). On the other hand,
such a definition of the definite integral makes sense for H K S, integral, i.e. the case p = C.

Remark 5.7. If a1 < ag, then every as-system in [ is also a a; system. Hence, for any fixed p €
[1, 0], the class of HKS? integrable functions increases or remains the same as « increases. It is worth
mentioning that it was shown in [§] that the classes of H K, integrable functions are identical for o € [1, 2]
and increasing for a > 2.

5.1 Properties of HKS? integrals

Proposition 5.8. Let « > 1 and p,q € [1,00]. For a given integrator G : [a,b] — R, let us denote by
HKSP? the set of all HKS? integrable functions on the interval [a,b] with respect to G. Then

HKSI C HKS? if p<aq.
Proof. Let us suppose that the function F' is the indefinite H K.S¢ integral function f with respect to G
on [a,b]. By Definition this means that

for all € >0 there is a gauge . such that the inequality Z oscq(F — f(x;) G, [ai, b;]) < e holds.

i=1
From Proposition we know that the function H(q) := oscq(f, I) is non-decreasing, thus
oscy(f, I) <oscy(f, I) if p<q.

Hence

Zoscp(F — f(z)G, [a;, bi]) < ZOSCq(F — [(z:)G, [as, b)) < e,

i=1 i=1

which implies that F is an indefinite HK SE integral of the function f with respect to G on [a,b], as
well. O

Remark 5.9. By [8, Theorem 5.5], the inclusion in the previous proposition is actually strict, i.e., if
p<gq, then HKS? G HKSP.

Proposition 5.10. Let a > 1, and f, G : I — R. Then any indefinite HKSS integral of f with respect
to G is also indefinite HKSZ° integral of f with respect to G.

Proof. Let us suppose that F' is an indefinite HKS(Sv integral of f with respect to G on I. Let € > 0 be
given and let é. be a gauge such that

Zosc(F — f(z:) G, [as, b5]) < e for each d. —fine a — system {[a;,b;],2;}iq.
i=1
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From [4.9|we know that the inequality osco(h, J) < osc(h, J) holds for any interval J and any measurable
function A : J — R. Therefore

D 0seoo(F = fl2:) G, [a5,bi]) <Y _ose(F — f(a) G, [ai,bi]) <,
i=1

i=1
for all d.-fine a-system {[a;, b;],x;}7, and, thus, F is an indefinite HK.S° integral of f with respect to
G on I, as well. O

The proof of the following statement can be found in [8, Theorem 3.5].

Proposition 5.11 (Uniqueness of the H K SP integral). Let I C R be an open interval, « > 1, p € [1, 4]
and let Fy, F5 : I — R be the indefinite HK S, integrals of the function f with respect to the function G
on I. Then there exists a constant K € R such that Fy — F» = K almost everywhere.

The proof of the following natural assertion follows immediately from the fact that if J is a subinterval
of the interval I, then every d.-fine a-system in J is also J.-fine a-system in I.

Proposition 5.12 (Integral on a subinterval). Let F' be the indefinite HKSP integral of the function
f with respect to G on the interval I. If J C I is an arbitrary subinterval, then F is also the indefinite
integral of the function f with respect to G on the interval J.

5.2 Properties of HK S, integrals

In this subsection, we deal with the properties of the H K S? integral for p = C. The following statement
discloses the relationship between the Henstock-Kurzweil-Stieltjes integral and the integrals of the class
HKS,. It is taken from [8 Proposition 3.7].

Proposition 5.13. Let I C R be an open interval and let f, F,G : I — R be measurable functions. Then
F is the indefinite HK S integral of the function f with respect to G on I if and only if F is the indefinite
HKS, integral of the function f with respect to G on I.

Proposition 5.14 (Additivity of the HK S, integral with respect to the domain of integration). Let
f, F,G : [a,b] = R be measurable functions. If F is the indefinite HK S, integral of f with respect to G

on the interval [a,c] and on the interval [c,b], then it is also indefinite integral of f with respect to G on
[a, b].

Proof. For a given € > 0, we find the gauges . : [a,c] — R* and ¢” : [¢,b] — R such that

ZOSC(F - f(z;) G, [ai,ci]) < % for all d0.-fine a-systems{[a;, ¢;], z;}; in [a, c]
i=1

and
- €
ZOSC(F - fly;) G, [cj,bj}) <3 for all 6”-fine a-systems{[c;, b;], v} in [c, b].
j=1

Put
min{d.(z), +(c —x)} if z € [a,c),
d:(x) == < min{d.(c), 8’ (c)} if x=c¢,
min{d” (z), (z — ¢)} if z € (c, b
and let {[A;, B;], z;}7_, be an arbitrary d.-fine a-system in [a, b]. In view of the construction of the gauge
0. we can see that
1
x + 0 () §$+§(cfx) <c if z<e

and
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1
33—(55(:5)233—5(1;—0)>c if z>c¢

and therefore if x # ¢, then necessarily ¢ € (x — d.(x), x + d.(x)). Consequently, either ¢ does not belong
to any of the intervals [A;, B;] or ¢ = z,, for some m € {1,...,n}. So suppose that such an interval exists
in this system. Then

ZOSC(F — ()G, |4, Bi]) Z osc(F — f(z) G, A, Bi]) + osc(F — f(¢) G, [Am, Bm])

+ > osc(F - f(z) G, [A;, Bi).

1=m-+1

By Lemma [£.22] we have
osc(F — f(¢) G, [Am, Bm]) < osc(F — f(c) G, [Am,c]) + osc(F — f(c) G, e, Bp)).

Hence,

ZOSC(F — f(z)G,[4;, Bi]) Z osc(F — f(z;) G,[A4;, Bi]) + osc(F — f(c) G, [Am,])

n

+ osc(F — f(e) G, [c, Bm]) + Z osc(F — f(z) G,[4;,Bi]) < e

i=m-+1

Thus, F is the indefinite integral of f with respect to G on the interval [a,b]. The modification of the
proof in the case when ¢ does not belong to any of the intervals [A;, B;], ¢ € {1,...,n, is obvious. This
completes the proof. O

Example 5.15. The statement of the previous proposition does not hold for p € [1, oc]. A counterexample
is given by f =0 on [0, 2] and an arbitrary G : [0,2] — R and p = 1. Then the function

Fla) — 0 if z€][0,1),
(@) = 1 if z€e1,2],

is an indefinite H K S? integral of f with respect to G both on [0,1] and [1, 2], but it is not its indefinite
HKSP integral on [0,2] for p € [1,00]. Indeed, choose ¢ € (0, %) and consider an arbitrary gauge ¢ :
[0,2] — (0,2). Take a d-fine a-system {[a1,b1], 1} formed by the single interval [a1,b1] = [1 — /2,1 +
6(1)/2] € [0,2] and the tag x1 = 1. The length of this interval equals 6(1). By Example the median
of the function F on [1 — 6/2,1 4+ 6/2] can be any number from the interval [0,1]. In particular, by

Proposition [£.4] we have for p =1
osci (F — f(1)G,[1—-6/2,1+6/2])

1 14+46/2 1 14+6/2 1

Thus, F can not be an indefinite HK S} integral of the function f on [0,2]. Therefore, according to
Proposition it can not be HKS? integral on [0, 2] for any p € [1, o0].

Proposition 5.16 (Uniqueness of the HK S integral). Let J C R be an interval and let Fy, Fy : J — R
be the indefinite HK Sy integrals of the function f with respect to the function G on the interval J. Then
there exists a constant K € R such that Fy = Fy + K on J.
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Proof. Tt suffices to prove that F} — F5 is constant on any closed subinterval I C J. Let € > 0 be given.
We can find gauges ¢, 6/ on I such that

g) Ye

for each ¢.-fine system {[c;,d;], z;}i—q in [

ZOSC(Fl — f(Zl) G, [Ci, dl]) <

N | ™

ZOSC Fy — f(t;) G, [ui, vi]) < for each 6”-fine system {[u;,v;],t;}i", in I.

N ™

Take
0. (z) = min(8.(z), 87 (z)) forall z € 1.

Then every d.-fine system in I is both ¢.-fine and ¢”-fine. Now, consider an arbitrary J.-fine tagged
partition {[a;, b;], z;}1 4, i.e., a system covering the interval I. According to Cousin’s lemma, such a system
must exist. Then, making use of subadditivity of oscillation with respect to interval (see Lemma
and triangle inequality for oscillation (see Proposition , we get

osc(Fi — Fp,I) < ZOSC Fy — Fy, [ai, b;] ZOSC Fi— f(z) G+ (—F2 + f(z;) G), [a;, bi])

i=1

< Zosc(Fl — f(x;) G, [a;, b; ) + Zosc Fy — f(;) G, [a;,bi]) < e.
i=1

i=1

Since € > 0 can be chosen arbitrarily small, it follows that osc(F; — Fy,T) = 0. On the other hand, since

osc(Fy — Fy, I) = %(igm () - Fa(a)) = inf (Fi(2) — Fa()))

(see Remark , it is clear that F}, — F5 must be constant on I. O

Proposition 5.17. Let a > 1, let F' be the indefinite HK S, integral of the function f with respect to G
on [a,b] and let ¢ € [a,b]. Then

lim (F(x) + f(0) (G(c) — G(x))) = F (o). (5.2)

xr—rc
(If ¢ is an endpoint of the interval [a,b], we consider the corresponding one-sided limit.)

Proof. For a given € > 0, we find the gauge J. such that
ZOSC (F = f(x;) G, a;, b)) < e.

holds for all d.-fine a-systems {[a;, b;], z;}7—; in [a, b].
Let ¢ < b. For any = € (c¢,c + d:(c)) such that [c,c+ a(z — ¢)) C [a,b] consider a J.-fine a-system
{[¢, z], ¢} formed by one interval. From the definition of the integral we have

OSC(F— (o) G, [c,x]) = 1( sup (F(t) — f(c)G(t)) — inf (F(t) — f(c) G(t))) < e.

2 te[c,x] te[e,x]
In particular,
|F(2) — F(c) — f(c) (G(z) — G(c))| < 2e. (5.3)
Analogously, if ¢ > a, we have
osc(F = 1(6) G fe.c) = 5 s (F(0) = F(0)G0) = i (1) — F(e) 60) < =
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for any x € (¢ — d(c), ¢) satisfying (¢ — a (¢ — ), ] C [a,b] and a J.-fine a-system {[z, c], c} formed by
the interval. Thus,

’F(x) ~F(e) - f(e)(G(z) — G(c))’ < 2. (5.4)
From estimates (5.3)) and (5.4]) we obtain that the inequality

|F(@) = F(e) + £(0) (G(e) - G())| < 2¢

is true for all z € (¢ — d:(c), ¢+ d:(c)) N [a, b]. O

Definition 5.18 (Regulated function). We say that a function f : [a,b] — R is regulated if it has finite
one-sided limits at every point of the interval [a,b], i.e. the limits

fi+)= lim f(r) and f(s—)= lim f(o)

T—t+ o—Ss—
exist in R for all ¢ € [a,b) and s € (a, b], respectively.
Next statement is an obvious corollary of Proposition [5.17]

Corollary 5.19. Let F be the indefinite HKS,, integral of f with respect to G on the interval [a,b]. If
G is a regulated function, then F is also a regulated function and

Jim F(2) = F(0) + f(¢) (xlir& G(z) — G(c)) €R forall c€la,b) (5.5)
and
Tim F(z) = F(c) — f(c) (G(c) ~ lim G(a:)) ER forall c€ (ab]. (5.6)

In particular, if G is continuous on [a,b], then the indefinite integral F is also continuous on [a,b].

Proof. Let G be regulated on [a,b] and ¢ € [a,b). Then, by Proposition we get

F(c) = lim (F(m) + f(e) (G(e) = G(;v)) = lim F(z)+ f(c¢) (G(c) — wl_i)r(r}lJrG(x)),

Tr—c+ r—c+

ie. (5.5)) is true. The proof of (5.6) is quite analogous. The assertion concerning continuity is then an
immediate consequence. O

Remark 5.20. Notice that by Corollary any indefinite H K, integral is continuous.

Proposition 5.21 (Uniqueness of the HK S, integral). Let J C R be an open interval, o > 1 and let
Fy, Fs : J — R be indefinite HK S, integrals of f with respect to G on J. Let Fy, Fy, G be regulated
functions. Then there exists a constant K € R such that Fy — F1 = K on J.

Proof. By Proposition Fy and F; are HK S indefinite integrals on J. Consequently, by [8, Theorem
3.5], there is a constant K € R such that F — F} = K holds almost everywhere on J. Further, since by
Corollary the functions Fi, F, are regulated the function Fy — F} is obviously also regulated.

Now, let € J be given such that [z,2 + A) C J for some A > 0. Let I,,, n € N be an arbitrary
system of subintervals in (z,z + A) such that

x €Il g[n for all n €N.

Since Fo — F; = K a.e. on J, we can for any n € N find a point z,, € I,,\ I,41 such that Fy(z,)—Fi(z,) =
K. Obviously lim,_, 4o , = = and

lim (Fy(t) — Fi(t)) = lim (Fa(zn) — Fi(z,)) = K.

t—x+ n——+oo
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Analogously, we can prove that
lim (Fy(t) — Fi(t)) = K.

t—xr—

Now, let I = [a,b] be an arbitrary closed subinterval of J. Then, by Corollary we have

Fy(z) — Fi(z) = lim (Fy(¢t) — F1(t)) = K for all x € [a,]).

t—z+
Similarly,
Fy(x) — Fi(x) = tlim (Fy(t) — Fi(t)) = K for all z € (a,b].
—x—
The proof of our assertion follows immediately. O

Next definition is justified by Propositions and

Definition 5.22 (Definite HK S,, integral). Let F, G, f : [a,b] — R be measurable functions and o > 1.
Let F be the indefinite HK S, integral of f with respect to G on [a,b]. Then for @ = 1, we define the
definite integral as

/ " pAG = F(b) - Fla). (5.7)

If F and G are regulated functions on [a,b], then relation (5.7) defines the definite HK S, integral also
for a > 1.

We close this paper with an analogue of the known Hake Theorem.

Proposition 5.23. Let F' be the indefinite HKS,, integral of the function f with respect to G on the
interval [a,b) and let there exist a proper limit

= lim (F(z) - f(b) (G(z) — G(b))). (5.8)

T—b—
Then, if we put F(b) = L, F becomes the indefinite HK S, integral of f with respect to G on [a,b].
Proof. Let € > 0 be given and F(b) = L. In view of (5.8)), there is a A > 0 such that

|F(z) = F(b) — f(b) (G(z) — G(b))| < = forall z€[b—A,bl.

Thus

)

sup | F(x) = F(b) = f(b) (G(z) = G(b))| <
z€[b—A,b]

and, for each z € [b— A, b],

N ™

OSC(F - f(b) Gﬂ [Z, b]) < OSC(F - f(b) Ga [b - Av b])

= ;xyy:&?&b] |F(z) = F(b) = f(b) [G(x) = G(b)] = (F(y) — F(b) — f(b) [G(y) — G()])]
<3 s [P~ FB) = J0) ) =G|+ 5 s |F5) = F0) = 10 (G) - G|
-

" 0sc(F ~ f(8) G, [=,b)) < 5 for cach 2 € [b— A,b]. (5.9)
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Further, let . be a gauge on [a, b) such that

Zose (F = f(z:) G, lai, b)) < for all d.-fine a-systems {[a;, b;], z;}1—; in [a,b) (5.10)

N ™

and let

0c(z) =

min{d.(z), (b —x)} if z € [a,b),
A if x=0.

Then, if the a-system {[a;, b;], z;}; is d.-fine in [a,b] and b € U ai, b;], its subsystem {[a;, b;], ; }7—}
=1

is ¢.-fine a-system in [a,b) and z, = b = b, and a, > b — A. Hence, according to and (| - for
any d.-fine system {[a;, b;],2;}; in [a,b] we have

Zosc(Fff(x,;) [as, b)) ZOSCF f(:) G, ai, bi]) + osc(F — f(b) G, [an, bn]) < &.

Of course, it is easy to derive the inequality

ZOSC F— f mz [au z]) <e

also for the case that b ¢ U a;, b;]. This completes the proof. O
i=1

Remark 5.24. An analogous statement holds for the interval (a, b] and for the limit at the point a from
the right.

Note that for H K S? integrals, their definition (based on « systems in the interval instead of partitions
of the interval) covers the Saks-Henstock property. This enabled us to prove the Hake theorem for these
integrals without using any Saks-Hentock type lemma.

Open problems.

e By Proposition 5.9, the inclusion HKSS € HK S is true for any o > 1 and any integrator G. By
[6, Example 3.1.2], if functions f, G, F : [-1,1] — R are given by

x if xe[-1,1]\{1/2k, k € N},
and F(z) =z,
1 if ze{1/2k, k e N}
then F is a HKS-indefinite integral of f with respect to G, but it is not a HKS¢-indefinite
integral of f with respect to G. On the other hand, e.g. the function F = G is obviously a HKSS-
indefinite integral of f with respect to G. However, an open problem remains whether it is possible
to find couple of functions f, G which has HK S °-indefinite integral, while the corresponding
HK SS-indefinite integral does not exist.

o If @ > 1, G is regulated and the indefinite H K S,-integral F' exists and is also regulated, then
by Proposition 5.20 F' is unique up to a constant. Open question is whether the regulatedness
assumption is really necessary for such a uniqueness statement.
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