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Abstract. A general concept of integral is presented in the form given by S. Saks in
his famous book Theory of the Integral. A special subclass of integrals is introduced in
such a way that the classical integrals (Newton, Riemann, Lebesgue, Perron, Kurzweil-
Henstock. .. ) belong to it.

A general approach to extensions is presented. The Cauchy and Harnack extensions are
introduced for general integrals. The general results give, as a specimen, the Kurzweil-
Henstock integration in the form of the extension of the Lebesgue integral.
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1. INTRODUCTION: NOTATION AND PRELIMINARIES
Speaking about a function on a compact interval E = [a,b], —0o < a < b < 400

we have in mind real functions.
For M C E and a function f: F — R we denote

|flar = sup{|f(2)]; « € M},

If J C E is a closed interval in E, then we denote by Sub(J) the set of all closed
subintervals of J.
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A division is a finite system D = {I;; j € '} of intervals, where Int(Z;) N I, = 0
for j # k (the elements of a division do not overlap).

For a given set M C E the division D is called a division in M if M > |J I, D is

jer
a division of M if M = |J I; and the division D covers M if M C | IJJE
jeT jer

A map 7 from Sub(E%einto E is called a tag if 7(I) € I for I € Djofn(T).

A tagged system is a pair (D, 7), where D = {I;; j € T'} is a division and 7 is a
tag defined on the range of D, i.e. for all I, j € I'. In this case we write usually 7;
instead of 7(I;).

The tagged system (D, 7) is called M-tagged for a set M C E if 7; € M for j € I.

A gauge is any function on E with values in the set R of positive reals. The set
of all gauges is denoted by A(E).

If § € A(E), then a tagged system (D, 7), where D = {I;; j € I'}, is called J-fine
if |I;| < 6(r;) for j €T

Assume that F': E — R is a real function defined on E. For I = [¢,d] € Sub(E),
c < d, define, as usual, the interval function

Denote by C(F) the set of all continuous real-valued functions on F.
The oscillation w(F,I) of F' € C(F) on an interval I € Sub(F) is

w(F,I) = sup{|F(z) — F(y)|; x,y €I} =sup{[F[J]|; J € Sub(I)}.

In the sequel we will use a certain type of variational measure in our consideration
(see e.g. [8] and [7]). Let us recall its definition.
Definition 1.1. For F' € C(E) and a division D = {I;; j € '} let us set
QUF,D) =) w(FI)).
jer
If Fe C(E)and M C E, then for any § € A(E) set
Ws(F, M) = sup{Q(F, D); D is -fine, M-tagged}.
Put
Wg(M) =inf{Ws(F,M); 6 € A(E)}.

W is the full variational measure generated by the interval function w(F,T) for
I € Sub(E) (see [8] and [7]; in [7] a detailed survey of this particular concept is
given).

962



Definition 1.2. By C*(E) we denote the set of all continuous functions on E
for which Wgr(N) = 0 on sets of Lebesgue measure zero, i.e.

C*(E)={F € C(E); Wg(N) =0 whenever p(N) = 0}.

This is Definition 2.11 in [7] and it turns out by the results given in [7] that
C*(E) is the set of continuous functions which are of negligible variation on sets of
Lebesgue measure zero (see Lemma 2.9 in [7]).

2. THE SAKS CLASS & OF INTEGRALS AND ITS SUBCLASS ¥

A functional S in E is a mapping from a set of functions on F into R, i.e. S is a set
of pairs (f,~) (f being a function f: E — R and v € R the value of the functional S)
and it is assumed that 7 is uniquely determined by f. We write v = S(f).

The set of all f for which the functional S is defined will be denoted by Dom(S).

Denote the characteristic function of a set M C E by x(M), i.e. x(M)=1on M
and x(M) = 0 on E\ M. The characteristic function of the empty set () may be
denoted simply by 0.

If the product f - x(M) belongs to Dom(S), then S(f, M) denotes the value of the
functional S for f - x(M), i.e. S(f, M) = S(f - x(M)) and of course S(f, E) = S(f)
provided f € Dom(S).

Definition 2.1. A functional S in FE is called additive if the following two con-
ditions hold:
A) 0 € Dom(S) and S(0) = 0,
B) if ¢ € [a,b] = E and I} = [a,c],I2 = [¢,b], then f € Dom(S) if and only if
f+x(1), f - x(Iz) € Dom(S) and

Remark. Let us note that B) means the following two conditions:
B1) if f € Dom(S) then for every ¢ € [a,b] = FE and I = [a, ], Iz = [¢,b] we have

f-x(l), f-x(I2) € Dom(S),

B2) if there is a ¢ € [a, b] = E such that
f-x(I), f-x(I2) € Dom(S) then f € Dom(S),
and the equality

(2.1) S(f)=S8(f, 1) + S(f, I2)
holds in both cases.
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Further, note that if S is additive and f € Dom(S), then
(2.2) f-x(I) € Dom(S)
for every I € Sub(FE).

Indeed, if e.g. I = [¢,d], then by B) we have f - x([a,d]) € Dom(S) and also
f-x() = f-x([a, d]) - x([e, b]) € Dom(S).

If I, I, € Sub(F) are such that I;NInt(I3) = () (11, I are non-overlapping intervals
in E), then

f - x(I1 UIy) € Dom(S) provided f - x(I1), f - x(I2) € Dom(S)
and
(2.3) S(f,[LUIL)=S(f,I,)+ S(f, I2).

For a given I € Sub(E) denote by I(I), r(I) the left and right endpoints of I,
respectively.

For showing (2.3) assume that r(I;) < I(l2).

Take ¢ € [r(I1),1(I2)]. Then

fx(Iy U Iz) - x(la, c])

J[-x(I1 U lz) - x([c,b])
and by (2.1) we get f - x({1 UI3) € Dom(S) as well as the equality S(f,I; UIy) =
S(f,LUla,c]) +S(f, 12 U[e, b)) = S(f, 1) + S(f, I2).

Denote by Alg(E) the set of all finite unions of closed subintervals of E (i.e. unions

x(I1) € Dom(S),

f-
f+x(I2) € Dom(S)

of elements of all finite systems).
If S is additive, M € Alg(FE) and {I;; j € I'} is a division of M, then f-x(M) €
Dom(S) if and only if f - x(I;) € Dom(S) for all j € I and

S(f, M) =" S(f,1;).
jerl

Moreover, f € Dom(S) if and only if f - x(M), f - x(E\ M) € Dom(S) for every
M € Alg(E) and
S(f)=S(f, M)+ S(f, E\ M).

Definition 2.2. If S is an additive functional in E and f € Dom(S), then a
function F': E — R is called an S-primitive function to f provided

FlI = 5(f,1)
holds for every I € Sub(E).
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An S-primitive function to f € Dom(S) always exists (e.g. F'(z) = S(f,[a, z]) for
x € E = [a,b] is an S-primitive to f) and it is determined uniquely up to a constant.

Definition 2.3. An additive functional S in E is called an integral in E if all
S-primitive functions to f € Dom(S) are continuous in E.

Denote the set of all integrals in E by &.

If S € S and f € Dom(S), then f is called S-integrable.

If S € 6 and M C FE, then a function f is said to be S-integrable on M if
f-x(M) € Dom(S).

Remark. The properties (2.2) and (2.3) presented in the previous remark to-
gether with Definition 2.3 of an integral show that an integral in our sense is also an
integral in the sense of S. Saks [6, VIII, § 4]. It is also easy to show that if .S satisfies
the conditions presented by Saks, then S is additive in the sense of Definition 2.1
and the continuity property of Definition 2.3 is satisfied, too. The general integral
in the sense of Saks is equivalent to the integral in the sense of our Definition 2.3.

Definition 2.4. If 7,5 € & then T includes S, and we write S C T, provided
Dom(S) C Dom(T') and for f € Dom(S) and every I € Sub(F) the equality T'(f,I) =
S(f, 1) is satisfied (f - x(I) € Dom(S) holds by (2.2)).

The concept of S C T for S, T € G in the above definition follows the setting given
in the book of S. Saks [6, VIII, § 4], see also [4].
By definition it can be checked easily that the following proposition holds.

Proposition 2.5. IfR,S,T € &, then R C R (reflexivity); if RC S and ST T
then R C T (transitivity). This means that by the relation C a partial ordering in &
is given.

Moreover, if ST T and T C S then T = S (antisymmetry).

The binary relation C on & is an order and (&, C) is an ordered set.
In the sequel we restrict ourselves to a certain subclass of &.

Definition 2.6. T denotes the set of all integrals S € G fulfilling the following
conditions (2.4)—(2.8) (N, A C E, u(A) is the Lebesgue measure of a set A, f is a
function on E and F' is an S-primitive function to f):

(2.4) If u(N) =0, then f-x(N) € Dom(S) and S(f,N)=0.
(2.5) If f € Dom(S), then F' € C*(E).

(For C*(FE) see Definition 1.2).
(2.6) If f € Dom(S), then f is measurable.
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There exists A < oo such that
27) Wi (A) < Alfla

if f € Dom(S) and A is a closed set (Wg(-) is the full variational measure generated
by the oscillation w(F, I) for I € Sub(E), see Definition 1.1).

(2.8) S is a linear functional.

The linearity of S mentioned in (2.8) means that if f, g € Dom(S) and «, 5 € R then
af + Bg € Dom(S) and

S(af + Bg) = aS(f) + BS(9)-

We close this section by a few simple consequences and remarks concerning the
conditions (2.4)—(2.8).

The Lebesgue integral L satisfies (2.4).

If7T,Se€6,SC T whileT € T, then also S € T.

Definition 2.7. K denotes the set of all pairs (f, ), where f is a function on E
and v € R, such that for any € > 0 there exists a gauge J such that

OVGIAEEIEE
j€r
for any ¢-fine division ({I;; j € T'},7) of the interval E.
The value v € R is called the Kurzweil-Henstock integral of f over E and it will
be denoted by K(f) or (K) [, f.

Taking into account the definition of the Kurzweil-Henstock integral K as pre-
sented in Definition 3.1 in [7] and its properties described especially by Proposi-
tion 3.3 and Lemma 3.7 from [7], we get immediately the following statement.

Theorem 2.8. The Kurzweil-Henstock integral K belongs to the class ¥ of
integrals, i.e. it fulfils the conditions (2.4)—(2.8)

Since the Kurzweil-Henstock integral K includes the Newton (N), the Rie-
mann (R) and the Lebesgue (L) integrals (i.e. N T K, RC L C K), all these known
integrals also belong to the subclass ¥ of integrals given by Definition 2.6.

Let us mention at this point that condition (2.7) is not very usual in abstract in-
tegration theory. Nevertheless, the known reasonable integrals satisfy this condition
because they are included in the integral K as was mentioned before.

Condition (2.6) makes it possible to use results like the following version of Ego-
roff’s theorem:
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Proposition 2.9. Let (f;), j € N be a sequence of measurable functions which
converges pointwise almost everywhere (a.e.) in E to a function f, i.e.
lim fj(z) = f(z) forxe E\ M,
j—00
where M is measurable and u(M) = 0.

Then there exists a sequence (Ay) of closed subsets of E and a subsequence (g,)
of (f;) such that Ay, /* E\ N, where N C E with u(N) =0 and

|f —9gjla, =0 forj— o0

for any k € N.

(See e.g. [2, Theorem 6.3] or [3, Theorem 2.13] for this known result.) This leads
to a more general form of the condition (2.7) in comparison to the results of [7,
Proposition 2.12 and Lemma 2.13].

Lemma 2.10. If S € G satisfies (2.5) and (2.7), then for every f € Dom(S) the
inequality

(2.9) We(M) < Alflm

holds provided the set M C E is measurable and F is an S-primitive function to f.

Remark. Note that if S € T, then (2.9) holds for any measurable M C E.

3. EXTENSION OF INTEGRALS

First of all, we recollect some basic notions on partially ordered systems.
A non-empty set & with a relation C on &, for which
(a) aC band b cimplies a C ¢,
(b) aC a
for a,b,c € &, is a partially ordered system (&, C) with the order relation C.
If % is a subset of the partially ordered system (&, ), then an element M € &
(m € &) is called a majorant (minorant) for F if TC M (m C T) for every T € .F.
A majorant M € & (minorant m € &) of .7 is said to be the least upper bound
(greatest lower bound) of .7 if every majorant M (minorant m) of .% has the property
MC M (mCm).

YIf M C E then Ay / M means that A, C Agxy; C M for k € N and that for every
¢ € M there exists kg € N such that c € Ay,.
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A subset & of (&, ) is totally ordered if for every pair T, T» € % we have either
TyCTsordy T4,
Theorem 5 from Section 1.2 in [1] reads as follows:

Theorem 3.1. Assume that P: & — & is a mapping such that T C P(T) where
(&,C) is a nonempty partially ordered set which satisfies:
(a) fR,Te& RCTandTC R, then R=T.
(b) Every totally ordered subset of & possesses a least upper bound.
Then in & there is an element T for which P(T) =T.

An element M € & (m € &) is called mazimal (minimal) if the relation M C_ T
(TCm)forT e & impliesTC M (mCT),ie. T=M(T=m).

We will use the following well known statement (see e.g. Theorem 7 from Section 1.2
and Exercise 1. from Section 1.3 in [1]).

Lemma 3.2 (Zorn’s Lemma). If every totally ordered subset of a partially
ordered set (&,C) has a majorant (minorant), then there is a maximal (minimal)
element in &.

Let us start with some necessary concepts and definitions concerning integrals.

Definition 3.3. A mapping Q: & — & defined on Dom(Q) C & is called
an extension if for every S € Dom(Q) we have S T Q(S5), Q(S) € Dom(Q) and,
moreover, if 51,52 € Dom(Q) C & with S; C S, then Q(S1) C Q(S2).

The extension Q is called effective if Q* = Q, i.e. if Q(Q(S)) = Q(S) for every
S € Dom(Q).

Let us mention that, by definition, an extension can be applied repeatedly and
that it is “monotone”.

Definition 3.4. An integral S is called invariant with respect to an extension Q
(shortly Q-invariant) if S € Dom(Q) and Q(S) = S.

Remarks.
a) Note that S is invariant with respect to an extension @ if and only if Q(S) = S
since the relation S C Q(S) is required by Definition 3.3.
b) If @ is an effective extension, then for S € Dom(Q) the image Q(S) is Q-
invariant.
¢) Assume that S,T € G are integrals such that S C T and let @) be an extension.
Asserting T C Q(S) we get in fact a statement which gives necessary conditions
for a function f to be T-integrable in terms of its S-integrability only. The relation
S C T represents a simple sufficient condition for T-integrability of a function (if f is
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S-integrable then it is T-integrable). If, in addition, we have Q(S) C T, then this
relation gives also sufficient conditions for T-integrability of a function f in terms of
the integral S and these conditions can, in some sense, be better than the conditions
coming from S C T only.
d) Assume we have two extensions ()1, Q2 such that Q2(R) C Q1(R) for all R €
Dom(Q1) NDom(Q2).

IfS,Te€&,SC T with S € Dom(Q1) NDom(Q2), then the statement T' C Q2(S)
is stronger than 7' @1(S) and it may produce in a certain sense better conditions
for T-integrability of a function f even if Q1(S) = Q2(5).

Statements of the type Q;(S) T T, j = 1,2 give sufficient conditions for T-
integrability in terms of S-integrability. In our situation the condition Q1(S) = T is
considered to be “better” than Q2(S) C T

Let us mention some possibilities how to examine the validity of the relations
Q(S)C T or T C Q(S) for the case S C T.

The relation Q(S) C T is valid e.g. in the case that T is Q-invariant. Indeed,
S C T implies that Q(S) C Q(T) =T.

Moreover, the equality Q(S) = T can be often regarded as a certain convergence
theorem for the integral T'. More precisely, an appropriate convergence result for the
integral T' may give sufficient conditions for T- integrability in terms of the integral S.

For discussing the relation 7' = Q(S) the following concept will be useful.

Definition 3.5. Suppose R C G is some set of integrals.

If S € M and & is a set of extensions defined on the whole R (Dom(P) =
R for every P € &), then Min(Z; S) denotes the minimal &2-invariant integral
containing S (if it exists, of course), i.e. T'= Min(Z; S) if and only if

(i) ST
and
(ii) if R € M is such that S T R and P(R) = R for all P € &, then T' C R holds.
If the set & consists of only one extension P, then we denote in some situations

Min(2; §) = Min(P; §) = P(S).

Given an extension ) we can use Definition 3.5 to state that the relation 7' T Q(S)
holds for T' = Min(#; S), if Q(S) is P-invariant for P € &, i.e. P(Q(S)) = Q(S5)
for P € 2.

If Q is effective, P(R) T Q(R) for R € Dom(Q) and P € &, then P(Q(S)) = Q(S5)
holds. In fact, in this situation we have P(Q(S)) C Q*(S) = Q(S) and P(Q(S)) =
Q(S).
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Lemma 3.6. Suppose R C & is some set of integrals.

Assume that & = (P, Ps, ..., P,), where P;, j =1,...,n are extensions defined
on R (Dom(P;) =R, j=1,...,n) and that S € R is given.

Then there exists Ty € R with S C Ty such that Ty is Pj-invariant for all j =
1,...,n.

Proof. The relation C represents a partial ordering in & and this ordering has
the property that R, T € G, T C R, R C T implies R = T, see Proposition 2.5. For
a subset R C & this partial ordering is inherited from &, i.e. the partial ordering in
subsets of R is induced by the partial ordering C given in &.

Let us set

E={TeR; SCT}

We have & # () because S € &.

Assume that .# C & is an arbitrary totally ordered subset in &, i.e. if T1,T5 € A
then either 77 T Ts or T C T;.

Put

Dom(R) = U Dom(T)
TeH

and assume that f € Dom(R). Then, by definition, there is a T3 € .# such that
f € Dom(Ty).

Define

R(f) =Ti(f) =

This value is determined uniquely. Indeed, if f € Dom(7%), To € 4, T1 # T then
we have either 77 C T» and then Dom(T1) C Dom(Tz) and Ti(f) = Ta(f) = v, or
T> C Ty and then Dom(73) C Dom(71) and again T2(f) = T1(f) = 7.

It is a matter of routine to show that R is a functional satisfying the additivity
conditions A), B) from Definition 1.1 and that any R-primitive function to f €
Dom(R) coincides with some T3-primitive function f € Dom(7}) which is continuous
(see Definition 2.3) because T; € R. Hence R € & and of course S T R since A4 C &.

Since T'C R for every T' € .#, R is a majorant to .#. If T is another majorant
to .# then T C T* for every T € .4, i.e.

Dom(7T) C Dom(T*) for every T € A

and therefore

Dom(R) = U Dom(7T) C Dom(T™)
Ted
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and
R(f,I)=T"(f,I) for any I € Sub(E).

This yields R C T™* and therefore R is a least upper bound of .Z.

All the assumptions being satisfied, the statement of Theorem 3.1 can be used for
asserting that there is a 7' € & such that P(T") = T. This yields the statement of
Lemma 3.6 for n = 1.

For T € & define further

P(T) =P (Py(...P(T)...).
For this composition of extensions defined on the whole SR we have
TCP.(T)C Poa(Pu(T)C...C P(P(... P(T)...)) = P(T)

for any T' € &. Clearly Dom(P) =R and S C P(T), i.e. P(T) € &.

It is easy to show that if Ty T T%, then P(Ty) C P(T%) and therefore P: & — &
is an extension. Hence, by the result recalled above, there is a Ty € & such that
P(Ty) = To.

For this Ty € & we have

To C Py (To) C Pa1(Po(T0)) T ... C Pi(Pa(... Py(Tp) ...)) = P(Tp) = To,
which implies P, (Ty) = To and
Ty C Pnfl(To) [ Pn,Q(Pnfl(To)) C..._ P~ (PQ( . .Pnfl(To) .. )) = P(To) =1Ty.

In this way we obtain successively P,_1(To) = Ty, ..., Pi(To) = To and this com-
pletes the proof. O
Lemma 3.6 and the “dual” version of Zorn’s Lemma 3.2 leads to the following

Corollary 3.7. Suppose R C G is some set of integrals.
Assume that & = (P, Ps, ..., P,) where Pj, j = 1,...,n are extensions defined
on R (Dom(P;) =R, j=1,...,n) and that S € R is given.

Then there exists T, € R such that S C T., Pj(T,) =T, for j =1,...,n and for
every T € R such that S C T and Pj(T) =T for j=1,...,n we have

Min(#2;S) =T, C T
(cf. Definition 3.5).

971



Proof. Define
E={TeR; SCT, Pj(T)=Tforj=1,...,n}.
By Lemma 3.6 the set & is nonempty. If .#Z C & is totally ordered then we set

Dom(R.) = (] Dom(T).
TeHd

If f € Dom(R,) we have f € Dom(T) for all T' € .# and we define

R.(f) =T(f) =,

where T is an arbitrary element of .#. The value R.(f) is determined uniquely,
R, € R and R, is a minorant of ./Z .

Let us check these facts. Assume that Ty € 4, Ty # T, where Ty € .4 deter-
mines R,. Then either 77 C T or 75 C T37. In both cases we obtain by definition
that for f € Dom(R,) we have T1(f) = Ta(f) = v and therefore (f,v) € R..

The properties A), B) from Definition 2.1 as well as the fact that every R,-primitive
function to f € Dom(R.) is continuous can be checked easily. Hence R, € fR.

Since Dom(R.) T Dom(T) for every T € .# and for f € Dom(R,) we have
R.(f)=T(f), we get R, C T for every T € .# and R, is a minorant to the totally
ordered set . .

Using Zorn’s lemma 3.2 we obtain that there is a minimal element T} in &, i.e. for
every T € P such that S T T and P;(T) =T for j =1,...,n we have T, C T and
the statement is proved. It can be seen immediately that T, = Min(%?;S) according
to Definition 3.5. O

4. CAUCHY AND HARNACK EXTENSIONS

Definition 4.1. If f is a function on F and S € &, then x € F is called an
S-regular point of f if there is an I € Sub(F) such that x € Int(I) (the interior of I)
and f - x(I) € Dom(S).

The set of all S-regular points of f is denoted by o(f, S).

The complement o(f,S) = E\ o(f,S) of o(f,S) in E is called the set of S-singular
points of the function f.

If I € Sub(E) contains one or both endpoints of E, then we consider them as
points belonging to Int(I).

The set o(f, S) is closed because o(f, S) is evidently open by definition. Moreover,
o(f,S) =0 1if and only if f € Dom(S). (See also [2, 9.1 Theorem].)
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Definition 4.2. For S € & denote by S¢ the set of all pairs (f, ), where f is
a function on E and v € R, such that o(f,S) is a finite set for which there is a
function F € C(E) such that v = F[E] = F(b) — F(a) and for every I C o(f,S) we
have f - x(I) € Dom(S) and F[I] = S(f,I).

For I € Sub(FE) put Sc(f,I) = F[I].

The set {(S,S¢c); S € S, Se exists} is denoted by Pc.

It is easy to see that S¢ € G and that if S € ¥, then S¢ € .

Denoting Dom(Pc) = {S € &; Sc¢ exists} Po can be interpreted as amap & — &
and it can be shown easily that Pc is an extension (i.e. if S € Dom(P¢) then S¢ € &,
SC Sc for S €6 andif S; C Sy then Po(S1) T Po(S2)).

The map P¢ is called the Cauchy extension. Our setting of this concept is in good
accordance with the similar concept presented in the book [6] of S. Saks.

The function F' occurring in Definition 4.2 is an Sc-primitive function to f.

Note that an integral S is Po-invariant (i.e. Po(S) = S¢ T S) if and only if for
the integral S the following statement holds.

Theorem 4.3 (Hake’s Theorem). IfI = [c,d] € Sub(FE) then f - x(I) € Dom(S)
if and only if for every ¢ < a < 3 < d we have [ - x[q,3] € Dom(S) and

li S(f - Xia.g) =A€R.
w8 Xaws)

In this case S(f,I) = A.

Note further that Hake’s theorem holds for the Kurzweil-Henstock integral K (see
Theorem 3.6 in [7] where the result of Theorem 9.21 from [3] is recalled) and therefore
we get the known fact that the Kurzweil-Henstock integral K is Po-invariant.

For example Min(Pc; L) = Pc(L), with L the Lebesgue integral, can be charac-
terized as follows.

f € Dom(Pc(L)) if and only if o(f, L) is at most countable and there is a function
F € C(E) such that F[I] = L(f,I) for every I € Sub(E) for which I C o(f,L).

The function F is the Pc(L)-primitive to f in this case.

If I € Sub(FE) and A C E is closed then denote by Comp(I, A) the set of all
(mazimal and nonempty) connected components of the set I\ A.

Note that for a function f and some S € & the set Comp(FE, o(f,S)) of maximal
connected components of the complement F \ o(f,S) either consists of one element
(in the case that f € Dom(S) and o(f, S) = () or it has an at most countable number
of elements consisting of open intervals contiguous to the closed set o(f,5).

Now we define the Harnack extension presented in [6] for the use with the special
Denjoy (Denjoy-Perron) integral which is known to be equivalent to the Kurzweil-
Henstock integral K (see [3]).
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Definition 4.4. For S € & denote by Sy the set of all pairs (f, ), where f is
a function on E and v € R, for which f - x(o(f,5)) € Dom(S), f - x(U;) € Dom(S)
for j € T, where {U;; j € I'} = Comp(E,o(f,S)) and for which there is a function
F € C(F) such that v = F[E] = F(b) — F(a),

> w(FT) =Y w(F,U) <o

UeComp(E,a(f,S5)) jer

and
FIII=S(f,100(f,5)+>_S(f,10T))
jET
for any I € Sub(E). (w(F,U) is the oscillation of F' over the interval U.)
The set {(S,SH); S € &, Sy exists} is denoted by Py.

As before, Py is a map & — &. Let us call it the Harnack extension.
In [6] also the following concept is presented.

Definition 4.5. For S € & denote by S,z the set of all pairs (f,~), where
f is a function on F and v € R, for which there is a closed set ) C E such that
f-x(Q) € Dom(S) and f - x(U;) € Dom(S) for j € N, {U;; j € N} = Comp(FE, Q),

where > |S(f,U;)| < oo and for which there is a function F' € C(E) such that
JEN
v = F[E] = F(b) — F(a) and

FlI}=S(£,InQ)+ > S(f,InT;)

jer
for any I € Sub(FE), while

w(S(f,U; N a,z]),U;) = w(F,U;) = 0 for j — oo.

The set {(S,Sx); S € &} is denoted by Pe.

P, is amap & — &. It is an extension called the wide Harnack extension.

It is known (see e.g. [4]) that Min({Pc, P#}, L) = D, where D is the general
Denjoy integral.

In [6] Saks deals with both types of Harnack extensions Py, Py while we use the
first and simpler one only.

Finally, let us mention also the following concept.

Definition 4.6. For S € & denote by Sy the set of all pairs (f,7) where f is a
function on F and v € R, for which there is a closed set ) C E such that f-x(Q) €
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Dom(S) and f - x(U;) € Dom(S) for j € I where {U;; j € I'} = Comp(F, Q) and
for which there is a function F' € C(FE) such that v = F[E] = F(b) — F(a),

> wFD) <o

UecComp(E,Q)

and
FIII=S(£,1nQ)+_S(f,1nT;)
JET
for any I € Sub(E).
The set {(S,Su); S € 6, Sy exists} is denoted by Pp.

Py is a map & — &. It is the so-called (general) Harnack extension.

Note that for the set @ in Definition 4.6 we have Comp(F,Q) C o(f,S) and
therefore o(f,S) C Q for f € Dom(Sg).

For Cauchy and Harnack extensions see also [5, Section 7 in Chapter 2] or [2,
Chapter 9].

We recall the following result presented by Gordon in [3, Theorem 9.22] for the
Kurzweil-Henstock integral K.

Theorem 4.7. Let Q C E be a closed set, {U;; j € T'} = Comp(E,Q). Let
f: E — R be such that f-x(Q) € Dom(K) and f - x(U;) € Dom(K) for j € T. If

Y w(E(f,T;Na,2)),T;) < oo,
jer
then f € Dom(K) and
K(f)=K(f-x(@Q)+)_K(+.T5).

jET
Let us mention that if I € Sub(F) then we also have
K(f.1) = K(f-x(@).1) + Y_K(£,U;n1)
jer

in the situation of Theorem 4.7. Looking at this result in connection with Def-
inition 4.6 of the (general) Harnack extension ]3;{, we can see immediately that
Py(K ) C K and this yields the well known fact that the Kurzweil-Henstock inte-
gral K is Py-invariant. Putting @ = o(f, K) in Theorem 4.7 we can see also that
the Kurzweil-Henstock integral K is Ppg-invariant.
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Lemma 4.8. Assume that S € & is P¢ invariant, i.e. Po(S) = S.

Assume further that for every x € Int(E) there is a J, € Sub(E) with x € Int(Jy)
such that if f - x(J;) € Dom(K), then f - x(J;) € Dom(S) while for any I C J, the
equality K(f,I) = S(f,I) holds.

Then K T S (i.e. Dom(K) C Dom(S) and for every I € Sub(E) the equality
K(f,I)=S(f,1) is valid for f € Dom(K)).

Proof. Assume that f € Dom(K) and that I € Sub(E), I € Int(E). Then
by (2.2) we have f - x(I) € Dom(K). By the assumption and by the Borel covering
theorem there is a finite sequence of J,, € Sub(E), k = 1,...,n, x # x; for

k # 1 such that I C | Jg, and f- x(Jz,) € Dom(S), k =1,...,n. Without loss of
k=1
generality it can be assumed that the intervals J,,, k = 1,...,n are non-overlapping.

Therefore f - X( U Jxk) € Dom(S) and
k=1

K(f, U Jxk) =Y K(fiJu) =) S(fiJu) = S(ﬁ U J)
k=1 k=1 k=1 k=1

Hence f - x(I) € Dom(S) and we have K(f,I) = S(f,I) for an arbitrary I € Int(E).

Since we assume that S = Po(S) and we know that the Kurzweil-Henstock in-
tegral K is also Pg-invariant we obtain by Hake’s Theorem 4.3 immediately that
f € Dom(S), K(f) = S(f) and by the result presented before also K (f,I) = S(f,I)
for an arbitrary I € Int(FE). Hence we have obtained K C S. O

In [6, (1.4) Theorem on p. 244] Saks presents the following result for the Denjoy-
Perron integral.

If a function f is Denjoy-Perron integrable on E, then every closed subset of E
contains a portion P such that the function f is summable on P and such that
the series of the oscillations of the indefinite Denjoy-Perron integrals of f over the
intervals contiguous to P is convergent.

Reformulating this, using our notation and the known fact that the Denjoy-Perron
integral coincides with the Kurzweil-Henstock integral K (see e.g. [3]), we get the
following

Theorem 4.9. If f € Dom(K), then for every closed set Q C E there exists an
interval J € Sub(E) with Int(J) N Q # @ such that f-x(JNQ) = f-x(J) x(Q) €
Dom(L) (L is the Lebesgue integral) and

> w(F,T) < oo,

UeComp(E,JNQ)

where F' € C(F) is a K-primitive function to f.
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Theorem 4.10. Assume that S € &, where L C S and Po(S) = Py(S) = S.
Then K C S.

In other words, the Kurzweil-Henstock integral K is contained in every integral
which contains the Lebesgue integral L and which is both Pg- and Pp-invariant.

Proof. Assume that f € Dom(K).

Denote R = o(f,S). The set R C FE is open. (See Definition 4.1.)

Let usset @ = E\ R=o0(f,S). Q C E is a closed set.

By Theorem 4.9 there is an interval J € Sub(E) such that Int(J) N Q # 0,

fx(INn@Q)=f-x(J) x(Q) € Dom(L) and

(4.1) Z w(F,U) < oo,

UeComp(E,JNQ)

where F' € C(FE) is a K-primitive function to f.
Since L C S and L C— K we have f - x(J N Q) € Dom(S) and also f - x(JNQ) €
Dom(K) and of course

K(f-x(JNnQ))=L(f - x(JNQ)) =S(f-x(JNQ)).

Assume that Comp(J, Q) = {Uj; j € I'}. Using the definition of the set @ and the
fact that U; NQ = 0 for all j € T, we know that for every x € U, there is an interval
Je C Uj such that f-x(J;) = f-x(U;) - x(Jz) € Dom(S) and for every I € Sub(J;)
we have K(f,I) = S(f,I). Hence by Lemma 4.8 we have K(f,U;) = S(f,U;) for
j €T. Using (4.1) we can see by Definition 4.6 that f - x(J) € Dom(Py(K)) and at
the same time also f - x(J) € Dom(Pg(S)). Since S is assumed to be Ppy-invariant
and K is also Py-invariant (see Theorem 4.7) we obtain

S(f-x(), 1) =S(f - x(), INQ)+ Y _S(f-x(J), InT;)
jer
= K(f-x()),INQ)+ > K(f-x(J),INT;)
Jer

:K(fX(J)vI)

for any I € Sub(J) and this contradicts the relation Int(J) NQ # 0. Hence the set Q
is empty and therefore R = E. By Lemma 4.8 this yields the relation K C S. O

Remark. The proof of Theorem 4.10 follows closely the ideas presented by
Y. Kubota in [4]. In [4] a detailed proof is presented for the case when the ex-
tension Py is replaced by the wide Harnack type extension P,r, which leads to the
general Denjoy integral.
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Since the extensions Po and Py are defined on &, Corollary 3.7 can be used for
the following statement.

There exists Min({ Pc, Py }; L), the minimal integral which is both Pc- and Pg-
invariant and contains the Lebesgue integral L.

Since the Kurzweil-Henstock integral is Po- and Pg-invariant and L T K, we
have

Min({Pc, Py }; L) C K.

Theorem 4.10 states the converse relation
K C Min({P¢, Py}; L)
and therefore we get the following

Theorem 4.11. K = Min({P¢, Py }; L).

This result is in fact a reformulation of the result presented by S. Saks in [6,
pp. 258-259], where the constructive definition of the Denjoy integrals is given using
transfinite induction. Our result in Theorem 4.11 concerns the special Denjoy integral
which is known to be equivalent to the Kurzweil-Henstock one.

Lemma 4.12. Assume that A C E is a closed set, Comp(E, A) = {U;; j € I'}
the set of all (maximal and nonempty) connected components of the set E\ A. Let
F € C(FE) be such that

Zw(F Uj) < o0
jer
and
F(z)=F(a)+ Y F[U;] for z €A,
J€l:
where I, = {j € T'; [a,2]NU; = U,}.

Then Wg(A) = 0.

Note that a function F' € C(F) satisfying the latter property is not “varying” at
points belonging to A.

Proof. Assume that I' = N (the case when I is finite is easy) and let ¢ > 0 be
given. Then, by the assumption, there is a k£ € N such that

oo

Y wE D) <e.

j=k+1
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Define a gauge §: E — (0,400) such that

0(x) =1 for z € E\ A= Comp(E, A)

k
o(z) < dist(x, U 7]> for x € Ay = A\
j=1

I
(G
=

_

<.

-
&

Jj=1

7j=1
R
This means that for z € Ay = A\ |J U, the interval (z —d(z),z + §(x)) does not
kE __ Jj=1
intersect |J Uj.

ko__
For the remaining at most 2k points of the set x € Ao = AN Y Uj let 6(z) >0
j=1
be such that |F(y) — F(z)| < ¢/(2k) for y € (x — (), z + d(z)); this is possible since
FeC(E).

Let ({Vi; i € T},7) = {(V;,7:); i € T'} be an arbitrary d-fine and A-tagged
division. Then

ZW(FaV;): Z W(Fv‘/z)‘f‘ Z
iel iel, rie A,

w(E,V;).
iel, 7€ As
First of all, it is clear that

€
F V) <2k-— =
~Z w(F,V;) < on €
i€l, T, EA2
by the definition of the gauge § on As.

Observe that if z <y, x,y € F, then I’; C Iy and

Y_FU) =) FU+ Y F[U]
JEL, jET, FET\,
By the properties of F' we get

Fy)-F(x)= Y FU)]= > F(U;].
JET L,

JELy, U;N[z,y]#0
Hence, if z,y € V;, x < y while 7; € A1, we have

|F(y) — F(z)| < > [F[U;]|
jEFy,Ujﬂ[;c,y]yéQ)
< Y FmIs Y w(BT)
>k, U;NV; 20

>k, U;nV;£0
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and, consequently,

wFEV)< Y, w(RT).

J>k, U;NV;#0

Since the intervals V; are non-overlapping, observe that for a given V; with 7, € A;
there are at most two Uj, j > k such that U; N'V; # 0 while U; C V;, and one Uj,
j > k can have common points with at most one V;. Since

k
U vinlJT =0,
j=1

i€T, €A,

we get

Y. wEV)< Y S WRT)<2 Y WA D) <2

ie€l, €Ay i€T, 1, €Ay 7>k, U;NVi#0D Jj=k+1

In this way we obtain the estimate

DWE V)= Y wFEV)+ Y w(RV)<3e

i€l i€l, 7, €Ay i€l ;€ Az
and therefore Wr(A) = 0. O

Corollary 4.13. IfS € %, f € Dom(Sy) then the function F € C(E) from
Definition 4.4 belongs to C*(E).

Proof. If f € Dom(Sg) then f - x(o(f,S)) € Dom(S) by Definition 4.4 of the
Harnack extension. Let us set F(z) = S(f - x(o(f,5)) N [a,]) for z € E. We have
F € C*(E) because F is an S-primitive function to f - x(a(f,5)) (see (2.5)).

Put G(z) = F(z) — F(z) for z € E. The function G is continuous and

G(z) = S(f[a, 2] N a(f.9) + > S(f [a,2]NT;) — S(f.[a, 2] N o(f,5))

jer

—ZS [a, 2] N U;)

Jjer

where {U;; j € T'} = Comp(FE,o(f,S)) is the set of all (maximal and nonempty)
connected components of the set E'\ o(f,S) and o(f,.S) is closed.

Then
=Y FG = Y 6

Jjel JjET:

for z € o(f,S), where I, = {j € I'; [a,2] N U; = U;}.
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For I € Sub(E) such that I C Uy we have G[I| = F[I] = S(F,I). This implies
w(G,Ug) = w(F,Uy) for all k € T and

> w(G,T) = > w(F,U) < co.

UeComp(E,a(f,5)) UeComp(E,o(f,5))

Hence by Lemma 4.12 we have Wg(o(f,S)) = 0.

Since F = F + G we get the inequality Wg(M) < Wg(M) + Wg(M) for any
M C E and if M C o(f,S) then Wg(M) = 0.

If M C E with u(M) =0, then Wx(M) = 0 since F e C*(E).

For M C E, u(M) = 0 we have further

Wea(M) (M No(f,5) +Wa(M\ao(f,5))

< We
<Wa(o(f,9) + Wa(M \o(f,S)) =Wa(M\o(f,9)).

We also have
We(M\o(f,8) <Y Wa(U; N M).
jer
Since G is an S-primitive function to f-x(U;) for every j € I', we get W (U;NM) =0
for j € I' and We(M \ o(f,S)) =0.
Therefore G € C*(E) and also F = F + G € C*(E). O
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