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Abstract

The McShane integral of Banach space-valued functions f : I — X
defined on an m-dimensional interval [ is considered in the paper.

We show that a McShane integrable function is integrable over mea-
surable sets contained in I (Theorem 9). A certain type of absolute con-
tinuity of the indefinite McShane integral with respect to the Lebesgue
measure is derived (Theorem 11) and we show that the indefinite Mec-
Shane integral is countably additive (Theorem 16).

Allowing more general partitions using measurable sets instead of
intervals another McShane type integral is defined and we show that it
is equivalent to the original McShane integral (Theorem 21).

We consider functions f : I — X where I C R™ is a compact interval,
m > 1 and X is a Banach space with the norm || - || x.

By p let the Lebesgue measure in R™ be denoted.

A system (finite collection) of point-interval pairs {(¢;,I;), i = 1,...,p} is
called an M -system in I if I; are non-overlapping (int I; N int I; = @ for ¢ # j,
int I; is the interior of I;), t; are arbitrary points in I.

P

An M-system in [ is called an M -partition of I if |J I, = I.

i=1

By B(t,p) the ball in R™ centered at ¢ with the radius p is denoted. For
simplicity we use dist(s,t) = max;=1,__m |t; — ;| for the distance of two points
t,s € R™.
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Given A : I — (0, +00), called a gauge, an M-system {(¢;,1;),i=1,...,p}
in I is called A-fine if

I; C B(t“A(tl)), i = I,.. -y D-

The set of A-fine partitions of I is nonempty (Cousin’s lemma, see e.g.

3])-

Definition 1. f : I — X is McShane integrable and J € X is its McShane
integral over I if for every € > 0 there exists a gauge A : I — (0,+00) such
that for every A-fine M-partition (¢;,1;),i = 1,...,p of I the inequality

| Zf(ti)ﬂ(fi) —Jx <e

holds. Denote J = [, f.

Given a set E C I we denote by x g its characteristic function (xg(t) =1
for t € E, xg(t) = 0 otherwise).

A function f : I — X is called McShane integrable over the set E C I if
the function f - xg : I — X is McShane integrable.

In this case we write [, f - xg = [ f-

By a figure we mean a finite union of compact nondegenerate intervals in
R™.

We mention the fact that that if for the notion of an M-system {(¢;,;), i =
1,...,p} the intervals I; are replaced by figures, we can develop the same
theory and M-systems and M -partitions of this kind can be used everywhere
in our forthcomming considerations because if in the M-system (¢;,1;),i =
1,...,p some of the t; are the same, then the intervals corresponding I; to
this common point form a figure and vice versa if we have (t;, F;) where F;
is a figure then this point-figure pair can be divided into point-interval pairs
where the intervals are those which give the figure Fj.

Theorem 2. The function f : I — X is McShane integrable if and only if for
every € > 0 there exists a gauge A : I — (0,400) such that

[ Z ftp) — Zf(Sj)M(Kj)le <e (1)

for any A-fine M -partitions {(t;,I;),i = 1,...,p} and {(s;, K;),j =1,...,7}
of I.
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Proof. If f is McShane integrable then (1) clearly holds for the gauge § which
corresponds to = > 0 in the definition of McShane integrability.

Given £ > 0 assume that (1) holds for any é-fine M-partitions {(¢;,I;),7 =
1,...,p} and {(s;,K;),i=1,...,r} of I.
Denote

k

S(E) = {S(f7D) = Zf(tl)/i((]z), D= {(ti,Ji)7 1=1,.. 7k} CcX

1=1

where D is an arbitrary §-fine M-partition of I. The set S(¢) C X is nonempty
because by Cousin’s lemma there exists a é-fine M-partition {(¢;,J;), i =
1,...,k} of I. Since by (1) we have

k
I Zf(ti),u(Ji) =Y fluL)llx <e

i=1

for all §-fine M-partitions {(t;, J;), ¢ =1,...,k} and {(s;,L;), s =1,...,1} of
I, we have also
diam S(e) <e

(by diam S(e) the diameter of the set S() is denoted). Further evidently
5(61) C 5(82),

provided €1 < 5. Hence the set

ﬂclS’(s):SfeX

e>0

consists of a single point because the space X is complete (by cl S(¢) the
closure of the set S(¢) in X is denoted).
For the integral sum S(f, D) we get

k
1Y f(ta)n(T:) = Stllx <,
i=1
whenever D = {(t;,J;), ¢ = 1,...,k} is an arbitrary §-fine M-partition of I
and this means that f is McShane integrable with | 1 f=5;. O

Theorem 3. Assume that f : I — X is McShane integrable and let J C I be
a compact interval. Then f is McShane integrable on the interval J.
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Proof. By Theorem 2 for any given € > 0 there exists a gauge ¢ : I — (0, +00)
such that for every é-fine M-partitions {(¢;,1;),s = 1,...,p} and {(s;,J;),i =
1,...,7} of I the inequality (1) is satisfied.

Let {(7;,K;),i = 1,...,q} and {(0;,L;),i = 1,...,s} be arbitrary é-fine
M-partitions of the interval J.

The complement I \ J can be expressed as a finite union of intervals con-
tained in I. Taking an arbitrary é-fine M-partition of every of those intervals
we obtain a finite collection {(p;, M;),l = 1,...,t} of tagged intervals which
together with {(7;, K;),i=1,...,q} or {(0,L;),i =1,...,s} form two é-fine
M-partitions of the interval I.

Taking the difference of the integral sums corresponding to this two é-fine
M-partitions of I we can see that its value is

q

> Fru(Ki) =3 f(oi)n(Ls)

i=1

because the remaining 3_;_, f(p1)u(M;) is the same for both of them. There-
fore by (1) we have

I Zf(Ti)u(Ki) - Zf(aj)u(Lj)llx <e

and this inequality shows by Theorem 2 the McShane integrability of f on
J. O

Theorem 4. Let f : I — X. If f = 0 almost everywhere on I then f is
McShane integrable on I and [, f = 0.

Proof. Assume that & > 0 is given.
Let N ={t €I, f(t) # 0} and for each n € N, let

N, = {teN;n—1<|f®)llx <n}.

Since pu(N) = 0, we have also u(N,) = 0 for n € N and therefore there are
open sets G, C I such that N,, C G, and u(G,) < PO
n n

Define a gauge 6 : I — (0,+00) in such a way that 6(t) =1 for t € I\ N
and B(t,6(t)) C G, ift € N,,.
Suppose that {(t;,;),i = 1,...,p} is a é-fine M-partition of I. Then

| Zf(ti)ﬂ'(li)”)( <IY. > flaw@)lx <

n=1:=1,t;EN,
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0 P

Yo fEuI)lx<don Y wl)<
1, t;ENp n

=1 4=1, t;€N,

< Zn,u(Gn) < Znn% =e.
n=1 n=1

Hence f : I — X is McShane integrable and [, f = 0. O

o0
<>l
n=1 1

Lemma 5. (Saks-Henstock) Assume that f : I — X is McShane integrable.
Given € > 0 assume that the gauge A on I is such that

I3 feutn) = [ 1l <

for every A-fine M -partition {(¢;,1;),i=1,...,p} of I.
Then if {(r;,K;),j =1,...,q} is an arbitrary A-fine M -system we have

It — [ flle<e.

Proof. Since {(r;,K;),7 = 1,...,q} is a A-fine M-system, the complement
q

I'\ | int K; can be expressed as a finite system M;, | = 1,...,7 of non-
j=1

overlapping intervals in I. The function f is McShane integrable and therefore
the integrals [ My fdu exist and by definition for any 5 > 0 there is a gauge §;
on M; with 6;(t) < 6(t) for t € M; such that for every I = 1,...,r we have

ki
n
I3 sebma = [ < 5

provided {(s!, J!),i =1,...,k} is a §;-fine M-partition of the interval M;.

29
The sum
r k

FruE;) + >3 fshu)
=1 =1 i=1
represents an integral sum which corresponds to a certain §-fine M-partition
of I, namely {(r;,K;),(st, J}); j=1,...,¢, I =1,...,r, i =1,...,k}, and

consequently by the assumption we have

r k

I3 i) + 33 Fshuah - [ flx <=

=1 1i=1
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Hence

IS Fru(i;) - / fllx =

j=1 K;
q r ki
IS ) + 3 F st - / fr
j=1 =1 i=1
r k
_ l 1
525 fshuth + /M fllx
q r ki
< IS FruE) + 33 F sl - / Fllx+
j=1 =1 i=1

T

ki
+Z||Zf<si>uu£>—/ fllx <etr— <ctn
=1 =1 M, +

T

Since this inequality holds for any n > 0 we obtain the statement of the
lemma. O

Our main goal is to show that if f : I — X is McShane integrable then f
is McShane integrable over every measurable set £ C I.

Theorem 3 shows that if f : I — X is McShane integrable then f is
McShane integrable over every subinterval J C I.

It is clear that if £ C I is a finite union of non-overlapping intervals
contained in I then a McShane integrable f : I — X is integrable over E.

Lemma 6. If f : I — X is McShane integrable on I, then for every e > 0
there is an n > 0 such that for any finite collection {J; : j = 1,...,p} of
non-overlapping intervals in I with 3-%_, p(J;) < n we have

||§/ij||X<€-

Proof. Let € > 0 be given. Since f is McShane integrable on I, there exists a
gauge 6 on I such that || Y7, f(t:)u(L;) — [, fllx < e whenever {(t;, I;); i =
1,...,q} is an arbitrary é-fine M-partition of I. Fix a é-fine M-partition of I

{(tiin); 1= 17 .. '7Q}7

€

put K = max{||f(t:)]|x;1 <i<q} and set n = Tk
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Suppose that {J; : j =1,...,p} is a finite collection of non-overlapping
intervals in I such that Z;’:l u(J;) < n. By subdividing these intervals if
necessary, we may assume that for each j, J; C I, for some i. For each ¢,
1<i<gqlet M;={j;1<j<p with J; CI} and let

D :{(Jj,ti) ZjEMi7i:1,...,q}.

Note that D is a é-fine M-system in I.
Using the Saks-Henstock Lemma 5 we get

DY [ rix<i > | 1= reuix+ > et <

P
§a+MZu(Jj) <e+Kn<2
j=1
and this proves the lemma.
O

Lemma 7. If f: I — X is McShane integrable then
(a) for any sequence {I; : i = 1,2,---} of non-overlapping intervals I; C I,

i € N the limit . -
lim Z/ f:Z/ fex
n—oo 4 I; = I;

=1
exists,

(b) for every e > 0 there is an n > 0 such that if for the sequence {I; : i =
1,2,---} of non-overlapping intervals I; C I we have 221 w(l;) < n then

II;/IifIIXSa

Proof. Assume that € > 0 is given. Let 7 > 0 corresponds to £ by Lemma 6.
Since Y2, p(I;) < p(I) < oo, there is an N € N such that for n > N we
have > u(L;) <.
Assume that n,m € N, N <n < m. Then by Lemma 6 we have

||§/Iif—g/hfllxll > [ fix<

1=n+1 i

becase X7,y alTs) < 5500 u(ls) < 1.
This implies that ", [, f, n € Nis a Cauchy sequence in X and (a) is
proved.
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If >0, w(l;) < nthen Y-, u(I;) < n for every n € N and therefore

IIE/Iif||x<6

by Lemma 6. Since by (a) the series 72, [, f converges in X, we obtain

1 [ =1 im S [ flx<e
=171 =1 1i

and (b) is proved. O

Notation. For simplifying writing we will from now use the notation
{(us, Up)} for M-systems instead of {(u;,U;); I =1,...,r} which specifies the
number 7 of elements of the M-system. For a function f : I — X and an
M-system {(u;, Up)} we write >, f(u;)u(U;) instead of Y, f(ui)p(Uy), ete.

Lemma 8. Assume that f : I — X is McShane integrable.

Then for every € > 0 there exists an n > 0 such that

(a) if F is closed, G open, F C G C I, u(G\ F) < n then there is a gauge
&:1 — (0,00) such that

B(t,&(t)) C G for t€@,

B(t,£(t) CI\NF for teI\F

and

(b) for &-fine M -systems {(ui, U1)}, {(vm,Vim)} satisfying
u, v, €G, FC int |J i FCint | Vi
w €F v €F

we have

I Fu)w(U) = Fm)u(Vn)llx < e
1 m

Proof. Denote ®(J) = [, f for an interval J C I (the indefinite integral or
primitive of f) and put €= 16—0

Since f is McShane integrable we obtain by the Saks-Henstock lemma 5
that there is a gauge A on I such that

| Z[f(?"j)u(Kj) - ®(K))lllx <€ (2)
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for every A-fine M-system {(r;, K;)}.
Assume that

{(wp,Wp)} is a A-fine M-partition of I. (3)
Put
k= max{l (w,)1x}, @
assume that n > 0 satisfies
n-k<E (5)
and take
0<&(t) <A(t), tel. (6)

Since the sets G and I \ F' are open it is clear that the gauge £ can be chosen
in such a way thet B(t,£(t)) C G fort € G and B(t,£(t)) C I\ F fort € I\ F.
This is the introductory part (a) of the lemma and now we will show the
part (b).
Since {(wp, Wp)} is a partition of I, we have | J, W), = I and therefore

D fwp@) =" > > f)uW,nUinVa)+  (7)

P L, wEFm, v, €F

> fwpnU\ | Ve +d, D fluuW,nl)

p I, weEF m, vm €F P I, mEI\F

and similarly

S (V) =" > > fla)u(W,nUinVu)+  (8)

p I, wmEF m, v, €F

0 ) fpWnVa\ J UD+>. Y flum)u(W, N V).

p m,um€F I, weF P m, v, EI\F

The M-systems
{(w, W, NU;NVp); pyus € Fyv,,, € FY,
{(wWWPnUl N Vm); p,u € Fyv, € F}

are A-fine and therefore, by (2), we have the inequalities

I3 > Fa)uW,nUinVy) = (W, N UiNVy)llx <&

p L, wEFm, v, EF
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I3 3 Fw)u(W, N U0 Vi) = (W, N Ui N Vi )l|x < E.

p l,wyuEFmM, v, €F

1Y >0 >0 fw)uW,nUinV,,)—

p l,wu€EFm, v, €F

_ZZ Z fwp)p(Wp NUIN Vi)l x <28

p l,yu€EFm, v, €F

Hence

and similarly also

I > > fom)p(WenUiN V) —

p L w€Fm, vm€F

=YY FwpuW nUiN Vi)llx < 22

p L,y €EFm, v, €F

I3 > flw)uW,nUinVy)—

p l,wuEF M, v, €F

SN Y fempWnUinVi)llx < 42 (9)

p l,wi€EFm, v, €F

Therefore

Since {(u, U;)} is a &-fine M-system with u; € G, we obtain by the properties
of the gauge & given in (a) and from the assumption F' C int |J,,cr Ui,
FC int U, cpVin that

(Y wenui\ J Vu |y WonUicG\F (10)

pu€F vm EF p,u €I\F

Further the M-systems

{(u, Wo nUL\ | Vm)s pow € FYU{(ur, W, NUL); pw € I\ F},
Um EF

{(wp, W, N UL\ U Vin); pywr € F}U{(wp, W, NUL); p,w € T\ F}
v €F

are A-fine (note that here we have figures instead of intervals). Therefore by
(2) we have

l Z [f(w)p(W, N UL\ U Vi) = @(W, N UL\ U Vi )1+

pu€EF vm EF v EF
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+ Y [fw)u(W, nT) = (W, NU)]|Ix <5,
p,uw €I\ F
1Y [fwp)uWp nUN | Vi) =W, n T\ | Va)l+
puEF vV EF v €F
+ > [fwp)p(W, N0 = (W, N U]l x <&
p,w€I\F

This yields

”qul WﬂUl\UV Z Flu)p(W, nU,)—

p,ul€F vm €F pau €I\F

~ 5 FwuWnU\ | V)= S Fw)u(W, nT)llx < 2.

p,u€F vm €F p,wi €I\ F

With respect to (10) and (5) we have

1Y fw)uWpnUN\ (| V)= D fwp)u(W, nU)|x <

pulEF v EF pau €I\NF
<Kk-n<E

and therefore

Y fuWnT\ | Vi) + D, Flu)u(W,nUyllx <38 (11)

p,ur€EF vmEF p,ui €EI\F

and similarly also

I > fmuW,nUN\ | U+ D° fom)u(W,nVa)lx < 32 (12)

p,omEF u €F pyvm €INF

From (7), (8), (9), (11) and (12) we get

1) f(un) vam llx < 108< &
1

and (8) is satisfied. This proves part (b) of the lemma. O

Theorem 9. If f : I — X is McShane integrable then f - xg is McShane
integrable for every measurable set E C I (f is McShane integrable over E ).
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Proof. Let ¢ > 0 be given and let n > 0 corresponds to ¢ by Lemma 8.
Assume that E C I is measurable. Then there exist F' C I closed and G C I
open such that F' C E C G where u(G \ F) < 7. Assume that the gauge
&:1 — (0,00) is given as in the Lemma 8 and that {(u;, U;)}, {(vm, Vin)} are
¢-fine M-partitions of I.

We have the following:

if w €F thenU;CG,FcCint |J U
wEeEF

and
if v, €E thenV,, CG,F Cint [J V.
UV EF

Hence by (8) from Lemma 8 we have
1> f)uU) = D fom)u(Va)lx <e
LLweE m, v, €EE

and therefore also

I fu)xe)n@) =D fom)xE@m)p(Va)llx < e
I

m

and by Theorem 2 we can see that the McShane integral fIf - XE = fEf
exists. |

Remark 10. Theorem 9 was proved in [1], 2E Theorem by a different ap-
proach for the case when I C R.

Theorem 11. If f : I — X is McShane integrable then for every ¢ > 0 there
is anm > 0 such that if E C I is measurable with u(E) < n then

|| /If'XEHX iy /Efllx <o

Proof. Let ¢ > 0 be given and let n > 0 corresponds to ¢ by Lemma 6 and
assume that p(E) < 7. Then there is an open set G C I such that E C G and

@) <.
The McShane integrability of f over I implies the existence of a gauge
A : I — (0,400) such that for every A-fine M-partition {(¢;,1;)} of I the

inequality
I3 feoutm) = [l <

holds.
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By Theorem 9 the integral [ ;[ xE exists and by the definition of the
integral to every 6 > 0 there is a gauge 6 : I — (0,+00) which satisfies
B(t,6(t)) cGifte G, 6(t) < A(t), t € I and

1S Fom) - X (0m)ia(Vin) = / foxelx <0

holds for any é-fine M-partition {(vsm, Vm)} of I.

If v, € EC G then V,, C G and Em,vaEu(Vm) <.

Since {(Vm,Vm); vm € E} is a A-fine M-system, we have by the Saks-
Henstock lemma 5 the inequality

IS [fmn(Vin) - /V flllx <

m,vm EE

and by Lemma 6 we get

I [ i<

m,vm EE m
Hence
I flx<o+l Y femuVa)lx <
[ifpesont T sonttl
<0+l Y Yomu)= [ A+l X[ flx<oses

m,v, €EE m,v., EE

This proves the statement because § > 0 can be chosen arbitrarily small. O

Remark 12. Theorem 10 represents an analog of absolute continuity of the
indefinite McShane integral which was extended to measurable sets E C I by
Theorem 9.

Theorem 13. If f : I — X is McShane integrable and E C I is measurable
where F; C E, i € N are closed sets with F; C Fi11 and p(E\J; F;) = 0, then

/f-XE= lim /f-XF,-,-
I 11— 00 I

Proof. First note that to a given measurable set E a sequence of closed sets
F; with the properties given in the theorem always exists.
Let an arbitrary € > 0 be given and let > 0 corresponds to it by Lemma 6

and Lemma 8, as well. Let G C I be open such that E C G and pu(G\ E) < g
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Further there is a kg € N such that u(E \ Fy,) < g and therefore u(G \

F},) < n and of course also u(G \ F}) < n for all k& > ko.
Let the gauge £ : I — (0,00) be given by the Lemma 8 for the set Fj, in
the role of F', in particular we have

B(t,£(t)) CI\ Fy, for t €I\ Fy,.
Assume that {(u;,U;)} is an arbitrary &-fine M-partition of I.

Fix an arbitrary k > kg.
By Theorem 9 the gauge £ can be chosen in such a way that in addition

we have
|| / =3 fluullx <
[ £ xe = 3 fwn) - xen@lx <=,
I 1

1] 5oxe = X fun) o (@] <.

The last two inequalities can be written in the form

||/f xe— Y fl)pU)lx <e,

wER
||/f X — > flu)uU)|x <e.
uj €Fy,
This gives
1 xe= [ £oxnlx <2l ¥ fuu@lx.

quE'\Fk

Further by the Saks-Henstock lemma 5 we have

| Y @ik <)Y @)= [ Al

’U.ZEE\Fk uleE\Fk

Y [ Aixsewl 2 Jix

uleE\FL weB\F; * 1

> f||XSE

quE\Fk

while
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by Lemma 6 because we have 3=, g\ g, #(U1) < (G \ Fiy,) < 0. Hence

II/If-xE—/If-xpknxgzla

for k > ko and this proves the theorem. O

Theorem 14. If f : I — X is McShane integrable and Fy, Fo C I are closed
sets with Fy N Fy = 0 then

/If'XFluFQZ/If'XFl‘i‘/If'XFT

Proof. Assume that £ > 0 is given and that n > 0 corresponds to € by Lemma
8.
Since F; and F, are disjoint closed sets, we have dist (Fp,F2) > 0 and

therefore there exist open sets G; and Gs such that F; C G, Fr C Ga,

G1N Gz =0, w(Gi\ Fi) < 1, u(G2 \ F2) < 3.
Hence

N(Gl UGs \ (Fl U FQ)) <n.

For the open set G = G1 U G2 and the closed set F' = F} U F; let the gauge
&:1 — (0,400) be given by Lemma 8.
For a given &-fine M-partition {(u;, U;)} of I we have

I/ 5 x = Y fw) xm (@l <
I 7

|| / Foos = 32 o) s Ul <=

I/ £ xror, = 3 1) xmom ()n@lx < ¢
1

and this means in other words

1] = 3 fw)n@lx <

u€Fy

1] xe = T fe@u@lx <z,

ur € Fo

I /I foxmom = 3 fu))uU)lx <e.

uEFUFy
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This yields

||/If'XF1+/If'XF2—/If'XF1uF2||X538

and the statement of the theorem is proved because ¢ > 0 can be taken
arbitrarily small. [l

Theorem 15. If f : I — X is McShane integrable and Ei,FE, C I are
measurable sets with E1 N Ey = 0 then

/If-xEluEzz/If~xEl+/If~sz.

Proof. By Theorem 14 the statement holds for closed sets, Theorem 13 yields

the result by passing to limits for sequences of closed sets contained in Fj,
Es. O

Theorem 16. If f : I — X is McShane integrable and E; C I, i € N are
measurable sets with E; N E; = 0 for i # j then

/If'XUiEi:Z/If'XEi-

Proof. By Theorem 9 all the integrals [, f - XU, E: Ji [ XE;, i €N exist.
Let € > 0 be given; by the definition of the McShane integral there exist
gauges 6 : I — (0,400), §; : I — (0,+00), 7 € N such that

1/ £ x0,m = X 6) 0, sl < ¢
J
for any ¢-fine M-partition {(¢;,I;)} of the interval I and
1>
1] £-x = S 16 i )l < 5
J

for every 6;-fine M-partition {(¢;,1;)} of the interval I, i € N.
Assume now that n > 0 corresponds to the given ¢ by Lemma 8 and that
k € N is such that "
E) < —.
u(yk ) <5
Assume further that a closed set F' C I is contained in the measurable union
Ui<k Bi (F C U<y Ei) while

N(UEi\F)<

i<k

[N
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Hence we have

M(UEi\F)<7I

and there is an open set G C I such that |J, E; C G and pu(G\ F) < 7.
Let £ : I — (0,+00) be the gauge given by (a) from Lemma 8.
Take

0; = min(&,6;), i € N, # = min(¢, 6)

and let [ € N be such that [ > k. Put
w = min(4,01,...,0;)

and take an arbitrary w-fine M-partition {(s;, K;)} of I. For such a partition
we have

1] £ x0,m= (s5) X0, 2 sl < =

1] 1 x5 = 3 £ss) Xl < = Tl

ie.
||/f-inEi — S Fsn(Kllx <=
! sj€U; Ei
and
g .
| £oxm= X FenlE)lx < 5 i= 1, L
I

s; EE;
Therefore

l

||/f-inEi —Z/f-xE,. =Y HmEllx <2
! i=1 /1 sj€Uis1 Ei

and

l
||/If-inE,.—;/If-innxsas+|| S fn(E -

5j€Ui>l E;

Using Lemma 6 we get

I D flepm(K)lx < 2

s;€U 51 B
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and this yields

1
||/fXU,LEz _Z/f'XEilx <de
I oJI
and the statement is proved because this can be done for every | > k. O

Remark 17. Theorem 16 extends the statement (a) from Lemma 7 to se-
quences of measurable sets an it says that the indefinite McShane integral of
a given McShane integrable f : I — X is countably additive.

The notion of the McShane integral of a function given in Definition 1 is
based on the concept of M-partitions of the interval I.
Let us define the following:
A system (finite collection) of pairs {(¢;, E;), ¢« = 1,...,p} with E; C I
measurable, E; N E; = @ for ¢ # j is called an M*-system in I.
P
An M*-system in [ is called an M*-partition of I if |J E; = 1.
i=1
Given a gauge A : I — (0,+00), an M*-system {(¢;, F;),i=1,...,p}in T
is called A-fine if
E; C B(tia A(tz))a 1=1,...,p.

Definition 18. A function f : I — X is McShane* integrable and J € X is
its McShane* integral over I if for every € > 0 there exists a gauge A : [ —
(0, +00) such that for every A-fine M*-partition (s;, F;),i = 1,...,p of I the

inequality
P

[ Zf(si),u(Ei) -Jlx <e

i=1
holds. Denote J = [; f.

It is clear that if f : I — X is McShane* integrable then f is McShane
integrable in the sense of Definition 1.

We will show that the concept of the McShane* integral from Definition
18 is not less general than that of the McShane integral from Definition 1. To
this aim let us prove the next lemma.

Lemma 19. Assume that A C I is a figure and that € > 0 is given. Let

6: 1 — (0,400) be a gauge and let {(t;, E;), i = 1,...,k} is such t; € I,
1

E; C A are measurable sets with E;NE; =0 fori # j and E; C B(t;, ié(ti))'

Then for i =1,...,k there exist figures C; C A such that p(C; N C;) =0

fori#j and
wWE; AC;)<e for i=1,...,k,
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(E; AC; = E;\ C; UC; \ E; is the symmetric difference of the sets E; and C;)
C; C B(t;,6(t:))-

Proof. We prove the statement by induction.

Assume that £ =1, i.e. we have t; € I and E; C A.

Let A > 0 be arbitrary. Then there is a set G C A which is open in A
such that G C B(t1,6(t1)), F1 C G, u(G\ E1) < X and a figure Cy such that
Cy CGand u(G\Cy) < A

We have

w(Er ACy) = u(Er \ C1) +u(C1\ Er) <

< (G \C) + u(G\ Br) < 2\

and the statement holds in this case if we put A = % because C; C G C
B(t1,6(t1)).

Coming to the induction step, assume that the statement of the lemma
holds for some k € N and let (to, Ep), (t1, E1), ..., (tx, Ex) are k + 1 point-set
pairs satisfying the assumption. Let A > 0 be arbitrary.

Using the first part of the proof there is a figure Cyy contained in A, such
that

(Ey A Co) < 2A (13)

and
Co C B(to,6(to))

holds.

Put A* =cl (A \ Cy), (cl (A\ Cp) is the closure of the set A\ Cp) and let
Ef =E,NnA*fori=1,...,k. A* is evidently a figure while {(¢;, E}), i =
1,...,k} satisfy the assumptions of the lemma.

By the induction assumption there exist figures Cy,...,C} contained in
A*, such that u(C; NC;) =0 for i # j and

n(B: A Ci) < A, (14)

C; C B(ti,ﬁ(ti)), 1= 17...,](,'.

We also have
w(ConC;)=0 for i=1,...,k

because C; C A* =cl (4 )\ Cp).
Fori=1,...,k we have Ey N E; = () and therefore

E,NCy=E;N (Co \ Eo),
/J/(El N Co) < /L(Co \ Eo) < A (15)
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Since E; C Ef U E; N Cy we get
w(Ci \ Ey) = u(Ci \ Ef) < A (16)
On the other hand we have, by (14) and (15),
u(Ei \ Ci) < p(Ef\ Ci) + p((E; N Co) \ Ci) < 2A
and this together with (16) shows that for ¢ = 1,...,k we have
p(E: A Ci) < 3.

Taking into account (13) we obtain the result because A > 0 can be taken
arbitrarily small. O

Theorem 20. If f : I — X is McShane integrable then f is McShane*

in]&eg? able and
/ B / ’
I I

Proof. Let £ > 0 be given. By the Saks-Henstock lemma 5 there exists a gauge
6 : I — (0,400) such that for every é-fine M-system (r;,K;),j =1,...,q of
I the inequality

I nt) - [ fllx<e

holds. This implies that if {(r;,C}), 7 = 1,...,q}, r; € I, C; are non-
overlapping figures contained in I with C; C B(r;,6(r;)) then

I = [ fllx <. a7)

1
Assume that {(s;, E;),i = 1,...,p} is an arbitrary Eé—ﬁne M*-partition of I.
By Theorem 11 there is an n > 0 such that if £ C I is measurable and
u(E) < n then

5
1 flx<= (18)
E p
By Lemma 19 there exist figures C; C I such that p(C; NC;) =0 for i # j
with .
w(E; A C;) < min{n, (19)
O e, (TG, ) + 110
and

C; C B(ti,é(ti))
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fore=1,...,p.
We have

I3 S suE) - [ fix=1 Sl utE) - [ o= e
= I U (u(C) + F 6 u(E) = u(C)~
—[Lif+/Ei\Cif—Li\Eif]]llxs
<IEisem(Cn - [ e S o)t - Ol
+3l / NRLCEDY / A

Since
1)
B = MO S BB O < T Gl + 1
we have
Z £ (s0)llx |(B:) = p(Cs)| < Z 17 (5ol © <e (21)

- [max; ([[f(s511x) +1]
and because
W(E; \ Ci) < p(EB; ACi) <m, p(Ci\ By) < p(E; AC;) <n
we obtain by (18)

g
;||/Ei\cif||x<;55, ;II/Ei\Cifllx<8- (22)

Using the figure version (17) of the Saks-Henstock lemma we obtain finally
from (20), (21) and (22)

15 feu(E) - [ flx <a:

and this shows that f is McShane* integrable and that [, f = [, f holds. O

Hence we arrive at the following result.

Theorem 21. A function f : I — X is McShane integrable if and only if f
is is McShane* integrable and both the integrals fI* f, fI f coincide.

Remark 22. The concept of McShane* integrability was considered in a more
general setting in Fremlin’s paper [2], 1A Definitions. See also [1], 2H Lemma.
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