ON INTEGRATION OF VECTOR FUNCTIONS WITH
RESPECT TO VECTOR MEASURES

JOSE RODRIGUEZ

ABSTRACT. We study integration of Banach space-valued functions with
respect to Banach space-valued measures. The natural extensions to this
setting of the Birkhoff and McShane integrals centre our attention. The
corresponding generalization of the Birkhoff integral was first considered
by Dobrakov under the name S*-integral. Our main result states that
S*-integrability implies McShane integrability in contexts in which the
later notion is definable. We also show that a function is measurable
and McShane integrable if and only if it is Dobrakov integrable (i.e.
Bartle *-integrable).

1. INTRODUCTION

The first attempts to establish a theory of integration of vector-valued
functions with respect to vector-valued measures go back to the early days of
Banach spaces (see [18] for an overview) and, since then, several authors have
worked on this topic. Perhaps the most known method is that of Bartle [1],
subsequently generalized by Dobrakov (see the survey [22] and the references
therein). More recent contributions to this subject are [17, 19, 21, 24].

Most of these theories, including Dobrakov’s one, have a common feature:
the functions are required to be measurable (in other words, they must be the
pointwise limit of a sequence of simple functions). Unfortunately, non mea-
surable vector-valued functions arise naturally and the necessity of integration
techniques including such functions becomes evident.

In the particular case of a non-negative measure p and functions f with
values in a Banach space X, the Birkhoff integral [2] and the (generalized)
McShane integral [14], which do not require such kind of “strong” measura-
bility, have caught the attention of some authors pretty recently, see [3, 23],
[12], [4, 16] and the references given there. Roughly speaking, both integrals
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are defined as limits of sums of the form ), j1(A4;) f(t;), where (4;) is a count-
able family of pairwise disjoint measurable sets and the ¢;’s are points of the
domain which are related to the A;’s in some way. It is natural to try to
extend these integrals to the more general setting of vector-valued measures
and our purpose here is to study such generalizations, which are obtained as
follows: we will consider a vector measure p with values in the Banach space
L(X,Y) of all bounded operators from X to another Banach space Y and the
sums Y . f1(A;) f(t;) will be constructed by replacing the product by scalars
R x X — X with the natural bilinear map £(X,Y) x X — Y.

The S*-integral of Dobrakov [8], derived from Kolmogorov’s approach to
integration theory [20, 25|, is the natural extension of the Birkhoff integral
to the case of vector-valued functions and vector-valued measures. Under
the assumption that the semivariation of the vector measure is continuous
(see below for the definitions), it is known that Dobrakov integrability (i.e.
Bartle *-integrability) implies S*-integrability and that both notions coincide
for measurable functions. For the convenience of the reader we have collected
the definitions and basic facts (some of them already known) about the S*-
integral and the Dobrakov integral in Section 2.

In Section 3 we develop the theory of the McShane integral with respect
to a vector measure. Naturally, throughout this section we work with vector-
valued functions defined on topological spaces and we require that the semi-
variation of the vector measure has a quasi-Radon “control measure”. Sub-
Section 3.1 contains some preliminary work which paves the way to deal with
Sub-Section 3.2, that is devoted to compare in this setting the McShane in-
tegral with the Dobrakov and S* integrals. The main result of this paper,
Theorem 3.7, states that every S*-integrable function is McShane integrable
(and the respective integrals coincide). This generalizes partially a result of
Fremlin, [12, Proposition 4], regarding the McShane integrability of a Birkhoff
integrable function defined on a o-finite outer regular quasi-Radon measure
space. As a consequence of Theorem 3.7 we deduce that a function is Do-
brakov integrable if and only if it is measurable and McShane integrable (The-
orem 3.8).

Notation and terminology. Throughout this paper X and Y are real Ba-
nach spaces, (£2,Y) is a measurable space and p: ¥ — £(X,Y) is a count-
ably additive vector measure. £(X,Y) is the Banach space of all bounded
operators from X to Y.

The notion of semivariation defined below differs from the usual one of
scalar semivariation of a vector measure v, [5, p. 2], which will be denoted
by ||v|l. The semivariation of u, [6, p. 513], is the function fi : ¥ — [0, 0]
defined by fi(A) = sup|| Y1 w(A;)(z;)||, where the supremum is taken over
all finite partitions (A;)?_; of A in 3 and all finite collections (z;)_; in Bx
(the closed unit ball of X). [ is always monotone and countably subadditive.
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Throughout we will assume that i is continuous, [7, p. 17): if (E,)52, is
a decreasing sequence in ¥ such that NS, E,, = 0, then lim, a(E,) = 0.
We emphasize that [ is continuous if and only if there exists a non-negative
finite measure A on X such that limy(ay_o f4(A) = 0 and lim; 4y A(A) =0,
see [7, Lemma 2|. Throughout the paper \ will always be such a measure.
From the continuity of i it follows that [i(f2) < oo (see the remarks after
Lemma 2 in [7]). Observe that for each E € ¥ the restriction of p to the
o-algebra X = {B € ¥ : B C E}, denoted by ug, is countably additive and
has continuous semivariation. Moreover, the restriction of A to X g, denoted
by /\E, fulfills lim)\E(A)_,O /E(A) =0 and lime(A)_,o )\E(A) =0.

There are several cases in which [ is continuous, see for instance [1, 17, 22].
Let us mention two of them:

C1: Integration of X-valued functions with respect to a non-negative
finite measure v on X. In such a case we take Y := X and u(E)(x) :=
v(E)x for every E € ¥ and every x € X. It is obvious that fi = v is
continuous.

C2: Integration of real-valued functions with respect to a countably ad-
ditive vector measure v : ¥ — Y. In such a case we take X := R
and p(E)(z) := zv(F) for every E € ¥ and every z € R. Observe
that i = ||v|| is continuous, by [5, Corollary 6, p. 14]. The standard
integral in this setting is that of Bartle, Dunford and Schwartz, see
[10, Section IV.10].

2. DOBRAKOV AND S* INTEGRALS

As said in the introduction, this section contains a brief summary of the
definitions and some basic facts on the Dobrakov and S* integrals.

For a given simple function f = Y1  z;x4,, ©; € X, A; € X, we write
Jo f dp =31 u(As) (). A function f: Q@ — X is called measurable if
there is a sequence of simple functions converging pointwise to f. A function
f:+ Q — X is Dobrakov integrable with respect to u, [6, Definition 2 and
Theorem 7], if it is measurable and there is a sequence of simple X-valued
functions (f,,) converging to f fi-almost everywhere such that for every E € ¥
there exists lim,, [, fn dup, for the norm topology of Y'; the Dobrakov integral
of f with respect to u is defined by (D) [, f dp = lim,, [, fn dp.

Within the framework of this paper (that is, under the assumption that
the vector measure has continuous semivariation) the differences between the
Bartle bilinear *-integral and the Dobrakov integral are simply language mat-
ters. Indeed, let Z be another real Banach space, v : ¥ — Z a countably
additive vector measure and ¢ : X xZ — Y a continuous bilinear map. Then
v has the *-property with respect to ¢, [1, Definition 2], if and only if the set
function p : ¥ — L(X,Y) given by p(E)(x) = ¢(z,v(E)) has continuous
semivariation. In this case, Theorem 9 in [1] says that a function f: Q — X
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is Bartle *-integrable with respect to v and ¢ if and only if f is equal ji-almost
everywhere to a function which is Dobrakov integrable with respect to p (the
respective integrals coincide).

In the particular case C1 (resp. C2) mentioned above, a function is inte-
grable in the sense of Dobrakov if and only if it is measurable and integrable
in the sense of Pettis (resp. Bartle, Dunford and Schwartz), see [1, 6].

Given a function f :  — X, a countable family I' = (A4,,) of pairwise
disjoint elements of ¥ and a choice T' = (t,,) in I" (i.e., ¢, € A,, for every n),
the symbol

ST, T) =Y p(An)(f(tn))

denotes a formal series. As usual, we say that another countable family T
of pairwise disjoint elements of ¥ is finer than I" when each element of TV is
contained in some element of I'.

Definition 2.1. A function f : Q — X is S*-integrable with respect to p,
with S*-integral y € Y, [8, Definition 1], if for every € > 0 there is a countable
partition T'g of Q in X such that for every countable partition T’ of Q in X finer
than Ty and every choice T in T’

(i) the series S(f,T,T) is unconditionally convergent in'Y ;
(i) I1S(f,0,T) -yl <e.
The vector y € Y is necessarily unique and will be denoted by (S*) fQ f du.

The set of all functions from €2 to X which are S*-integrable with respect
to p will be denoted by S*(u). It is easy to check that S*(u) is a linear
subspace of X and that the map from 5*(p) to Y given by f +— (S*) [, f du
is linear.

The basic properties of the S*-integral and the precise relationship with the
Dobrakov integral were studied in [8] (see [9] for a variant of the S*-integral,
called S-integral, which only deals with finite partitions). Theorem 1 in [8]
states that a function f:Q — X is Dobrakov integrable with respect to u if
and only if f is measurable and S*-integrable with respect to p (in this case,
the respective integrals coincide).

It is worth it to point out that S*-integrability generalizes Birkhoff in-
tegrability. More precisely, Proposition 2.6 in [3] can be read as: if v is a
non-negative finite measure on X, then a function f : & — X is Birkhoff
integrable with respect to v if and only if f is S*-integrable with respect to
the set function p : ¥ — L(X, X) given by p(E)(x) = v(E)z (in this case,
the respective integrals coincide).

We end up the section with two lemmas that will be needed in the proof
of Theorem 3.7. We first emphasize that:

(i) if f: Q — X is S*-integrable with respect to y, then for each A € ¥
the restriction f|4 is S*-integrable with respect to pa;
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(ii) the set function vy : ¥ — Y given by

vp(4) = (57) /A f dua

is a countably additive vector measure,

see [8, Lemma 1 (1)].

Lemma 2.1. Let f € S*(u). Then for each € > 0 there is a countable
partition To of Q in ¥ such that for every countable family T = (Ay) of
pairwise disjoint elements of ¥ finer than Iy and every choice T in T, the
series S(f,T,T) is unconditionally convergent and

(1) HS<f7FaT)_Vf(UnAn>H Se.

Proof. Let I'g be a countable partition of €2 in 3 such that for every countable
partition I' of Q in ¥ finer than I'y and every choice T in T’

IS(f,1.T) = v (D) <,

the series involved being unconditionally convergent.

Fix an arbitrary countable family T' = (4,,) of pairwise disjoint elements
of ¥ finer than T'y, and take any choice T' = (¢,) in I'. Write A := U, 4,, and
set IV:={FE\A: E€Ty, E¢ A}. Fix a choice T" in T".

Since I'UT" is a countable partition of © in ¥ finer than I'g and TUT" is a
choice in T'UTY, the series S(f,T UTY,T UT") is unconditionally convergent.
Therefore, the subseries S(f,I',T") is unconditionally convergent.

Let us turn to the proof of (1). There is a sequence {I'} }xen of countable
partitions of 2\ A in ¥ finer than I, and a sequence of choices {7} }en, such
that

) lim S(f,T}.T0) = vp(@\ A).

For each k € N we define I';, := I'UT"}, which is a countable partition of Q in ¥
finer than T'y, and T}, := T'UT}.. The choice of Ty implies that S(f,T'x, Tj) is
unconditionally convergent and

HS(fa Fvak) - Vf(Q)” <e
for every k € N, which yields
IS(f, 1. T) = v (Al < 1S(F T, Te) = v (I + [1S(f, T, Tp)) — v (Q\ A)|
<e+|S(f, Ty, Tp) — ve(Q\ A)|
for every k € N. Now (1) follows from (2), and the proof is complete. O

Lemma 2.2. Suppose that Q is an atom of \. If f € S*(u), then there is
E € ¥ such that fi(Q\ E) =0 and v¢(2) = u(Q)(f(w)) for every w € E.
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Proof. Since f € S*(u), for each m € N there is a countable partition T, of Q
in ¥ such that )

ISCf, T, T) = vy (D] < —
for every choice T in I, the series involved being unconditionally convergent.
But Q is an atom of A, so there is some E,, € T, such that A(Q\ E,,) = 0.
The previous inequality can now be read as

swp (@) - @) < - mER,

and therefore the set E := N°_, E,, fulfills the required properties. g

We should also mention that the Dobrakov and S*-integrals can be defined
in the more general setting of vector measures on d-rings that are countably
additive for the strong operator topology on L(X,Y’), see [6, 8]. The results
of [8] quoted above (including Theorem 1) are valid in this context under
further assumptions on the functions involved and the semivariation that are
fairly close to assume the continuity of the latter.

3. THE MCSHANE INTEGRAL WITH RESPECT TO VECTOR MEASURES

This section is devoted to analyze the McShane integral with respect to a
vector measure and its relationship with the Dobrakov and S* integrals. Our
approach here to the McShane integral differs from that of [14] and is inspired
by the equivalent formulation given in [11, 13] and [15, Chapter 48]. For all
unexplained terminology we refer the reader to [15].

As in the case of non-negative measures, further conditions are needed to
set up this method of integration. Throughout this section 7 is a topology on €2
with 7 C ¥ and we suppose that (€, 7,3, \) is a finite quasi-Radon measure
space, in the sense of [15, 411H] (for instance, a finite Radon measure space,
see [15, 416A]). Equivalently, /i satisfies the following properties:

(o) for every E € ¥ and every € > 0 there exists a 7-closed set C' C E
such that A(E \ C) < ¢;
(8) infgeg (UG \ G) = 0 for every non-empty upwards directed family G
of T-open sets;
(v) if ACFE € ¥ and g(F) =0, then A € %.
There are natural examples of topological spaces and vector measures ful-
filling the properties above. We next mention some of them.

Example 3.1. Let (Q2,7) be a compact Hausdorff topological space. Follow-
ing [5, p. 157], we say that a countably additive vector measure v defined on
the Borel o-algebra ¥; of Q with values in Y is regular if for every E € 3; and
every € > 0 there is a compact set K C E such that |[v]|[(E\ K) < e. These
measures arise in the representation of weakly compact operators C(2) — Y
via the Bartle-Dunford-Schwartz integral, see [5, Chapter VI].
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Given such a v, take X := R and define pi; : ¥1 — L(X,Y) by p1(E)(x) ==
zv(E). Then py is a countably additive vector measure and 1y = ||v||
is continuous (we are in the conditions of the particular case C2). Fix a
non-negative finite measure A\; on X; such that limy,ay—op1(A) = 0 and
limz; (4)—o A1(A) = 0. Write (€2, %, ) for the completion of (Q,%1, ;). It
is easy to see that u; can be extended (in a unique way) to a countably ad-
ditive vector measure p : ¥ — L(X,Y’) such that limy4)—¢ 2(A) = 0 and
limj, )0 A(A) = 0. Moreover, we have ji|s, = 1. It follows from the reg-
ularity of v that (2,7, %, A) is a finite Radon measure space and therefore fi
satisfies («), (8) and () (so p1 fulfills () and (8)).

Example 3.2. Let (Q,7) be an analytic Hausdorff topological space (e.g.
a Polish space). It is well known that the completion of any non-negative
finite measure defined on the Borel g-algebra ¥; of €2 is a Radon measure,
see [15, 433C]. Consequently, if p1 : X1 — L(X,Y) is a countably additive
vector measure with continuous semivariation, then 7 satisfies properties ()
and (), and p; can be extended to a countably additive vector measure with
continuous semivariation that also fulfills (v), as in the previous example.

We will use without explicit mention the fact that properties («), (3)
and () are hereditary: for each A € ¥ the set function 4 fulfills condi-
tions (a), (8) and (v) with respect to ¥4 and the induced topology 74 =
{BNA: Ber}, since (A,74,24,A4) is a quasi-Radon measure space, see
15, 415B].

To introduce the McShane integral we need some terminology. A gauge on
(Q,7) is a function § : @ — 7 such that w € §(w) for every w € Q. A partial
McShane partition of §2 is a finite collection P = {(E;, s;) : 1 < i < p} where
(E;)P_, are pairwise disjoint elements of ¥ and s; € Q for every 1 < i < p.
We write Wp := UY_, E;. P is said to be subordinate to § if E; C (s;) for
every 1 <1 < p.

For every gauge § on (€, 7) and every n > 0 the set II;,, made up of all
partial McShane partitions P of Q subordinate to § such that G(Q\ Wp) <7,
is not empty (the arguments in [14, 1B(d)] can be applied since (€2, 7, 3, A) is
a finite quasi-Radon measure space). It is clear that the family

B ={Ils, : ¢ isa gauge on (Q,7), n > 0}

is a filter base on the set II of all partial McShane partitions of €2. Let us
denote by F the filter on II generated by B.

From now on, given a function f : @ — X and a partial McShane partition
P={(E;,s;): 1<i<p}ofQ, we write
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Definition 3.1. Let f : Q0 — X be a function. We say that f is McShane
integrable with respect to u if there exists limp_x f(P) =y for the norm
topology of Y, i.e., for every e > 0 the set {P €Il : | f(P)—y| < e} belongs
to F. The vectory €Y is called the McShane integral of f and will be denoted

by (M) [ f dp.

The set of all functions from Q to X which are McShane integrable with
respect to u1, denoted by M (), is a linear subspace of X and the map from
M (p) to Y given by f— (M) [, f du is linear.

The McShane integral of Banach-valued functions defined on finite quasi-
Radon measure spaces, in the sense of [14], turns out to be a particular case
of the McShane integral with respect to a vector measure, as we have defined
it. More precisely, if (2,7, %, v) is a finite quasi-Radon measure space, then a
function f:Q — X is McShane integrable according to [14, 1A] if and only
if f is McShane integrable with respect to the set function p: ¥ — L(X, X)
given by u(E)(x) = v(E)x (in this case, the respective integrals coincide), see
[13, Proposition 3.

3.1. Preliminary results. In this sub-section we establish the basics of the
theory of the McShane integral with respect to vector measures.

Given a gauge ¢ on (2,7) and E € X, we will denote by dr the gauge on
(E,7g) defined by 0g(w) := §(w) N E for every w € E.

Lemma 3.1. Let f € M(u). Then for each A € ¥ the restriction f|a is
McShane integrable with respect to pa. Its McShane integral will be denoted

by C(A).
Proof. By the completeness of X, it suffices to show that for every ¢ > 0
there exist a gauge d4 on (A,74) and n > 0 such that ||f(P1) — f(P2)|| < e
whenever P; and Py are partial McShane partitions of A subordinate to 4
such that g(A\ Wp,) <nfori=1,2.

Since f € M(u), there exist a gauge ¢ on (£2,7) and 1 > 0 such that
(3) IF(P) = f(P)ll <e
for every P, P’ € Ils,9,. Fix a partial McShane partition Py of Q \ A subordi-
nate to do\ 4 such that (Q\ (AU Wp,)) <.

Now let P; and P, be partial McShane partitions of A subordinate to 64
such that f(A\ Wp,) <nfori=1,2. Then P =Py UPy and P’ = P2 UPy
belong to Il;2,, and (3) applies to get

1f(P1) — f(P) = [Ilf(P) — f(P)Il <&,
as required. O
Lemma 3.2. Let f € M(p). Then

(i) limg(g)—o G (E) = 0;
(ii) (5 : X —Y is a countably additive vector measure.
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Proof. It is easy to check that (y is a finitely additive vector measure. In view
of this, (ii) follows directly from (i) and the continuity of fi.

In order to prove (i) fix e > 0. Since f € M (i), there are n > 0 and a gauge
d on (2, 7) such that || f(P) — (¢ ()] < € whenever P € Ils,,. Fix E € 3 such
that 4(E) < 2. We claim that ||(f(E)|| < 3e.

Indeed, take a partial McShane partition P; of 2\ E subordinate to o\ g
such that (Q\ (EUWp,)) < 2, and fix another partial McShane partition P,
of E subordinate to dg such that || f(P2) — (;(E)|| < e. Since Py and P; U P,
are in Ils ,,, we have

IS (BN < 16 (E) = f(P2)l + 1f (PrUP2) = (¢ ()]
+ [1F(P1) = ()] < 3e.
Since € > 0 is arbitrary, (i) holds and the proof is complete. O

The following version of the Henstock-Saks lemma will be needed in the
proof of Proposition 3.4.

Lemma 3.3. Let f € M(u). Then for each € > 0 there is a gauge 6 on (2, T)
such that

<e

Hi“(Ei)(f(Si)) — (UL Bi)

for every partial McShane partition {(E;,s;) : 1 < i < p} of Q subordinate
to 6.

Proof. Fix n > 0 and a gauge ¢ on (£2,7) such that
IF(P) = ¢ () < g for every P’ € Il; ,,.

Take an arbitrary partial McShane partition P = {(F;,s;) : 1 < i < p}
of {2 subordinate to §. Since flo\w, € M (pao\w;,), there is a partial McShane
partition Py of Q\ Wp subordinate to dg\w,, such that 4(Q\(WpUWp,)) <7
and -

1F(Po) = G (@A WR)I| < 5

Since P U Py € 1ls5,, and (¢ is finitely additive, we have

|3 (B () = U B)|| < 15 PUPo) = ()]

e €
+F(Po) = G\ Wp)| < 5+ 5 =5,
and the proof is complete. -

For a given function f : @ — X and A € ¥, we denote by fyxa the
function from 2 to X defined by fxa(w) = f(w) f w € A, fxa(w) =0 if
weN\ A
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Proposition 3.4. Let f: Q — X be a function and A € ¥ such that |4 is
McShane integrable with respect to jia. Then fxa € M(u) and

(M) /Q fxa di = (M) /A Fdua.

Proof. Fix ¢ > 0. By property («) of fi, for every m € N we can choose an
open set G, D A such that

(4) (G \ A) < =

2m .m’
Since f|4 is McShane integrable with respect to 114, Lemma 3.3 applies to get
a gauge ¢’ on (A, 74) such that

(5) 1F(P) = Crra(Wpr)l| < e

for every partial McShane partition P’ of A subordinate to §’. On the other
hand, by Lemma 3.2 (i) there is > 0 such that

(6) ICr1a (Bl < &
whenever i(E) <n, E € ¥4. Fix a closed set K C A such that 4(A\ K) < 3
(use again property («)).
Let ¢ be a gauge on (2, 7) such that
e f(wNA=¢§w)and d(w) C Gy, ifwe Aand m — 1 < || f(w)] < m;
e f(w)=Q\KifweQ\A
We claim that

P

@ |3 B xats) = 00) [ 7 dua| <3¢

i=1
for every P = {(E;,s;) : 1 < i < p} € 5 n. Indeed, since the collection
{(E;NA,s;):s; € A} is a partial McShane partition of A subordinate to ¢,
it follows from (5) that

®) | 32 nEin (50 = ¢ (UsieatBin )| < -
s;i€EA

Note that AN (Us,gaE;) C A\ K, by the choice of 6. Therefore

i(A\ Us,eaBi) < (AN (Us,gaBi)) + (2 \ Wp)

< UANE) + @\ Wp) < 241

+§:777

and (6) yields ||y, (A \ Us,eal;)|| < e. This inequality and (8) imply

(9) > BN A)(f(s) = G (A)]| < 22

s;€EA

BN
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On the other hand, set I,, = {1 <i<p: s, € A, m—1<||f(s)| <m}

for every m € N. Since U;¢ey, F; C Gy, for every m € N (by the choice of 4),
(4) yields

| wE Ao < X 2w aso|

=1 i€l
sg;ﬂ@m\m mg;;;;:a
which combined with (9) implies
P
BN (Fxals)) = (A = | X nE)((s0)) = ¢ (4)]| < 3.
i=1 s;€A

Hence (7) holds. Since ¢ > 0 is arbitrary, fxa is McShane integrable with
respect to p and (M) [, fxa dp= (M) [, f dpa. O

Corollary 3.5. Let f : Q — X be a simple function, f = >, xixa,. Then
[ is McShane integrable with respect to p and (M) [, f dp = > p(A:) ().

Proof. Tt suffices to consider the case f = xxa, which follows from Proposi-
tion 3.4 and the fact that constant functions are McShane integrable. O

Corollary 3.6. Let f,g: Q) — X be two functions which are equal fi-almost
everywhere. Then f € M(u) if and only if g € M(w). In this case,

/fdu— /gdu-

Proof. Tt suffices to check that h := f — g is McShane integrable with respect
to pand (M) [, h du = 0. Fix A € ¥ such that h(w) = 0 for every w € A and
(S2\ A) = 0. Since h|g\ 4 is McShane integrable with respect to o\ 4, with
integral 0, an appeal to Proposition 3.4 ensures us that hxo\a = h € M(u)
and (M) [, h dp = 0, as required. O

3.2. Relationship with the Dobrakov and S* integrals. In this sub-
section we discuss the relationship between the different integrals considered
in this paper.

Theorem 3.7. If f : Q — X is S*-integrable with respect to u, then f is
McShane integrable with respect to p and

wwa@:w@wa

The proof will be divided into four cases.
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Case 1. Suppose that ) is an atom of \.
By Lemma 2.2 there is E € ¥ such that 4(Q\ E) =0 and

vi(Q) = w(Q)(f(w)) forevery w € E.

Therefore f(P) = v;(Q) for every partial McShane partition P of E such
that 4(E \ Wp) < (E) (keep in mind that E is an atom of A). It fol-
lows that f|g is McShane integrable with respect to pg, with McShane in-
tegral v¢(2). An appeal to Proposition 3.4 ensures us that fxgp € M(u)
and (M) [, fxe dp = vf(Q). Since f and fxp are equal ji-almost ev-
erywhere, it follows that f is McShane integrable with respect to p and
(M) [, f dp = v(Q2) (by Corollary 3.6). O

Case 2. Suppose that there is a countable partition (A,) of Q made up of
atoms of \.

Given F € ¥ and n € N, the restriction f|a,ng is S*-integrable with
respect to pa,~g. It is obvious that fla,ng € M(pa,nE), with McShane
integral v¢(A,, NE) = 0, when i(A,NE) = 0. If, on the contrary, 4, NE is an
atom of A\, Case 1 applies to deduce that f|s, g € M(pa,ne), with McShane
integral v (A, N E). We conclude from Proposition 3.4 that fxa,ng € M(p)
and

(M) /Q fXa.ne dp = (M)/A fdpa,ng =vi(A, NE).

nNE
In particular, fxa, € M(u) and

<m><m¢m:gmm%mm:wqtmfwhmzwmwm>

for every n € N and every F € .
Fix ¢ > 0. By Lemma 3.3, for each n there is a gauge d,, on (£, 7) such
that

() 1£x, (P) = Cpra, (o)l < o

for every partial McShane partition P’ of 2 subordinate to d,. On the other
hand, since vy is countably additive, there is Ny € N such that

a2 3 vt

nel

<e

for every finite set F' C N satisfying F N {1,..., No} = 0.

By property («) of fi, for every 1 < n < Ny we can choose a closed set
F, C A, such that (A, \ F,,) = 0 (keep in mind that A,, is an atom of \).
Define a gauge ¢ on (Q,7) by

No
d(w) :==dp(w) \ U F,, whenever w € 4,.

m=1
m#n
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Fix 0 < n <min{ji(A,) : 1 <n < Ng}. We claim that
(13) If(P) — v ()| <2 for every P € 5.
To prove this fix P = {(Ej,s;) : 1 <i < p} € II5,. Given 1 < n < Ny, the
definition of § implies that
An \ U Ei - (An \ Fn) U (Q \ Uf:lEi)a

s;€EAL
hence fi(A, \ Us,ea, Ei) < n < [(A,) and, since A,, is an atom of A, we
conclude that fi(A4, \ Us,eca, E ) = 0. Therefore

uf<An\ U Ez) =0 forevery 1 <mn < Ng.
si€A,

On the other hand, for each n > Ny we have

vr(A\ U B € {0.mpAn},

8, €AR

because A,, is an atom of A. It follows from (12) that

(14) szf(An\ U Ei)
n S, €A,

Note that for each n € N the collection {(E;,s;) : s; € An} is a partial
McShane partition of 2 subordinate to d,,, hence

|5 st (U 5)na)

si€EAR 5i€An,

‘Ss.

S
<77
= 9n

by (11) and (10). Combining this inequality with (14) we get

1FP) = v @) = |32 2 wlE(Fxa(s0) - > vs(An)

n s;€A,

<5 5 wEntren (U #)0)
S U )+

Therefore, (13) holds. Since € > 0 is arbitrary, f is McShane integrable with
respect to p and (M) [, f dp = vs(Q). O

27n+€:2€.

Case 3. Suppose that X is atomless.

For each w € © we have \*({w}) = 0 (here A* stands for the outer measure
induced by ) and, since (€, 3, \) is complete, {w} € ¥ and i({w}) = 0.

Fix ¢ > 0. By Lemma 2.1 there exists a countable partition I'g = (4,,) of
@ in 3 such that

(15) ISC/TT) = vi(UmBm)l| < e
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for every finite collection I' = (B,,) of pairwise disjoint elements of 3 finer
than I'y and any choice T in T'.

Since vy is countably additive and v¢(E) = 0 whenever A(E) = 0, we have
limy(gy—o v¢(E) = 0, see [5, Theorem 1, p. 10], and we can choose n > 0 such
that

(16) lve(E)|| <e for every E € ¥ with fi(E) <.
Fix Ny € N large enough such that
(17) ﬂ(Un>NoAn) < g

Property («) of i ensures us that for each n,m € N there exist a closed set
K,, C A, and an open set G,, ,,, D A,, such that

. n
<
(18) A\ K <
and
€
N «_ &
(19) (Grm \ An) < on+m

Let us consider the gauge ¢ on (£2,7) defined by

No
§(w) = Gnm \ |J K
iZn
whenever w € 4, and m — 1 < || f(w)]| < m. We will prove that

p

D (E) () = vs()| < 3¢

i=1

(20) |

for every P = {(E;,s;) : 1 <1i < p} € ll; 2. To this end, observe that we can

suppose that s; # s; fori # j. Choose N > Ny such that s1,...,s, € UN_, A,.
Define F := Q\{s;: 1 <i<p}andwritel, ={1<i<p: s € A,} for
each 1 <n < N (some I, may be empty). Let us define

for every 1 <n < N and every i € I,,. Since
I'={E;,: 1<n<N,iel,}

is a finite collection of pairwise disjoint elements of ¥ finer than Ty, (15)
applies to get

(21) Hi > ((E)(F(5:)) = vi(Bin)) || < &

n=1:€l,
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Since A({w}) = 0 for every w € Q, we have A\((E; N A,)AE; ) = 0 for
every 1 <n < N and every 7 € I,,, hence

(U U £e) (1

n=14€l,

HCZ

LIJEQA)

This equality, the fact that u(E;,) = pu(E; N A,) (for all 1 < n < N and
i € I,) and (21) imply

@ XS BN A6 - vy P n A <o

n=1:€l,

where P, := Uer, E; for every 1 <n < N.
‘We will now show that

(23) Ap\ P, C (A \ Kn)U (Ussng As)U(Q\UY_ E;)  for every 1 <n < N.

It suffices to check that (A4, \ P,)N(U_, E;) C A, \ K, for every 1 < n < Nj.
To this end, take 1 < i < p and suppose that (A, \ P,) N E; # 0. Then there
is some k # n such that s; € A and, therefore, we have

EiNK, Cd(s;))NKy c(Q\U ) =0,
z;ék

hence (A, \ P,)NE; C A, \ Ky, as required. This completes the proof of (23).
As a consequence of (23) we have (recall that N > Ng)

(U)o (U a2)) = Xitan s

n>N

=

+ /:L(US>N0AS) + ﬂ(Q \ U€:1Ei) S

w3
IN
=

by (18), (17) and the fact that P € Il5 2. An appeal to (16) yields

b ((Dtan ) o (U )] ==

which combined with (22) allows us to conclude that

(24) Hi S BN An)(f(s) = v (@) < 22

n=1:€l,
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By the definition of § we have E; \ A, C G, \ A, whenever ¢ € I,, and
m — 1 < f(s;)|| < m. Therefore

Hfj S (BN A2 < >3 (D SRR WIEN)]

n=14€l, i€l,
m—1<| f(ss)ll<m

N o N oo

by (19). This inequality and (24) imply

HZ_Z):M(EZ)(JC(&)) — Vf(Q)H = HXN: Z W(ED(f(s1)) — Vf(Q)H <3

Therefore, (20) holds. Since € > 0 is arbitrary, f is McShane integrable with
respect to p and (M) [, f dp = vs(Q). O

General case.

Since A is finite, there is a countable family (A,,) of pairwise disjoint atoms
of A such that A\ 4 is atomless, where A := U, A4,,.

Since f|a (resp. flo\a) is S*-integrable with respect to p4 (resp. poya),
Case 2 (resp. Case 8) implies that f|a (resp. f|o\a) is McShane integrable
with respect to p14 (resp. po\4) and

) [ 7 dua=vsa) (resp. ) [ ] s = (0 ),

We conclude from Proposition 3.4 that fxa € M(u) (resp. fxa\a € M(u))
and (M) [y, fxa din = vy(A) (resp. (M) o fxana dp = vp(@\ A)).

It follows that f = fxa + fxq\4 is McShane integrable with respect to p
and (M) [, f dp = vp(A) +vp(Q\ A) = v4(€2). The proof of Theorem 3.7 is
complete. O

Proposition 4 in [12] states that every Birkhoff integrable function defined
on a o-finite outer reqular quasi-Radon measure space is McShane integrable
in the sense of [14] (and the respective integrals coincide). The converse does
not hold in general, although it is true if the closed unit ball of the dual of
the range space is weak*-separable, [12, Theorem 10]. Examples of McShane
integrable functions defined on [0, 1] (with the Lebesgue measure) which are
not Birkhoff integrable can be found in [12, Example 8] and [23, Corollaries 2.4
and 2.6]. Observe that the finite measure case of the aforementioned Fremlin’s
result is included in our Theorem 3.7.

We end up the paper by pointing out the precise relationship between
McShane and Dobrakov integrability.
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Theorem 3.8. Let f: Q — X be a function. The following conditions are
equivalent:

(i) f is Dobrakov integrable with respect to p;
(ii) f is measurable and McShane integrable with respect to p.

In this case, (D) [o, f dp= (M) [, f dp.
Proof. As pointed out in Section 2, (i) is equivalent to

(i) f is measurable and S*-integrable with respect to p;

and, in this case, (D) [, f du = (S*) [, f dp. Tt follows from Theorem 3.7
that (i) implies (ii) and that (D) [, f du = (M) [, f dp.

The proof of (ii)=-(i) is as follows. Since f is measurable, there is a count-
ably valued function g : Q@ — X, g = > 0% TpXa,, 2n € X, A, € 2
pairwise disjoint, such that ||f — g|]| < 1 fi-almost everywhere, see [5, Corol-
lary 3, p. 42]. Hence f — g is Dobrakov integrable with respect to p, by [6,
Theorem 5], and, in view of (i)=-(ii), McShane integrable with respect to pu.
Define g,, = Y.p_, zrxa, for every n € N. Clearly (g,)22, converges to g
pointwise and, since g = f — (f — g) is McShane integrable with respect to p,
Lemma 3.2 (ii) implies that for each E € ¥ there exists the limit

lim / gn dppp = lim Zu(E N Ag)(zy) = lim Z Co(ENAyg).
n JE e— "=
Therefore, g is Dobrakov integrable with respect to p and the same is true for
f=g+ (f —g). The proof is finished. O

Finally, Corollary 3.6 allows us to translate the previous theorem into the
language of the Bartle bilinear *-integral.

Corollary 3.9. Let Z be a real Banach space, v : ¥ — Z a countably
additive vector measure and ¢ : X x Z — Y a continuous bilinear map.
Suppose that v has the *-property with respect to ¢ and that the semivariation
of the set function p: X — L(X,Y) given by p(E)(z) = ¢(x,v(E)) fulfills
properties (o), (8) and (v). Let f : Q@ — X be a function. The following
conditions are equivalent:

(i) f is Bartle *-integrable with respect to v and ¢;
(ii) f s McShane integrable with respect to u and there is a sequence of
simple functions converging to f [i-almost everywhere.

In this case the respective integrals coincide.
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