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1 Introduction

Vector measures are closely related to, and in many instances justified by, the study of
Banach space theory. For instance, J. Diestel and J. J. Uhl, Jr. mention in their monograph
[18], published in 1977, several early instances of the interplay between vector measures
and Banach space theory. For the purpose of this article, the following paragraph, that
highlights the origins of the Radon-Nikodym type theorems, is most relevant: “In 1936, J.
A. Clarkson introduced the notion of uniform convexity to prove that absolutely continuous
functions on a Euclidean space with values in a uniformly convex Banach space are the
integrals of their derivatives. At the same time, Clarkson used vector measure theoretic
ideas to prove that many familiar Banach spaces do not admit equivalent uniformly convex
norms. N. Dunford and A. P. Morse, in 1936, introduced the notion of a boundedly
complete basis to prove that absolutely continuous functions on a Euclidean space with
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values in a Banach space with a boundedly complete basis are the integrals of their
derivatives. Shortly thereafter Dunford was able to recognize the Dunford-Morse theorem
and the Clarkson theorem as genuine Radon-Nikodym theorems for the Bochner integral.
This was the first Radon-Nikodym theorem for vector measures on abstract measure
spaces”.

In spite of these exciting beginnings, and except for a few notable instances, vector
measures were quite forgotten in the forties and fifties. However, the monograph [19],
written by N. Dinculeanu and published in 1967, inspired a renewed interest on the
subject, particularly on the Radon-Nikodym theorem for the Bochner integral, and on the
Orlicz-Pettis theorem (see, for instance, [18], Notes and Remarks, pp. 31-39). A search
of the Mathematical Reviews for the relevant entries in the 2020 Mathematics Subject
Classification, shows that the study of vector measures is still of interest.

As for the organization of our exposition, it commences with a section that covers basic
definitions and results on vector measures. The measurability of vector-valued functions is
discussed in Section 3, and we dedicate Section 4 to the Bochner integral. In Section 5 we
look at several modes of convergence, while in Section 6 we review the Radon-Nikodym
property for the Bochner integral.

These sections amount to a fairly detailed study of vector measures. We prove quite a
few results, and we provide abundant references, as well as numerous examples and plenty
of commentary, including many of a historical nature.

The material covered in these sections uses results from the theory of real-valued
measures that are found, for the most part, in any book on measure and integration. We
refer often to [3] and [44]. Other sources are cited at the appropriate times.

2 Definitions and results pertaining to vector measures

We fix a measurable space (S, X) (see [3], p. 81), and a Banach space X with norm ||- |
which will always be real. In fact, all the linear spaces we consider will be real. This
setting will suffice for much of our purposes. Reference [19], in particular, considers far
more general settings.

Definition 1. A set function m : ¥ — X is called a vector measure if

1. m(@)=0.
2. For each pairwise disjoint family {A; }j>1 cy,
m | JA4; | =D my). (1)
Jj=1 Jj=1

Remark 1. The convergence of the series in (1) follows from the equality therein. Fur-
thermore, for the same reason, the series converges unconditionally. However, a very deep
result due to A. Dvoretsky and A. Rogers [21] asserts that unconditional convergence is
equivalent to absolute convergence, exactly when the space X is a finite dimensional linear
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space. To be sure, absolute convergence implies unconditional convergence in any Banach
space. The proof follows that of the real case (for the real case, see, for instance, [14], p. 45,
Theorem 21).

Remark 2. When X in Definition 1 is the space R, we refer to the vector measure m as
signed measure. Let us mention that, generally, a signed measure is allowed to take one,
and only one, of the values co and —oo (see, for instance, [44], p. 20). However, in our
context, a signed measure is always a particular case of a vector measure, that is, it has
values in R.

Following customary practice, we call a set function m : ¥ — [0, oo] satisfying the
conditions in Definition 1, a measure. Let us observe that for a measure, the series on the
right hand side of (1) may converge absolutely, or diverge to oo.

In the few occasions in which we work with an specific measure, we will say so.

Remark 3. Definition 1 follows ([12], p. 357) and ([6], p. 99). Although we stick to this
definition throughout, some references, for instance [18], make the distinction between
countably additive vector measures, defined as in Definition 1, and finitely additive vector
measures, where condition 2) is replaced by

2’) For each finite and pairwise disjoint family { A, }j cy,

m UA7 :Zm(AJ)

We refer to finitely additive vector measures as vector charges (for the real case,
see [7]).

Let us observe that if m is a vector charge and A;, A5 are sets in ¥ with A; C Ao, the
equality Ay = A1 |J (A2\4;) implies that

m(Ag) —m(Al) :m(Ag\Al) (2)

It should be clear that every vector measure is a vector charge. We will see shortly that
the converse is not always true.

The proposition that follows collects several equivalent conditions for a vector charge
to be a vector measure. These conditions appear in the literature, in various forms, when
X is the space R of the real numbers.

Proposition 1. Let m : 3 — X be a vector charge. Then, the following statements are

equivalent:

1. The vector charge m is a vector measure.
2. If{Aj]~j>1 C Yand A; C Ajq forall j > 1, then there exists

lerr;om (Ag) =m U A;

Jj=1
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3. If{Aj}j>1 CXand Aji1 C Ajforall j > 1, then there exists

lim m (Ag) = ﬂA

k—o0
j>1

4. If{Aj};5, €5 Aj CAjforall j > 1, and (5, A; = @, then there exists

lim m(4;) = 0.

j—o0

5. If{A, }j21 C X are pairwise disjoint, then there exists

Proof. To show that 1) = 2), we fix {Aj}j>1 C Y with A; C Aj4q forall j > 1, and we
write B

U4 =4 (U A\4,-0)

j=>1 j>2
If By = Ay and B; = A;\A,_; for j > 2, the family {Bj}j>1 C X is pairwise

disjoint and
UBi=UJ A4,
Jj=21 Jj=1

So,

m U4 = m|{UBi| =2 m®B)

i>1 i>1 i>1
= Jlim Z m (B;y) = m (A1) + lim Z (m (4;) —m(4;-1))
1<j<k 2<j<k
= lim m(Ag).
k—o0

To prove 2) = 3), we fix {Aj}j>1 C ¥ with Aj4; C A;forall j > 1, and we write
B; = Aj\Aj, forall j > 1. Thus, -B_j+1 2 Bjforall j > 1. Then, according to 2), there
exists

lim m (Bg) = UB )

k— o0
7j>1



Lecturas Matematicas, vol. 44 (1) (2023), pp. 5-61 9

or, using (2),

m(A) = lim m(Ay) = m| ] (4\4)

k—o0 )
Jj=1

m Al\ﬂAg :m(Al)—m ﬂAJ

Jj=1 Jj=1

It should be clear that 3) implies 4), since m (&) = 0.

To prove 4) = 5), we fix any {Aj}j>1 C ¥ pairwise disjoint, and we set By, =
U,>k Aj- Then, Biy1 C By forall k > 1 and

Ne=NU4 =2

k>1 k>15>k

Thus, there exists

0= lim m(Bg) = lim m UA

k—o0 k— o0
Jj>k

Finally, to prove 5) = 1), we consider any family {A; }j>1 C ¥ pairwise disjoint.
Then, for £ > 1 fixed, using again (2), -

Z m(Aj)zm U Aj =m UA] —m U Aj

1<j<k 1<j<k j>1 J>k+1

According to 5), there exists

lim m U A; | =0,
k—o0 .
jZk+1

SO

UAJ' :Zm(AJ)

Jj=1 Jj=1

This completes the proof of the proposition. O

Example 1. If I is the closed real interval [0, 1], we consider on I the Lebesgue measure
space (see [3], p. 81, Example 1), consisting of the set I, the Lebesgue o-algebra Ly on
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I, and the Lebesgue measure )\ : L1— [0,00). Furthermore, for 1 < p < oo fixed, we
consider the Banach space LP (I), with the norm

1/p
1,0, = ( [17COFa2)

Then, we define the set function m,, : Lr — LP (I) as
mp (A) = yAa

where X 4 denotes the class in LP (I) of the characteristic function X 4 of the set A € L.
We claim that my, is a vector charge and, moreover, a vector measure. Indeed, it should
be clear that my, (&) = 0. As for condition 2) in Definition I, if we fix {A;},o, C L1
pairwise disjoint,

1/p

=1 A UAJ — O7
)

A k—o0
Jj>k

my | U 4 - HXU]_MAJ.

; Lr(I
J=k Lo(1) (

1/p
since (ZjZk A (Aj)) —k—oo 0. Thus, according to Proposition 1, m,, is a vector

measure.
The same set function, but with values in the Banach space L™ (I) instead, is still

a vector charge, denoted mo. In fact, if we fix any finite and pairwise disjoint family
{Aj }j cx

Moo UAj =X, 4, = ZYAJ. = Zmoo (4;) .
J J J
However, m is not countably additive. We will prove it by showing that 4) in Proposition 1
does not hold. Indeed, let us consider the decreasing family of open intervals { (0, %) } .
j>1
Since R is Archimedean, or, equivalently, since there are no non-zero infinitesimals in R,

we have )
ﬂ(o,,):@.
>N
So,
1
Moo ﬂ(o,.) =0
IS
However,
1
e ()], el -
H (< J)> L>(I) 03l =r)

forall j > 1, showing that, indeed, 4) in Proposition 1 does not hold.
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Proposition 2. Every vector measure is bounded, meaning

sup ||m (A)]] < oco. 3)
Aex

Proof. For each functional [ in the topological dual X’ of X, the composite set function
lom : ¥ — Ris a signed measure. Thus, ([44], p. 30, Theorem 5), [ o m is a bounded
signed measure, that is

sup |(l om) (A)] < oo,
Aes

where |-| denotes the absolute value in R. So, if we apply Proposition 12 in ([43], p. 101),
which follows from the Uniform Boundness Principle ([43], p. 95, Theorem 4), to the
subset {m (A)} 4y, of X, we conclude that m is bounded, in the sense of (3).

This completes the proof of the proposition. O

Definition 2. The variation of the vector measure m, denoted |m/|, is the set function
|m| : 3 — [0, o0] defined for each A € ¥ as

[m| (A) = sup lem(Aj)ll ; @)

where the supremum is taken over all the finite partitions {A]- }j C ¥, of A.
Remark 4. It should be clear that |m| (&) = 0, so |m| is never identically equal to infinity.
If we consider the partition consisting of one set, A itself, from (4) we get
[lm (A)]| < [m| (4), )

forall A € X.

Moreover, |m| (A) = 0 for all A € ¥ if, and only if, m (A) = 0 forall A € X.

When m is a signed measure, the variation |m/| can be defined as in Definition 2, or,
equivalently, using the notions of positive variation and negative variation (see [3], pp.
84-85).

Lemma 1. For a measure m, we have |m| = m, where |m| is defined as in (4).

Proof. If we fix A € X,

where {4;}, C ¥ is any finite partition of A. O

The variation of a vector measure is always a measure. We will prove this assertion
shortly.
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Definition 3. Given a vector measure m, the total variation of m is |m| (S). We say that
m has finite variation if |m/| (S) € [0, c0).

Example 2. We claim that the vector measure m, defined in Example 1, has finite variation.
In fact, if we fix A € ¥ and {A; }j C ¥ is a finite partition of A, we have

22l = ZHXA by = A ) =2 ().

Thus,
[ma] (A) = A(A).
In other words, the variation of m; is the Lebesgue measure \.
In particular,

|mi| (I) = 1.

Remark 5. As we will see in Remark 11, there are vector measures that do not have finite
variation.

In ([19], pp. 32-33), it is observed that using partitions with more sets, does not alter
Definition 2. Indeed,

Proposition 3. If m is a vector measure, then, for each A € ¥,

m| (A) = sup {Z lm(A } , 6)

aEN

where the supremum is taken over all the partitions { A, } C X of A, for every set of

aEA
indexes A.

Remark 6. Before going on to the proof of this proposition, let us recall that > ||m(4,)||
acA

bup Z |lm(A 7

acF

is defined as

where F' varies over all the finite subsets of A. This generalized form of convergence is
called summability.

The notion of summability for an arbitrary family {24}, 5
138, Definition 9.1) was defined by E. H. Moore ([30], p. 63) as

lim ZQGA Tars (8)

where the limit is taken with respect to the finite subsets of A, ordered, or directed, by
inclusion. This is the Moore-Smith limit (see, for instance, [27], Chapter 2; [41]), defined
by Moore and H. L. Smith in [31]. As a consequence of the definition of summability, z,,
ends up being zero except for countably many values of « (see [4], p. 139, Theorem 9.1).

(see, for instance, [4], p.
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The Moore-Smith limit is used, for instance, to describe precisely the convergence of the
Riemann sums (see, for instance, [2], Section 2). In our case, since we are working with a
non-negative family, {|[m(Aq)||},c - it should be clear that (7) is equivalent to the formal
definition (8) of summability.

We are now ready to prove Proposition 3.

Proof. The idea of the proof is simple, although there are minor technical details involved.

Let v; be the set function defined by the right-hand side of (6). It should be clear that
vy (A) > |m| (A), for all A € X. To prove the opposite inequality, let us first assume that
v1 (A) is finite. Then, given ¢ > 0, there exists a partition {Ag,} CX,of Aand a
finite subset F, of A, so that

(v1(A) —e) —e < (Z Im(Ai)H) —e< Y Im(AL)ll +

a€clA, a€EF,

a€EA.

(04 )
acF,

Invoking once again the Archimedean nature of the real numbers, we conclude that

< |m[(4).

v1 (4) < |m|(A).

If v1 (A) is infinite, given M > 0, there exists a partition {A%}QE/\M C ¥, 0of A4, so
that

M< ) mAdn]l

aEAp

If > [|m(AX)|| = oo, then, for a finite subset F; of Ay,
aEAns

Mo< Y [lmAl)] < 3 mAad)] + m(A\ U 4 )H
aEFy aEFy acFy
< |m|(A4).

So,
v1 (A) =00 =|m|(A).

If, on the other hand, Y, - Hm(Afx” ) H is finite, given € > 0, there exists a finite
subset F's . of Aps so that

LN Dol U} ERE o ]

aEA a€F e

< N mAb] +{m (AN AN || < Im|(A).

acF)y aEF)\ e
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Once again,
v1(A) =00 =|m|(A).

This completes the proof of the proposition. O

Corollary 1. If m is a vector measure, then, for each A € X,

] (4) =sup 3 > lm(4)] ¢, ©)

jz1

where the supremum is taken over all the countable partitions {Aj }j>1 C ¥, of A.

Proof. Let us begin by observing that if we fix a partition {A; }j>1 C 3, of A, then

S ()]l = sup S lm(4,)]] (10)

j>1 Foer
where the left-hand side is interpreted, in the usual way, as the limit of the partial sums,
while in the right-hand side F' varies over all the finite subsets of N, as in (7). That is to
say, the right-hand side of (10) is interpreted in the sense of summability mentioned in
Remark 6. The equality (10) holds because the convergence of the series 3 ;- [[m(A4;)]|
is equivalent, with the same sum, to its convergence in the sense of summability given by
(7) (see, for instance, [23]). Let us emphasize that we are considering here sums with a
countable number of terms.

Thus, if vy denotes the set function defined by the right-hand side of (9), we have
[ml (A) = v1 (A) > v3 (A) > |m| (A),
forall A € X.
This completes the proof of the corollary. U

Remark 7. For a signed measure m, it is true (see [44], p. 30, Proposition 7 (iii)) that

|m| (A) =sup {|m (B)|+ |m (A\B)| : B€e X, B C A}. (11)

However, the corresponding equality for a vector measure,
im| (A) = sup {[lm (B)|[ + lm (A\B)|| : B € %, B C A}, (12)

is not true, in general. Indeed, if it were true, as a consequence of (5) and (12), we could
prove quite easily that

sup{||m (B)||: Be€ X, B C A} <|m|(A) < 2sup{|jm (B)||: B€ X, BC A}.
In particular, we would have
sup{||m (B)||: B € X} < |m|(S) < 2sup{|m (B)||: B€ X}. (13)

That is, we would have, for any vector measure, the equivalence between being bounded
and having finite variation. This is not generally true, according to Proposition 2 and
Remark 5. However, it is true when m is a signed measure (see [44], p. 31, Corollary 8).
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Let us observe that the proof of (11) is based on the Jordan decomposition of m ([44],
p. 30, Theorem 6) as the difference of two non-negative signed measures.

Now, we are ready to prove that the variation of a vector measure is, indeed, a measure.

Proposition 4. The variation |m| of a vector measure m is a measure.

Proof. We prove this proposition by adapting the proof of Theorem 6.2 in ([39], p. 117).

It is clear that |m| (@) = 0. As for the countable additivity, let us fix any pairwise
disjoint family {A;},., € . If t; € R satisfies t; < |m/| (A4;), then, by the definition of

|m| and Corollary 1, there exists a countable partition {Ajk}>, €, of A, so that
t <Y Im(A; )l
k>1
for each j > 1.

Now, the family {Am}j x>1 C %, is a countable partition of A. So,

St <3 (Sl | = 3 I (400 < fml (4).

i>1 j>1 \k>1 jk>1

where the passage from iterated summation to double summation in equality (i) above, is
a discrete version (see, for instance, [14], p. 46, Proposition 22) of Fubini’s theorem for
non-negative functions. So, we end up obtaining the inequality

>t < |ml(A). (14)

Jj=1

Now, taking the supremum of the left-hand side of (14) over all the suitable sequences
{tj};5 1, we obtain

Do Iml4y) <lml | U 4,
i>1 i>1

To prove the converse direction, we consider an arbitrary countable partition { By, } .~ C
Yof ;>1A;. Then, the family {A; N By}~ is a countable partition of A; and likewise,
{4;n Bk}j>1 is a countable partition of By. Thus,

Sl = X[m0 | < S| (40 8|

k>1 k>1|5>1 k>15>1

P LICHALS]

j21k>1

> Iml(4),

Jj=1

IA
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where the equality (i) above follows, again, from the discrete version of Fubini’s theorem
for non-negative functions.

Consequently,

ml {J 4] = sup Do lm (Bl <) Iml(4;).

j>1 {Brbiz1 k>1 j>1

This completes the proof of the proposition. O

Definition 4. We say that a vector measure m has o-finite variation if the measure |m/| has
o-finite variation. That is (see [3], p. 87, Definition 10), if there exists a countable covering
{A;};5, of S, so that [m[ (A;) is finite for all j > 1. In other words, if the restriction
|m| /A; of |m| to A; (see [3], p. 82, Definition 5), has finite variation.

Remark 8. Let us observe that |m| /A = |m/A| for each A € 3. The proof of this
assertion follows the proof for the real case (for the real case, see [3], p. 92, Lemma 4).

Remark 9. Of course, a vector measure of finite variation is trivially of o-finite variation.
We discuss in Remark 11 below, a non-trivial example of a vector measure of o-finite
variation.

Remark 10. As we have said before, the set functions we consider in this article will
always have values in a real Banach space. Just to understand what might be different in
the complex case, let us suppose, for a moment, that we fix a set function m : ¥ — C,
where C is the complex space of complex numbers. The function m is called a complex
measure (see [39], p. 116), if m (&) = 0 and, for each countable and pairwise disjoint
family {4;},5, € %,

m UAj :Zm(Aj). (15)

Jj=1 Jj=1

As in Definition 1, the convergence in C of the series in (15), is part of the definition.
That is, it follows from the equality. As a consequence, the series converges unconditionally
. Since C is a finite dimensional linear space, the series converges absolutely, as well.

The variation |m| of a complex measure m is defined exactly as in Definition 2.
However, it can be shown (see [39], p. 118, Theorem 6.4), that the resulting set function
||, takes always finite values, in other words, || (S) < co. An examination of the proof
of this result, shows how vital is to use the complex structure of C.

Remark 11. Later on, we will work, for the most part, with vector measures of finite
variation. To understand better the meaning of this assumption, we discuss now several
examples.

We begin by developing an example suggested in ([12], p. 357, Appendix E, Exercise
5), of a vector measure that does not have finite variation.
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We consider the measurable space (N, P (N)), where N denotes the set of natural
numbers {1,2, ...} and P (N) is the o-algebra of all the subsets of N. If [? is the Banach
space of square-summable real sequences, we define m : P (N) — [2 as follows: Given
A € P (N), m (A) is the sequence

k%{
1

m() = { o}

if k € A,
ifk ¢ A.

O ==

In other words,

k>1

The set function m defined in this manner, is a vector measure. Indeed, it should be clear
that m (@) = 0. As for being countably additive, if {A;},., € P (N) is pairwise disjoint,

+(0)

Let us see now that this vector measure m is not of finite variation.

For N € N fixed, the sets {j} for1 < j < Nand By ={N +1,N +2,...} form a
finite partition of N. Then,

k>1

1
|m| (N) > Z =+ [m (Bn)ll,
1<j<N

for every N € N, which implies that |m/| (N) = co.
Next, we consider a modification of an example presented in ([19], p. 40).

Let (N,P (N)) be the measurable space considered before and let B be the real
Banach space of bounded functions f : R — R, with the norm of the supremum. We
define m : P (N) — B as

m(A) =Xy
It should be clear that m is a vector measure and that
[m (Al =1,

for every A € P (N). Moreover, if A € P (N)

ml (4) = m ({5}l -

JEA

That is to say, given A € P (N), |m| (A) equals infinity if, and only if, A is infinite.
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We continue with two examples mentioned in p. 99 of [6].

For the first example, we fix again the measurable space (N, P (N)) and we select a
sequence {a; }j>1 in X, so that the series ) -, a; converges unconditionally in X Then,
we define the set function m : P (N) — X as

JEA : (16)

Zaj lfA#Q
m(A):{
0 ifA=o

Thus defined, m is a vector measure. We claim that m has finite variation if, and only
if, the series > j>1 @; converges absolutely. In fact, let us start by assuming that the series
_j>1 @ converges absolutely. Then, given a finite partition {Ax}, C P (N) of N,

Dolm Al =" D aif <D llasll,
k

ko |lieAx i>1

which implies that

Im| (N) <> [lay]] -
j>1
That is, m has finite variation.

Conversely, if m has finite variation,

N N
0o > m|(N) 2 ) llal+ || D asf| =D llasll,
j=1 j=1

j>N+1

for all N > 1, showing that the series ) | j>1 @; converges absolutely.

If X has infinite linear dimension, according to Remark 1, the series j>1 9 might not
converge absolutely. If this is the case, we can write, for instance, N = J i>1 {1,2,...,5},
so m has o-finite variation, although it does not have finite variation.

The second example involves the vector measure m,, defined in Example 1 for 1 <
p < co. We claim that m,, has finite variation if, and only if, p = 1. In fact, let us start by
observing that for A € Ly,

A) — AN - AANPy 17
Imy| (A) Sup > Ny (A oy Sup > (A (4)) (17)

ity | g (EEN W

That m; has finite variation was shown in Example 2.
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Ifl <p<oo,letus fix0 < a < 1sothat ap > 1. Moreover, for N > 2, let
us consider a family {I;}, <iN of N disjoint subintervals of I, each of length wir. We

observe that N
_ N 11—«
A <U1§j§NIj) - ZIA(I’) =N
=

so, the family {I;},_,_ jointly with the set I\ {J, ;. I; is a finite partition of I.
According to (17),

M=

my (1) o+ (A(nU, o)

1

<.
Il

A IL)YP =N (N~®) = N7,

] =

1

<.
Il

for all N > 2. Thus,
[mp| (1) = oo.

Actually, we can say quite a bit more about this last example. Indeed, as mentioned in
([6], (ii) in p. 99, and [18], p. 7, Example 16), for 1 < p < oo, |m,| (A) = oo for every
set A € L with positive Lebesgue measure.

To see why this is the case, we need to introduce a few definitions and results, which
we take from [3] and other sources. For more on the subject, we refer to Section 5 in [3]
and the references therein.

Definition 5. A measure v : ¥ — [0, 00| is continuous if the singletons belong to ¥ and
they are v-null, that is if {z} € L and v ({z}) =0, forall z € S.

Let us observe that the Lebesgue measure is continuous.

Remark 12. For future reference, let us say that Definition 5 carries over, without changes,
to the case of a vector measure.

Definition 6. ([20], p. 645) Given a measure v : 3 — [0, 00] and given A € X, we say
that A is a v-atom if v (A) > 0 and for every ¥-measurable set B C A, is v (B) = 0 or
v (B) = v (A). We say that a measure is atomless if it does not have atoms.

Measures without atoms are usually called non-atomic or not atomic. However, the
word “non-atomic” is used, with a different meaning, in measure theory (see, for in-
stance, [12], p. 290), and the words “not atomic” have an specific meaning in computer
programming [45].

If the singletons belong to ¥, every atomless measure v is continuous. However, the

converse is not generally true (see [3], p. 95, Remark 11).

Proposition 5. Consider the Lebesgue measure space (R™, L, \) (see [3], p. 81, Example
1). Given A € L with A(A) > 0, there exists an L-measurable set B C A so that
0<A(B)<A(A).
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For the proof of this proposition, see p. 95 in [3].

Corollary 2. The Lebesgue measure is atomless.

Proposition 5 has a very interesting extension for finite measures that are atomless.

Proposition 6. Let (S,X) be a measurable space. If v : ¥ — [0, 00) is a non identically
zero atomless finite measure, for each real number ¢, 0 < ¢ < v (S), there exists A € &
so thatv (A) = c.

What this proposition says is that certain measures have the intermediate value property.
For the somewhat lengthy proof, we refer to ([20], p. 645). The interesting point is that,
for the class of atomless and finite measures, the word continuous should be interpreted as
meaning that the measure takes a continuum of values.

The first version of Proposition 6 was proved by W. Sierpinski, in an article published
in 1922 [40]. For a detailed account of Sierpinski’s result, see p. 96 in [3].

Proposition 6 can be easily extended (see [3], p. 96, Remark 12) to non-identically
zero and atomless o-finite measures (see Definition 4).

Proposition 6 is not true, in general, when the measure v has atoms (see [3], p. 96).

For much more on these matters, see ([19], p. 25, Section 2.9), where the property
described in Proposition 6, is called, aptly, Darboux property.

We are now ready to take up the last assertion made in Remark 11.

Letus fix A € L1 with A(A) > 0 and let a = A (A). We claim that given N > 1,
there is a finite partition {Aj}lngN C Ly of A, sothat A (4;) = %.

Indeed, for N = 1, we can take A; = A. Next, according to Proposition 6, there exists
an L-measurable subset A; of A sothat A (A;) = §. Since A (A\A;) = §, the sets 4,
and A\ A, give the partition, for N = 2. If N = 3, it should be clear that we can pick
A; C Aand As C A\ A; so that the sets Ay, As and (A\ Ay) \ A, give the partition. And
so on. Then,

N N
mal (4) 2 37 (N (4,))7 = al/ 3T NP = PN,
Jj=1 j=1
$0, |my| (A) = oo.
As a consequence, the measure |m,,| is not o-finite.

Before stating the next result, let us observe that given vector measures m; and ms
and real numbers «, 3, by am; + Smsy we mean the vector measure defined as

(amy + fmz) (A) = a(m1 (A)) + B (m2 (4)),
for every A € X. It should be clear that
lam| = |afg [m], (18)

where |a is the absolute value of the real number «, and |m/| is the variation of m.
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Lemma 2. Given two vector measures my, ms : ¥ — X,

|m1 + ma| < |mq| + |ma2]. (19)
Proof. Given A € ¥ and given an arbitrary finite partition {Aj}j C ¥, of A,
S llma+mae) (A1 < D Ima (A + D Ima (A7)
J J J

Ima| (A) + |maf (A).

IA

Thus, (19) holds.

This completes the proof of the lemma. O

Then, the following result should be clear:

Proposition 7. The space M of all the vector measures m : ¥ — X of finite variation is
a normed linear space with the norm

[l = [m[ (S) .

Definition 7. Two vector measures mj, ms : X — X are mutually singular, denoted
my L mg, if the measures |m; | and |ms| are mutually singular, also denoted |my| L |mso)|.
That is to say, if there is a partition S = E\J F, E, F € %, such that |m4| (F) = 0 and
|mz| (E) = 0. In particular, according with Lemma 1, a vector measure m : ¥ — X and
ameasure v : ¥ — [0, oo] are mutually singular if the measures |m/| and v are mutually
singular.

Lemma 3. Let my,mo : ¥ — X be vector measures. If mi L pand mo L p, then
my+mg L .

Proof. According to Definition 7, there are partitions S = A|J B and S = F|J F' so that

mil(4) = wu(B)=0,
mal () = pu(F)=0.

Then, let us consider the partition

S = (AﬂE)U(BUF)

fma -+ ma| (A E) < | (A E) + lmaf (A E) =0

w(BUF) <u(B)+u(F) =0,

while

This completes the proof of the lemma. O
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Lemma 4. Let m : 3 — X be a vector measure and let A € 3. Then, the following
statements are equivalent:

1. |m|(4) = 0.
2.m(A")=0forall A’ C A A eX.
Proof. If m (A’) #0forsome A’ C A, A’ € X,
Im| (A4) = [[m (AD)] + [[m (A\A")]| > 0.

Conversely, if 2) holds, from Definition 2, it should be clear that 1) holds.

This completes the proof of the lemma. O

As an immediate consequence of Lemma 4, we can state the following result:

Lemma 5. Two vector measures my and mo are mutually singular if, and only if, there
exists a partition S = A|J B, A, B € %, such that

3
E
I

Oforall B C B, B' € &,
Oforall A" C A A € 3.

3

[\V]

=
|

Lemma 5 allows us to restate Definition 7 with no reference to the variation of the
vector measures mq and mo.

Lemma 6. If two vector measures my, mo : 3 — X are mutually singular,

[ma + ma| = [ma| + [mal .

Proof. From Lemma 2, it suffices to prove that if m; and ms are mutually singular,

|ma + ma| > |mq| + |ma] . (20)

According to Definition 7, we can find a partition X = F' U F, with | F' € ¥, such
that |m1| (F') = 0 and |mg| (E) = 0. It follows that if A € ¥,

[ma|(A) = [ma|(A[) E)

and
[mal(4) = |mal(A() F).

To prove (20), it will suffice to consider the following three cases: |m;|(A) and
|ma| (A) are both finite, |mq| (A) is finite but |ms| (A) = 0o, and |m| (4A) = |ms| (4) =
00. We now prove (20) assuming that [m; | (A) is finite but [mz| (4) = co.
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So, given ¢ > 0 there is a partition{C; }, of AN E such that

Y llmu(C)ll = [ma| (AN E) — .
i
Likewise, given M > 1 there is a partition {D; }, of AN F' such that

> llma(Dy)] = M.

J
So,

[my +ms|(A) > Z [(m1 +m2) (G| + Z [(m1 +m2) (D;)|

J
D Ima(Coll+ Y llma (D))
i J
> | (ANE)—e+ M
for every € > and every M > 1. Thus, we can conclude that

Im1 +ma|(A) = oo = [mq|(A) + [m2[(A).

The proof of the other cases is similar.

This completes the proof of the lemma. O

Definition 8. Given two vector measures mj,ms : 3 — X, we say that m, is absolutely
continuous with respect to ms, denoted m; < mag, if the measure |m,| is absolutely
continuous with respect to the measure |ms|, denoted |m;| < |mz|. This means (see [3],
p- 86, Definition 8),

if A € ¥ and |mz| (4) = 0, then |m4| (4) = 0 as well.

In particular, a vector measure m : ¥ — X is absolutely continuous with respect to a
measure i : 3 — [0, 00] if |m| < p.

Remark 13. According to Lemma 4, m; < my, if, and only if, A € ¥ and mq (4’) =0
forall A’ C A, A’ € ¥, implies that m; (A’) =0 forall A’ C A, A’ € 3. That is to say,
to define absolute continuity, we do not need to use the variation of the vector measures
mq and mo.

Definition 9. Given two vector measures mj,ms : % — X, we say that m; is mo-
continuous if there exists

|m2|(A)—0
That is, for each ¢ > 0, there exists § = d. > 0 such that A € ¥ and |ms| (A) < § imply
lm1 (A)]| <e.
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The following proposition compares absolute continuity of m with respect of mo and
me-continuity of my:

Proposition 8. Let my,mo : X — X be vector measures.

1. If my is mo-continuous, then m is absolutely continuous with respect to ma.

2. If mq has finite variation, then my is mo-continuous if, and only if, my is absolutely
continuous with respect to ma.

Proof. To prove 1), let us fix A € ¥ so that [mg| (A) = 0. Then, for any B € 3, B C A,
we have ||my (B)| < e, for every ¢ > 0. The Archimedean nature of R implies that
|lm1 (B)]] = 0, so my (B) = 0. According to Lemma 4, |m;| (A) = 0.

To prove 2), we only need to show that if m; is absolutely continuous with respect to
mg then, my is ma-continuous. The proof of this implication reduces to work with the
measure |mq| and the finite measure |ms|, so we are back to the real case (for the proof of
the real case see, for instance, [44], p. 132, Proposition 5 (ii)). ]

Remark 14. Even for real-valued measures, 2) in Proposition 8 does not generally hold,
when m; does not have finite variation (see, for instance, [44], p. 133, Example 6).

Proposition 9. Let mq,ms : X — X be vector measures. If m; < mo and my L mo,
then my is identically zero.

Proof. Since my and my are mutually singular, there is a partition S = E|J F, E, F € 3,
such that |m4| (F') = 0 and |mz| (E) = 0. Since m; < mg, we also have that |m,| (E) =
0. Therefore, |m1|(A) = 0 for all A € ¥ or, equivalently, m; is the identically zero
measure.

This completes the proof of the proposition. O
The use of the symbol L in Definition 7, suggests a connection with some notion of
orthogonality. This is, indeed, the case. We begin with the following definition:

Definition 10. ([26], p. 292) Given a real normed linear space (X, ||-
u, v € X, we say that u is orthogonal to v, denoted u L v, if

), and given

[+ o] = [lu— o @2n

Let us observe that this definition gives a symmetric relation in u and v, so we can say
that v and v are orthogonal.

The following result justifies the use of the word “orthogonal” in Definition 10.

Proposition 10. (/26], p. 292) Let (X, {(,)) be a real inner product linear space. Then,
given u,v € X, v # 0, the following statements are equivalent:

L lu 4ol = flu = .
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2. (u,v) =0.

Proof. To begin, we observe that ||-|| is the norm associated with the inner product {, ).
That is to say,
2
[ull ™ = {u, ).

Now,

112 (u+v,u+v) —(u—v,u—"v)

= (u,u) + 2 (u,v) + (v,v) — (u,u) + 2 {u,v) — (v,v)
= 4{(u,v).

o+ 0]* = fJu v

Thus, ||u + v||* = |Ju — v||* = 0if, and only if, (u,v) = 0.

This completes the proof of the proposition. O

Proposition 11. If mi,my € My and my L my in the sense that mi and my are
mutually singular, then m1 L my in the sense of Definition 10. However, the converse
direction is not generally true, even in the real-valued case.

Proof. According to Lemma 6, if m; and mq are mutually singular, then, |m; + ma| =
|m1] + |maz|. Likewise, |m1 — ma| = |m1| + |mz|. Thus,

[ma +mallpg, = llma —mal| y, -

As for the converse, let (I, L, \) be the Lebesgue measure space on the unit interval
1. We consider, on L, the Lebesgue measure A and the signed measure fd\, where

B 1 ifo<t <1/2
f(t){ -1 if1/2<t<1

It should be clear that f is Lebesgue integrable. Moreover, fdA is A-continuous, since
(see, for instance, [44], p. 94, Exercise 26)

(] (4) =/A|f|dA=A<A>.

Thus, 1) in Proposition 8 tells us that fd\ is absolutely continuous with respect to \.
Then according to Proposition 9, fd\ and A cannot be mutually singular, since f is not
A-a.e. zero. However,

f=-Am = [ir-ta=2a@/2 -1,

| fdX+ Al (]) /l|f+1\d>\:2)\([0,1/2)):1.

This completes the proof of the proposition. O
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For more on orthogonality, we refer to ([3], Section 6) and the references therein.

Theorem 1. (Lebesgue Decomposition) Let (S, X, p1) be a measure space (see [3], p. 81),
where the measure [ is finite. Let m : > — X be a vector measure with finite variation
(see Definition 3). Then, there exist unique vector measures mgq, ms : 2 — X of finite
variation such that

m = Mg+ mg,

me << /L,mSL/J.

For the proof of this theorem, we refer to ([19], p. 189, Theorem 7) and ([18], p. 31,
Theorem 9). There are, in fact, several versions of this theorem, with various degrees of
generality (see, for instance, [11], [16], [13], [19], as well as the references mentioned in
(18], p- 39).

For the genesis of the Lebesgue decomposition theorem for vector measures and the
like, we refer to ([18], p. 39).

3 Measurability of vector-valued functions

In this section, we will need to refer often to the measurability of real-valued functions,
with respect to a fix measure space (S, X, 11). For clarity and to avoid repetitions, we will
refer to real-valued functions that are >-measurable (for the definition see, for instance,
[44], p. 71, Definition 1 and p. 78, Corollary 3) as measurable. In the few occasions in
which we work with an specific measure space, we will say so.

For now, we fix a measure space (S, 3, u) which we take to be complete. That is to
say, if A € ¥ and p (A) = 0 or, in other words, A is p-null, then, every subset of A also
belongs to X and, thus, is p-null. Moreover, as in ([6], p. 100), we assume that the measure
L is o-finite.

Under these conditions, we will say, from now on, that we have fixed a complete and
o-finite measure space. Other sources work with a finite measure 1 (see, for instance, [18],
p. 41).

We begin with the following definition:

Definition 11. A function ¢ : S — X is a vector-valued simple function if there exists
a finite family {M. j}j C ¥ of pairwise disjoint sets of finite measure and a finite family

{z;}; € X so that
P = Z TiX M-
J

We recall that x,, is the characteristic function of the set M.

The family of vector-valued simple functions ¢ : S — X is a real linear space.

Lemma 7. If ¢ : S — X is a vector-valued simple function, the function ||| : S — R
defined as ||| (t) = ||¢ (t)]] is a simple function (for the definition, see, for instance, [44],
p. 78).
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Proof: 1f o = 3, x;xyy,, then

lell =D llzsll xa, -

J

Thus,

|| is simple.

This completes the proof of the lemma. O

Let us observe that when X is the space R, the notions of vector-valued simple function
and simple function coincide.

Definition 12. Following, for instance, ([25], p. 72, Definition 3.5.4; [43], p. 336,
Definition 3), we call a function f : S — X strongly measurable if there is a sequence
{¢} 1>, of vector-valued simple functions so that ¢, — f, y-a.e. on S, as k — co. As
usual, by y-a.e. we mean that o, () =400 f (t) in X, except for ¢ in a y-null set.

Remark 15. Functions satisfying Definition 12 are sometimes called p-measurable (see,
for instance, ([18], p. 41, Definition1).

We observe that, by Definition 12, every vector-valued simple function is strongly
measurable. Moreover, strongly measurable functions form a real linear space.

Lemma 8. If f : S — X is strongly measurable, the function ||f| : S — R defined as
| fII (¢) = [|f (t)]], is measurable.

Proof. Let {¢}},~, be asequence of y-simple functions so that ¢, — f, u-a.e. on S, as
k — oo. Then,

el = 1f I, prae. on s,

S0,

f|| is measurable (see, for instance, [44], p. 74, Corollary 15).
This completes the proof of the lemma. O

Definition 13. A function f : S — X is weakly measurable if, for each functional [ in the
topological dual X’ of X, the real-valued function [ o f is measurable.

Remark 16. It should be clear from the definitions, that every strongly measurable function
is weakly measurable. However, the converse is not generally true. Indeed, here is an
example, taken from ([43], p. 337, Example 5):

If I denotes the unit interval [0, 1], we consider the space I? (I) of those functions
f : I — R that are zero except for ¢ in a countable subset of I and for which },_; (f (t)?
is finite. The space 2 (I) is a Hilbert space (see, for instance, [4], p. 144) and the family
{et},c s defined as

(s) = 1 ifs=t
TV 0 ifs#£t

is an orthonormal basis for [2 ().
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Let (I, Ly, \) be the Lebesgue measure space on [ as in Example 1, and let A C I be
a subset that is not Lebesgue measurable (see, for instance, [44], p. 11, Example 1). We
define the function g : I — 12 (I) as

g@:{ 0 ifteA

€t 1ft€A

Then, we claim that g is weakly measurable, but not strongly measurable. In fact, since
the dual of /2 (I) is isomorphic, as inner product space, to 12 (I) (see, for instance, [44],
p. 239, Theorem 19), given h € (I? (I))/, h can be represented as ), _;(h,e(t))e (1),
with (h, e (t)) = 0 except for ¢ in a countable subset of I (see, for instance, [44], p. 242,
Theorem 24 v) and p. 240, Proposition 21). Moreover,

B 0 ift¢A
h@“D_{<mQ>iﬁeA

So, the real-valued function ¢ — h (g (t)) is Lebesgue measurable because it is zero except
for ¢ in a countable subset of /. Thus, g is weakly measurable.

On the other hand, the real-valued function ¢ — ||g (t)||2(;) is the characteristic
function of A. So, according to Lemma 8, the function g is not strongly measurable.

Let us mention that /2 (I) can be formally described using the notion of summability
defined in (8). Equivalently, {2 (1) is the space L? (I) ( see, for instance, [44], p. 209)
when the measure space consists of the interval I, the o-algebra P (I) of all the subsets of
I and the counting measure s (for the definition see, for instance, [44], p. 23, Example 7).

Definition 14. A function f : S — X is separably-valued if f (S) is separable. That is
to say, if f (S) has a countable subset that is dense in f (S). The function f is almost
separably-valued if there is a u-null set N € X so that f (S\ V) is separable.

Let us observe that the function g defined in Remark 16 is not even almost separably-
valued. Indeed,

2 2 0 ift=¢
lev = eulion =S (el —eo e = 5 o0

sel

so, given a A-null set N, the only way for the image g (I\N) to be separable in I (I) is
to be countable. But the countability of {e;}, . ; 5 implies that I\ N is countable. So, I
should be A-null, while we know that A (I) = 1.

The next result provides the link between strong and weak measurability. It is due to B.
J. Pettis ([33], p. 278, Theorem 1.1).

Theorem 2. (Pettis measurability theorem) (for the proof see, for instance, [18], p. 72,
Theorem 3.5.3; [43], p. 339, Theorem 9) A function is strongly measurable if, and only if,
it is weakly measurable and almost separably-valued.
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Although we have stated Theorem 2 in a way that agrees with the current literature,
we should mention that Pettis calls separably-valued what is now called almost separably-
valued.

In view of Theorem 2, it should be clear why the function defined in Remark 16, is not
strongly measurable.

The following result is an immediate consequence of Theorem 2:

Corollary 3. If the space X is separable, weakly measurability and strong measurability
are equivalent.

Remark 17. The conclusion of Lemma 8 holds for a weakly measurable function (see, for
instance, [25], p. 72, Theorem 3.5.2; [43], p. 338, Proposition 6), when the space X has a
countable determining, or norming, set, A, in X’. Let us recall that A C X’ is determining
or norming for X if foreach z € X

[2]| = sup{[l (z)] : L € A}. (22)

Such a set can be constructed from any dense subset of X (see, for instance, [43], p.
81, Proposition 11). This is another way of reaching the conclusion in Corollary 3.

Since we always have (see, for instance, [43], p. 79, Corollary 5)
|z]| = sup {|l (x)[ : L € X', |[I]l <1},
the unit ball in X" is always a norming set for X.

Remark 18. It would be desirable and, indeed, it is true, that the y-a.e. limit of a sequence
of strongly measurable functions is also strongly measurable. For a direct, albeit somewhat
technical, proof, we refer to ([43], p. 339, Proposition 8). We shall postpone the proof
until we have defined the integral of a vector-valued function. In this way, we will be able
to give a fairly elementary proof.

In the next result, we begin to see the convenience of working with a measure p that is
o-finite.

Lemma9. Let f : S — X be a function. Then the following statements are equivalent:

1. For each A € ¥ with finite measure, there exists a sequence {¢;},~, of vector-
valued simple functions such that, for each k > 1 the function ¢, is zero in S\ A and
o — f, pra.e. on A, as k — oc.

2. The function f is strongly measurable.

Proof. Let us prove 1) = 2). Since p is o-finite, we can write
S=J4;, (23)
=1
where {A;}.., € ¥ and 11 (A;) is finite for all j > 1. Moreover, we can disjoint the

sets A; by defining inductively By = A; and Biy1 = Akr1\U<j<p 1 45 Thus, we
assume that the family {A; }j>1 is already pairwise disjoint.



30 J. Alvarez y M. Guzman-Partida. A Study of Vector Measures

By hypothesis, for each j > 1, there exists a sequence {(pfc} of vector-valued
E>1

simple functions vanishing outside A;, that converges to f, u-a.e. on A;, as k — ooc.
For each j > 1, let N; C A; be a pu-null set such that goi (t) 2 koo [ (t) for each
t € Aj\N;. Moreover, let N = (J;5; N;. The set N is a y-null subset of S, since
p(N) < ZBI p (N;). This inequality can be proved disjointing the sets V.

Now, for each k > 1 fixed, we consider
k .
Pr = Z P
j=1

The function ¢, is vector-valued simple. Moreover, we claim that for each t € S\,
@y (t) — f(t)in X, as k — oo. In fact, If we fix t € S\N, ¢t € A;\Nj, for a unique
J =Jji = 1. Thus, ¢y, (t) = ¢, (t) for k > j, so ¢y (t) — f(t) in X, as k — oc.

As for the proof of 2) = 1), if ¢, (t) — f(t)in X as k — oo for t € S\ N, the set N
being p-null, it should be clear that ¢, (t) — f(¢)in X as k — oo, fort € A\ (N[ A).

Let
P (t)_{ 0 ifteS\A [

Then, the sequence { ;! converges to f, p-a.e. on A, as k — oo.

}k21
This completes the proof of the lemma. O

Remark 19. If 1) in Lemma 9 holds for a fixed A € X3, we say that f is strongly measurable
on A.

Thus, Lemma 9 tells us that f is strongly measurable if, and only if, it is strongly
measurable on every A € 3 with finite measure. In particular, f is strongly measurable if,
and only if, it is strongly measurable on every set of a partition of S as in (23).

Lemma 10. Consider two functions, f : S — R, and g : S — X, such that f is
measurable and g is strongly measurable. Then, the function fg : S — X defined as

(fg) (t) = f(t) g (t) is strongly measurable.

Proof. Let {apj}j> , be a sequence of simple functions converging to f, p-a.e. on S,
and let {¢ j }j>1Be_ a sequence of vector-valued simple functions converging to g, p-a.e.
on S, as j — oo. Then it should be clear that, for each 5 > 1, the function gpjwj is a
vector-valued simple function and the sequence {ij j }j> | converges to fg, p-ae.on S,
as j — oo.

This completes the proof of the lemma. O

Remark 20. Dinculeanu defines a function f : S — X to be strongly measurable if (see
[19], p. 89, Definition 4)

1. For each open set G C X, the set f—! (G) belongs to 3.
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2. The function f is almost separably-valued on sets of finite measure.

Moreover, Dinculeanu proves (see [19], p. 92, Proposition 12) the following result:

A function f : S — X is strongly measurable if, and only if, the following two
conditions are verified:

1. The function f is weakly measurable.

2. The function f is almost separably-valued.

Since the measure space (.5, ¥, 11) is o-finite, Pettis measurability theorem implies that
Dinculeanu’s definition of strong measurability is equivalent to Definition 12.

Let us observe that the set G in 1) of Remark 20, can be assumed to be closed or a

Borel set (for the definition see, for instance, [44], p. 39) in X.

Remark 21. In view of Remark 20, when X is the space R, strong measurability coincides
with measurability.

For the next two results, we assume that .S is a topological space and that ¥ contains
the open subsets of .S or, equivalently, that 3> contains the Borel o-algebra.

Lemma 11. If f : S — X is continuous, then f is weakly measurable.

Proof. For each | € X', the topological dual of X, the real-valued function [ o f is
continuous, so it is measurable (see, for instance, [39], p. 12).

This completes the proof of the lemma. O

Lemma 12. If S is separable and f : S — X is continuous, then f is strongly measurable.

Proof. On account of Lemma 11 and Theorem 2, it suffices to prove that f is separably
valued. In fact let D be a countable subset of S that is dense in S. We claim that
{f (s8)},ep is densein f (S). In fact, we fix o € f(S) and e > 0. Then, zo = f (s0)
for some sy € S. By continuity, there is § = §. > 0 so that for each s in the open ball
B (50,9), ||f (s) = f (s0)]| < €. In particular, there exists s; € D so that s; € B (s¢,9).
Then,

1f (s1) = 2ol = [|f (51) = f (s0)|| <e.

This completes the proof of the lemma. O

There is a version of Lemma 11 for weakly continuous functions (see [25], p. 73).
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4 The Bochner integral

We fix a measure space (S, X, ;1) which, as in the previous section, we assume to be
complete. Moreover, we take the measure p to be o-finite. We still refer to real-valued
functions that are ¥-measurable as measurable. Likewise, real-valued functions that are
Lebesgue integrable with respect to u (for the definition see, for instance, [44], p. 85), will
be called integrable. We fix a Banach space X with norm ||-||. On occasion, we will need
to identify the space and its norm, so we will write ||| .

We are now ready to define an integral, with respect to the measure p, of certain
strongly measurable functions. More specifically, we will develop the integral defined by
S. Bochner in an article published in Fundamenta Mathematica in 1933 [8].

Let us begin by defining the integral of a vector-valued simple function.

Definition 15. Given a vector-valued simple function ¢ = Y x;x 4, as in Definition 11,
J

we define the Bochner integral of ¢ on S as
/Swdu = wu(4))
J

Lemma 13. The following statements are true:

1. Definition 15 does not depend on the representation of ¢ as in Definition 11.

2. The Bochner integral defines, on the linear space of vector-valued simple functions,
a linear operator with values in X.

H/wduH ZIIJSJIIM /H@Hdm

, With respect to the
measure [4.

The proof of this lemma is straightforward and it will be omitted.
Definition 16. A function f is Bochner integrable if the following two conditions hold:

1. The function f is strongly measurable.

2. There exists a sequence {(;,},~, of vector-valued simple functions such that

v, — f,u-ae. onsS,

k—o00
/||f7<pk||dﬂ — 0. (24)
S k— o0

The integral in (24) makes sense since || f — ¢, || is measurable according to Lemma
24, and it is a non-negative function (see, for instance, [44], p. 83).
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Lemma 14. Given a function f and a sequence {¢; },~ satisfying the conditions in
Definition 16,

1. the sequence {fs gokd,u}k>1 is a Cauchy sequence in X.

2. the limitin X, as k — oo, of the sequence {fs cpkdu}k>1 does not depend on the
sequence {y.}y, satisfying 2) in Definition 16. B

Proof. To prove 1), we observe that, according to Lemma 13,

H/ soldu—/sokduH < [loi— ol du< [ lioi— Sl
S S S S

+/||f—<ﬂk||du )
S l,k— o0

To prove 2), let {4 } ,>1 be another sequence of vector-valued simple functions satisfy-

ing 2) of Definition 16. Then, according to 1), we know that the sequence { /. S wkdﬂ} o1
is also a Cauchy sequence in X. Moreover, -

H [ vnn— [ sokduH < [ o= eulldns [ s flldu
S S S S
+/Hf—99k|\du 5o,
S k—oo

which shows that 2) holds.

This completes the proof of the lemma. O

Definition 17. Given a function f : S — X, satisfying Definition 16, the limit of |, s Prdp
as k — oo, is called the Bochner integral of f on .S, with respect to the measure y, denoted
/. s Jdu. When there is no ambiguity as to the measure we are using to integrate f on S,
we will just refer to the Bochner integral of f and we will say that f is Bochner integrable.

It should be clear from the context, whether |,  Jdp refers to the Bochner integral of a
vector-valued function, or to the Lebesgue integral of a real-valued function.

Remark 22. Given a Bochner integrable function f : S — X and given A € ¥, it should
be clear that the function fy 4 is Bochner integrable as well. We define

/Afdu=/sfodu~

Lemma 15. Given a Bochner integrable function f : S — X and given A,B € %

disjoint,
/AUdeu/Afdqu/deu-
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Proof. Using Definition 16 and Lemma 14, we can write

/fdu+/ fdp lim [ @;xdp+ lim /wijdu

= jlgrolo %XAUBd“/AUde“'

We observe that

/Hsoij—foHdu < /Hsoj—fHdu — 0,
S S j—oo
/H‘ijB_fXBHd,u < /Hsoj—fHdu — 0,
S S j—oo
thus,
/SH“’J‘XAUB_fXAUBHd”
< /SH%XA—foHdWr/SijXB—fXBHdu — 0.
Jj—oo
This completes the proof of the lemma. O

Remark 23. Lemma 15 says that given a Bochner integrable function f : S — X, the
vector-valued set function

Y5 A— / fdue X
A
is finitely additive.

Lemma 16. The following statements hold:

1. If f is Bochner integrable, then the real-valued function || f || is integrable. Moreover,

H/SfduH s/SHflldu. (25)

2. The functions f : S — X that are Bochner integrable form a real linear space.

Proof. To prove 1), we pick a sequence { ¢, } k>1 as in Definition 16. Then, there exists
ko > 0 so that

/ |f = o || dp < 1.
S

Then,

(1),

JALRZERES >
J
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As for the inequality (25), from 3) in Lemma 13 and 2) in Definition [8],

g [ leglda= [ 1fld+ g [ 17 = el du= [ 17 dn

The proof of 2) is straightforward and will be omitted.

IN

This completes the proof of the lemma. O
The converse of 1) in Lemma 16 does not hold generally, even when X is the space
R. To see it, let us consider the measure space (I, Ly, A) (see Example 1). If we fix

A C [0,1] that is not Lebesgue measurable and define f : [0,1] — Ras f (¢t) = 1ift € A,
f(t)=—1ift € [0,1] \ A, according to Remark 20, f is not Lebesgue measurable, while

|| is.
Definition 18.

B'(S)={f:S — X : fis Bochner integrable} .

We write B! (S, X), if we wish to emphasize the space X.

Theorem 3. The space B! (S) becomes a complete semi-normed linear space defining

sy = [ M1

Proof. Taking into account Lemma 16 and well known properties of the Lebesgue integral,
it should be clear that (B L)L Bl(s)> is a semi-normed linear space. Let us see that
it is complete.

Let {f;},-, be a Cauchy sequence in B! (S). That is to say,

J =t = o

By Definition 16, for each j > 1, there is a vector-valued simple function ®; SO that

1
[l =eilldn <= 6)
s J
Then,
[les=eulldn < [ s=eilldu+ [ 1= eelldu+ [ 1f; = suldn
S S S S

1 1
< -4+ - i — dp  — 0.
< j+k+/SHf] filldu =

A
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So, for each [ > 1, there is K = K; > 1 such that

1
/S||<pj—sok||du§ o @7)

forall k, 7 > K.
Let {0, },., be a subsequence of {(pj}j>1 so that

/S HSOJ-H»l - ®j

dp converges. By Fatou’s lemma (see, for in-

Then, the series Y5, [g HapkHl — P,

stance, [44], p. 87, Theorem 15), the series 2121 H‘pkz+1 — Pk, H is integrable. As a
consequence, it converges p-a.e. on S (see, for instance, [44], p. 8, Proposition 14). Since
X is complete,

L
Prppy = Pry T Z (‘Pkm - @kl>
1=1

converges j-a.e. on S (see, for instance, [44], p. 167, Theorem 4). That is to say, there
is a function f : S — X sothat ¢, . —r00 [, p-a.e. on S. Thus, the function f is
strongly measurable, by Definition 12. Let us see that f also satisfies 2) in Definition 16.

/SH%H—fHdu /S 3 (‘sz+1—%) dp

I>L+1
< / > s on| du (28)
Si>r+1
> [ eu = e
(l)l>L+1

where we have used in (i) Fatou’s lemma. So, f is Bochner integrable.

Finally, fr, — koo f in B! (S). In fact,

Juse=saus [ 1fc=eidu+ [ o= ulldn+ [ llow - 7l d

) (i) (iii)

Let us fix € > 0. According to (26), (i) is < € for k > K; = K .. According to (27),
(i)is < efor k, k; > Ko = K .. Since {(pjl }121 is a subsequence of {cpj }121’ there is
Ly =1L;.>1sothat! > L; implies k; > Ks. Let K = K. = max {K;, Kz}. As for
(iii), according to (28), there exists Ly = L . > 1 such that (iii) is < € for [ > Ly. Thus,
forl > max{Ly, Lo} and k > K, all three terms are < .

This completes the proof of the theorem. O



Lecturas Matematicas, vol. 44 (1) (2023), pp. 5-61 37

Remark 24. The proof of Theorem 3 is significantly more involved that its counterpart
for the space L' (S) of Lebesgue integrable functions. Indeed, in B! (S) we do not have a
Monotone Convergence Theorem (for the real-valued case see, for instance, [44], p. 83,
Theorem 7). This theorem plays a key role in the case of L' (.S) (see, for instance, [44], p.
208, Theorem 5).

Remark 25. It should be clear that given f,g : S — X that are equal p-a.e. on S, the
strong measurability or the Bochner integrability of one of them is equivalent, respectively,
to the strong measurability or the Bochner integrability of the other. Moreover,

/Sfdu:/sgdw

Equality u-a.e. on S defines an equivalence relation on B! (S). As a consequence,
the quotient of B! (.S) by this relation becomes a Banach space (see, for instance, [44], p.
181, Section 5.4). Nevertheless, for now we will continue working in B! (S) as given by
Definition 18.

We must acknowledge that in doing so, we create a minor discrepancy with the space
LP (I), which we have used before and we will use in future sections. Indeed, since we
think of L? (I) as a Banach space, its elements are really classes of equivalence. However,
in the instances in which L? (I) appears, we always end up working with a particular
function, so, really, the discrepancy can go unnoticed.

Theorem 4. (Dominated Convergence Theorem for the Bochner integral) Let { f; }j>1 be

a sequence in B (S) that satisfies the following two conditions:

1. There is an integrable function g : S — [0, 00) such that

151l < g,

u-a.e. on S.

2. There is a function [ : S — X such that

i =

Jj—o0
u-a.e. on S.
Then, f € B (S) and f; —j—00 f in B*(S).
Proof. For any k > 1 fixed,
fi—Tk — =Tk
j—o0

p-a.e. on S. Therefore,

I£; = fell i 1f = fell,
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p-a.e. on S. As a consequence, the function || f — fi]| is measurable. Moreover,
||f - fk” — 07
k—o0

p-a.e. on S and
If = fell <29,

p-a.e. on S. We can now use Lebesgue’s Dominated Convergence Theorem (see, for
instance, [44], p. 87, Theorem 16) to conclude that there is

Jim / 1f = full dpe = 0.
As a consequence, there is

im0y = Alldn =0,
Jik—oo Jg

Using Theorem 3, there is a function f € B'(S) such that the sequence {f; }j>1
converges to f in B! (S). That is to say, there is

lim

fj—ﬂ’duzo.

Then,

fi— ﬂ‘ du jjoo 0.

Jlr=Flaws [ur-shaus ||

So, f = :f p-ae. on S. According to Remark 25, f € B! (S) and f; —j—c0 fin B (S).

This completes the proof of the theorem. O

Remark 26. As a consequence of (25) and Theorem 4, we have

j—o0

/ fidp — fdu.
S S

For strongly measurable functions we have the following characterization of Bochner
integrability, which is analogous to the characterization of integrability for real-valued
functions (see, for instance, [44], p. 85, Proposition 11):

Proposition 12. Let f : S — X be strongly measurable. Then, the following statements
are equivalent:

1. The function f is Bochner integrable.
2. The function || f|| is integrable.
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Proof. In view of 1) in Lemma 16, we only need to prove that 2) implies 1).

By definition of strong measurability, there is a sequence {cpj }j>1 of vector-valued
simple functions so that ¢; —; o f, p-a.e. on S. Foreach j > 1, let

S;={tes: e, <217 O}

By definition, S; € ¥. We now consider ¢, = PiXs,- It should be clear that each ¢; is a
vector-valued simple function. Moreover, ||, || < 2| || forall j > 1and ¢, —; 00 f,
pu-a.e. on S. To see the last assertion, it suffices to observe that there is a p-null set N so
that

s=1Us |UnN.

Jj=1

Then, using Theorem 4 we conclude that f is Bochner integrable.

This completes the proof of Proposition 12. O

Remark 27. The proof of 2) = 1) in Proposition 12, gives a sequence {t;}

of
. . o s . g1
vector-valued simple functions satisfying both conditions in Definition 16.

Corollary 4. Let us assume that S is a separable topological space, and that 3 contains
the open subsets of S. That is to say, it contains the Borel o-algebra. Then, continuity
implies Bochner integrability.

Proof. 1t follows from Lemma 12 and Proposition 12. O

The next result that follows is an immediate consequence of Remark 19 and Theorem
4.

Corollary 5. If f : S — X is strongly measurable and bounded, then it is Bochner
integrable over every set A € ¥ of finite measure.

Remark 28. According to Remark 21, Proposition 12 and Proposition 11 in ([44], p. 85),
the Bochner integral is the Lebesgue integral, for real-valued functions.

We are now ready to prove the statement made in Remark 18:

Proposition 13. Lez {f; }j>1 be a sequence of strongly measurable functions. If { f; }j>1
converges, p-a.e. on S, to a function f : S — X, then f is strongly measurable. B
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Proof. 1t should be clear that for each 5 > 1, the function m
J
fi

according to Lemma 10, the function T is strongly measurable, for each 5 > 1.
J
Moreover,

is measurable. Then,

|zl <
and
fi . f
L+ | f5]l d=oe THIfI

p-a.e. on S. Thus, Corollary 5 and Theorem 4 imply that is Bochner integrable

1+||f|\

over every set A € X of finite measure. In particular. is strongly measurable on

_F
el

every set A € ¥ of finite measure. Then, Lemma 9 and Remark 19, tell us that m I
strongly measurable on .S, and, thus, f is strongly measurable on S.
This completes the proof of the proposition. O

Theorem 5. Let X, Y be Banach spaces and let T € L (X,Y), the Banach space of
those operators T : X — Y, that are linear and continuous, with the operator norm ||-||.
Moreoverlet f . S — X.

Then, the following statements are true:

1. The application f — T o f preserves strong measurability.

2. The application f — T o f is linear and continuous from B* (S, X) into B* (S,Y).

T(/SfdAL):/S(TOf)du,

for every f € B! (S, X).

3.

Proof. If f is the pointwise limit in X, p-a.e. on S, of a sequence {¢} },~, of vector-
valued simple functions, with values in X, then, {T o ¢, } E>1 182 sequenEe of vector-
valued simple functions, with values in Y, that converges pointwise to T'o f in Y, y-a.e.
on S. This proves 1).

As for 2), it should be clear that the application is linear. Now, given f € B! (S, X),
by 1), T o f is strongly measurable. Thus, the real-valued function ||(T" o f) (t)|y is
measurable. Since

(T o f) Olly < ITIHf Ol »

for t € S, where || T’|| denotes the operator norm, we conclude, according to Proposition
12, that T o f € B* (S,Y). This proves 2).
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Finally, to prove 3), we use Definition 16 and Proposition 12. Let {¢;},~, be a
sequence of vector-valued simple functions, with values in X, as in Definition 16. Then,
{T o ¢}, is a sequence of vector-valued simple functions, with values in Y, such that

Toyp, — Tof,
k—o0
pointwise in Y, p-a.e. on S. Moreover, since

1T opr =To flly = ITo(pr = Nlly < ITNer = fllx

we have
[ oo =1 flydu< Tl [ o~ flxdn = 0.
S S — 00

Thus, the sequence {7 o .}, satisfies the conditions in Definition 16, with respect to
T o f. Consequently, T o f € B* (S,Y) and, according to Definition 17,

[ @i [ @osdn

T (/SS%dM> = /S(Tosé’k)d/%
(o) cr ()

This completes the proof of the theorem. U

in Y. Finally,
forall £ > 1 and
which gives us 3).

Remark 29. As a consequence of Theorem 5, it should be clear that
T ( / fdu> — [@endn (29)
A A

There is a version of (29) for linear and closed operators (see [18], p. 47, Theorem 6).
For the definition of closed operator see, for instance, ([4], p. 261, Definition 16.1).

for every A € X.

Remark 30. When X and Y are the space R, Theorem 5 does not say anything, because a
linear and continuous operator from R into R is given as the multiplication by a fixed real
number. In this sense, we can say that Theorem 5 is of interest when the spaces X and Y’
have more than one linear dimension.

The following result is an application of Theorem 5, when the space X has a countable
norming set. We postpone the consideration of the general case until Section 6.
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Corollary 6. Let us suppose that the space X has a countable norming set. Then, if

f € BY(S) and
/fduz()
A

for every A € X, the function f is zero, p-a.e. on S.
Proof. According to Theorem 5 and Remark 29, given [ € X',

[ aenau=o.

for every A € .. Then (see, for instance, [44], p. 88, Proposition 18), there exists a p-null
set N so that (I o f) (t) = 0 for t € S\ N;. Now, let x CX’ be a countable norming set
for X, and let N = Ujc. N;. Then, for t € S\ N,

1 (DI = sup {|I ()] : 1 € A} =0.
This completes the proof of the corollary. O

Remark 31. According to Remark 17, every separable space X has a countable norming
set.

Essentially, we conclude here our presentation of the Bochner integral. We will only
add a few words about the vector-valued counterparts of the spaces L? (S).
We introduce them in the following definitions:

Definition 19. For 1 < p < o0, the space BP (.S) consists of those strongly measurable
functions f : S — X such that || f (-)||” belongs to L! (.5).

Definition 20. An function f : S — X is said to be essentially bounded if there is a p-null
set N € ¥ and a real number C' > 0 such that || f (¢)|| < C fort € S\N.

The space B (.S) consists of those functions functions f : S — X that are strongly
measurable and essentially bounded.

Proposition 14. For 1 < p < oo, the space BP (S) becomes a complete semi-normed

linear space if we define
1/p
sy = ([ 117 a) ™

Proposition 15. The space B> (S) becomes a complete semi-normed linear space if we
define
[ £l goc(sy =f{C >0 [|f ()] = Cfort ¢ N, p-null set} .

The proofs of these propositions are fairly straightforward applications of previously
used techniques.

Nevertheless, for these propositions and for other results that we are omitting, notably
Fubini’s theorem for the Bochner integral, we refer to [25] and [46].
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Remark 32. The Bochner integral can be viewed as a strong approach to the integration
of vector-valued functions. There are weak approaches as well, for instance, the Pettis
integral, defined by Pettis in [33] (see also [43], p. 334, Section 26.3). For other approaches
to integrating vector-valued functions see, for instance, ([25], p. 62, Section 3.3) and the
references therein. For a history of the integration of vector-valued functions, we refer to
([25], p. 62, Section 3.3) and, specially, to [24] and [5].

We now continue with a section dedicated to reviewing, and comparing, several modes
of convergence.

S Modes of convergence

So far, we have come across pointwise convergence, p-a.e. convergence, and the conver-
gence in B! (S) which may be called convergence in p-mean.

We now want to extend to vector-valued functions, the notion of convergence in p-
measure and to compare it with the modes of convergence just mentioned. Our purpose
is mostly to collect definitions and results that will be used later. For the most part, this
section trivially follows the real-valued case, so many proofs will be omitted.

Definition 21. The sequence {f; }j>1 of strongly measurable functions converges in
p-measure to the strongly measurable function f if, for each a > 0, there exists

lim p({te S5 (1) - £ O > a}) =0,

This definition is exactly the definition on the real-valued case, with norm instead of
absolute value (see, for instance, [44], p. 107).

Proposition 16. The following statements are true:

1. Let fj,f,95,9: S = X be strongly measurable for all j > 1 and let a,b € R. Then,
if fi =j—oo [ in p-measure and g; — ;o0 g in pi-measure, then

afj +bg; iThe af + by,

in p-measure.

2. Let fj :+ S — X be strongly measurable for all j > 1, and let g; : S — R be
measurable for all j > 1. Then, if f; — ;o0 0in p-measure and g; — ;o0 0 in
[-measure,

fig; — 0,

j—o0
in u-measure.

3. Assume that p is a finite measure. Let f;, f : S — X be strongly measurable for all
j =1, andlet g: S — R be measurable. Then, if f; = ;o f in p-measure,

fig — [g,
J—o0

in pu-measure.



44 J. Alvarez y M. Guzman-Partida. A Study of Vector Measures

4. Assume again that (1 is a finite measure. Let f;, f : S — X be strongly measurable
forall j > 1, and let gj,g : S — R be measurable for all j > 1. Then, if
fi = j—oo [ in p-measure and g; — ;oo f in u-measure,

figi — fg,

J—00

in p-measure.

5. Let fj, f', f?: S — X be strongly measurable for all j > 1. Then, if f; —j o0 f*
in p-measure and f; — ;oo f? in p-measure, f' = f? p-a.e. on S.

Proof. The proof follows, word by word, the real-valued case, if we replace absolute
values with norms, in the appropriate places (for the proof of the real-valued case, see, for
instance, [44], p. 107, Proposition 1). O

Remark 33. That the measure p be finite is a necessary condition for 3) and 4) to hold,
even in the real-valued case (see, for instance, [44], p. 108, Example 2).

Proposition 17. (Tchebyshev’s inequality) Given f € B (S), the following inequality
holds:

1
plres:is@i>ans o[ sl

«

for each o > 0.

Proof.

ap({teS:|f O >a})

/ adp
{tes:If()1>a}

/ 171 de
{tes:|| f(t)|I>a}

This completes the proof of the proposition. U

IN

The following result is essentially a reformulation of Tchebyshev’s inequality:

Proposition 18. Convergence in u-mean implies convergence in p-measure.

Proof. Let f; —j_00 fin B! (S). Then, according to Proposition 17, for a > 0 fix, we
can write

ptes 150 -7 O1>ah << [1f =l = o

This completes the proof of the corollary. O

Remark 34. The converse implication in Corollary 18 is not generally true, even in the
real-valued case (see, for instance, [44], p. 112).
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The proof of the following result follows the proof in the real-valued case (see, for
instance, [44], p. 112 and p. 108, Theorem 3).

Proposition 19. Convergence in p-measure does not generally imply p-a.e. convergence,
even in the real-valued case. However, if f; — ;o f in y-measure, there is a subsequence
{fir >, that converges to f p-a.e. on S.

Corollary 7. If f; —;_,o f in B! (S), there is a subsequence { f;, },~, that converges
to f y-a.e. on S. -

Remark 35. Convergence pu-a.e. does not imply, in general, convergence in p-mean or
convergence in pg-measure, even in the real-valued case (see, for instance, [44], p. 112).

Definition 22. Let
B°(S)={f:S — X : fis strongly measurable} .
According to Remark 15, B? (.9) is a real linear space. When it is necessary to identify
the Banach space, we will write BY (S, X).

Proposition 20. When the measure i is finite, B (S) becomes a semi-metric space with

the semi-metric ” ; ”
-9
dpo (f,9) = / I g,
(19 = [ 17— g

Proof. 1t follows the real-valued case (see, for instance, [44], p. 110, Lemma 7). O

Proposition 21. We assume that the measure y is finite. Then, given a sequence {f;} i>1
and a function f in BY (S), the following statements are equivalent:

1. fj =jseo fin p-measure.
2. dBO (fj, f) —>jﬁoo 0.
Proof. 1t follows the real-valued case (see, for instance, [44], p. 110, Theorem 9 (i)). [

Proposition 22. Again, we assume that the measure (i is finite. Then, (BO (S),d Bo) isa
complete semi-metric space.

Proof. 1t follows the real-valued case (see, for instance, [44], p. 109, Theorem 6 and
Theorem 9). O

When the measure  is finite, instead of Remark 35, we have the following positive
results:

Proposition 23. If the measure p is finite, the following statements hold:

1. Convergence i-a.e. implies convergence in u-measure.
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2. Convergence (i-a.e. implies convergence in u-mean.

Proof. We fix a sequence { f; }j>1 and a function f, in B® (S), so that f; =00 f, p1-a.e.

on 5 Then 10— F 0]
() — f(t
T+ 15 @) — F O] 500

for p-a.a. t € S. Let us recall that y-a.a. t € S means for ¢t € S\ N, where N is a p-null

set. Moreover,
10— F W _
L [If5 ) = r @l —
for p-a.a. t € S and for all j > 1. Since p is a finite measure, Lebesgue’s Dominated
Convergence Theorem tell us that

dpo (f]af) —j—oo 0.

That is to say, according to Proposition 23, f; =, f in p-measure. So, we have 1).

To prove 2), we use again Lebesgue’s Dominated Convergence Theorem, to conclude
that there exists

tim [ 1= flldu=o.

J—00

Thus, we have 2).

This completes the proof of the proposition. O

There are other forms of convergence, for example, those related to uniform conver-
gence, that we will not consider here (for the real-case see, for instance, [44], p. 112). For
a complete analysis and comparison of modes of convergence in the real-valued case, see
([32], p- 237).

6 The Radon-Nikodym Property for the Bochner integral

It is often said that the Bochner integral is, for the most part, “just” the Lebesgue integral,
with norms instead of absolute values. While this assertion might appear to be true some
times, other times becomes a gross underestimation of the Bochner integral. Nowhere is
this underestimation more patent than when one considers the problem of representing the
action of a vector measure as an integral. This is the subject we are about to take up.

Once again, we fix a complete and o-finite measure space (S, %, ). We also fix a
Banach space X.

We begin with a definition.

Definition 23. Given f € B! (5), let my : ¥ — X be the vector-valued set function
defined as

my (4) = [
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Theorem 6. The following statements hold:

1. There exists
lim m¢(A) =0.
ol my (4)
2. The set function my is a vector measure.

3. The vector measure my has finite variation and

] (4) = /A £ dp, 30)
forevery A € X..

Proof. To prove 1), we use Remark 22 and 1) in Lemma 16, to obtain

s )l = | [ san < [ 1ntan 5 o

according, for instance to ([44], p. 88, Theorem 17).

Let us prove 2). By convention, if no other way, m s (&) = 0. Next, let {Aj }j s €2
be a family of pairwise disjoint sets. Then, B

k k
mr (U | =S my 4| = / Afdu—Z/Af
j=1 j=174i

ji>1 i>1 4%
- [ s | fd
Uj>1 Ai Uigj<n A
= fdupl| — 0,
Uj2k+1 Aj k—o0

since [ (U i>kt1 A) —k—oo 0, according to Proposition 1, which applies, word by word,

to the case of a measure i : X — [0, 00].

To prove 3), let {A; }j C X be any finite partition of S. Then,

;nmf W"?H/Aj fdu %Z/A ||f||du:/sl\f||du,

where in (i) we have used Remark 22 and 1) in Lemma 16. Thus,

Imy| (8) < /S 11 ds

which proves that 1 has finite variation.

To prove (30), we explain in detail the proof sketched in ([18], p. 46, Theorem 4 iv)).
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For starters, we take A € ¥ and we fix a sequence {gp j }j>1 of vector-valued simple
functions, so that B

[ lles=flldu = o
A j—o0

That is, for each € > 0 fixed, there exists J = J. > 1 such that

J s = flldn <= a1

for j > J. We fix j = J and write
KJ
;=3 a'Xas
k=1
For the same fixed € > 0, there exists a finite partition { B}, ,.,;. C X, of S, so that
Img| (A —5<Z|\mf (Bf)| (32)

Since the sets A, jointly with the set A\ |J; < ;< s Ay form a partition of A, we can
write

L* L* K’ K79 i
D lms (B = Z my U Atlns U1 avU A | NBi
I=1 =1 j=1 |
L® K7 K7
_ Z Somy (AL BD) | +mg | (AU AL N B
=1 || \k=1 j=1
L K’
< 23 |me (4 N150)]

+Z my A\UAg RERIE (33)
=1 j=1

Thus, (32) also holds for the new partition, which is a refinement of the partition
{B}},<,<-- For brevity, let us denote this refinement P and let us call C'the sets in P.
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We have,
L K’
> llme, (€)= 323 fme, (4215)
cep =1 k=1
i mg, ((A\ U Ag) ﬂBf)
=1 k=1
L¢ K’ || K’
Z > wnn (AL B (A7)
=1 k=1 ||m=1
Le K7
+ > ||lan (A;]nﬂ (A\ U Ak) ﬂBZ)
=1 Jj=1
e K7 Ls K’
= 303 et (a2 1 28) | = S Xl (421 50)
= [ sl dn.
Thus,

]|mf| /||f|du)<|mf| =Y s (€

CeP
()

D Ime (O =Y [lmy, (C)

CceP ceP
(i)

; \/ sl — [ ||f||du].
A A

(iii)

According to (33), (i) is < €. As for (ii), it can be bound by

> 7 llmg @) = flmg, )] < |Imy (C) = my, (O
ceP ceP
- / fdu - / sDJduH
ceP
< /Hffsajlldu<6,
A

according to (31).
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Likewise, we bound (iii) by
J 5 =slldn <.
A

Since € > 0 was arbitrarily chosen and R has the Archimedean Property, we conclude
that (30) is true.

This completes the proof of the theorem. O

As a consequence of Theorem 6, we present now the general version of Corollary 6.

Corollary 8. If f € B! (S) and Jufdup=0forallAe X, f=0p-ae onsS.
Proof. Since
my (4) = [ gau=o.

for every A € ¥, according to 3) in Theorem 6, and
L sl = sl () = .

Thus, we can conclude (see, for instance, [44], p. 84, Proposition 10) that there exists
a p-null set N in ¥, so that || f|| (t) = 0, for ¢ € S\N.

This completes the proof of the corollary. U

Corollary 9. The vector measure my in Definition 23 and Theorem 6, is absolutely
continuous with respect to p.

Proof. Since 1) in Theorem 6 shows that m  is p-continuous, the proof of this corollary
follows immediately from Definition 9 and 1) in Proposition 8. O

Remark 36. The series ) j>1MMf (A;) converges, not only unconditionally (see Remark
1), but also absolutely. In fact,
S| [ i <3 [ 1s1dn
i>1 i1 |17 As 174

S llmg (4]
[, st [stan

j>1 A

Let us recall that this is not the case for an arbitrary vector measure, unless X has finite
linear dimension (see Remark 1 and (16) in Remark 11).
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It is natural to ask whether, given a vector measure m : ¥ — X, there is a function
fm € BY(S) so that

m(A) = /Afmd,u7 (34)

for every A € X.

On account of Theorem 6, for m to be written as in (34), m would need, at least, to
have finite variation and to be p-continuous. For a vector-measure that has finite variation,
p-continuity is equivalent to absolute continuity with respect to u (see, Proposition 8). So,
we can, equivalently, say that m needs to be absolutely continuous with respect to .

For such a vector measure, the answer to the question of representability is, generally,
no. Before giving an example, we need to prove an auxiliary known result, which admits
various formulations (see, for instance, [1], p. 29, Lemma 4).

Lemma 17. Let F : [ — B! (I, Lt (I)) be a strongly measurable function. Then, there
exists f € L' (I x I) and a \-null set N C I so that F = f (t,-), fort € I\N.

Proof. Let us first observe that L* (I x I) is defined with respect to the measure space
(I xI,Lrxr, A x A), where Ly is the o-algebra of the Lebesgue measurable subsets of
the unit square I x I, and the measure A X A, defined on L, is the (completed) product
measure, (see, for instance, [44], p. 118), that is to say, the Lebesgue measure on L.

By Definition 12, there exists a sequence {<pj }j> , of vector-valued simple functions
so that w; = F, p-a.e. on I, as j — oo. That is, for each j > 1, we can write

KJ
ACOEDBEACIIROR
k=1

with mi € L' (I), and

Jj—o0

/I|<pj (t) = F(t)]dx — 0, 35)

fort € I\ Ny, Where Niisa )\-r_lull set. Let us observe that, in fact, we have selected a
representative x5, of the class 7, in the Banach space L' (I). It should be clear that the
function ¢, (¢, s) belongs to L' (I x I).

For each j > 1, let A; be the measurable set defined as

Aj = {t €l lo; ()] pa) <2 HF(t)”Ll(U}'
Set
Vi = ¢iXa,-

We claim that {z/Jj }j>1 is a Cauchy sequence in L! (I x I). Indeed, from (35), we can
say that there is -

j,m—00

lim /ij (,8) — by, (£, 8)] dAe = 0,
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fort € I\Ny. Forl > 1, let
Bi={teI:|F )l <1}

Then,
/I |1 (t,5) = 1y, (t,8)] dX < 41,

for all j,m > 1,t € B;. Using Theorem 4 on the sequence {wj — z/Jm}j < there is

j,m—o00

lim (/ WJ] (ta S) - 'l/)m (ta S)| d)\s) dA; =0,
B \JI
for each [ > 1. So, there is a function f! € L' (I x I) so that

Y, = f!

j—o0
in L' (B; x I) for each [ > 1. Moreover, f'*1/B; x I = f!, (A x \)-ae.

Now, we define a function f, unique up to a (A x A)-null set, as f = f' on B! x I. It
should be clear that f is (A x A)-measurable. Moreover, there exists

lim ’wj — f| d(Ax )= lim </ |wj (t,s)— f (t,s)| d)\s) dX\; =0,
Jj—roo BlxT (i) j—oo Bl I

for each [ > 1, where the equality (i) follows from Fubini’s Theorem (see, for instance,

[44], p. 119, Theorem 3). Thus (see, Corollary 7), there is a subsequence {1/) and a

jk}kZl
A-null set Ny C I, so that

ijOO

‘/I|¢]k (t78)—f(t,8)|d/\s — 0,

for t € I'\N,. According to (35),

/}wj—F(t)ydA — 0,

J—00

for t € I\Ny, so, we conclude that f (¢,s) = F(t)(s), A\-a.e. in I, for each ¢ €
I\ (N1 UN2).

This completes the proof of the lemma. O

Now, we are ready to present the example, which is mentioned, with some differences,
in several sources (see, for instance, [6], p. 103):

Example 3. We consider the Lebesgue measure space (I, Ly, \) and the measure m; :
L — LY (I) defined as my (A) = x 4 (see Example 1). According to Example 2, m,
has finite variation and, since |m1| = ), the vector measure my is obviously absolutely
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continuous with respect to . Let us suppose that there is a function f,,, € B* (I JLY (1 ))
so that

ma (4) = / fomn A, (36)
A
foreach A € X..

According to Lemma 17, we can view [, as a function f,,, (s,t) defined and Lebesgue
integrable on the unit square I x I. Thus, we can write

O = [ fn 5N
A
Now, given A, B € L, disjoint,

/AXB P d(A X A) = /BXA (t)dAe = A (AmB> =0.

So, the function f,,, ends up being zero outside the diagonal in I x I (see, for instance,
[44], p. 88, Proposition 18). That is to say, fm, is zero, (A X \)-a.e., which goes against
the assumed representation (36).

Remark 37. If ¢y denotes the Banach space of real sequences that converge to zero, with
the sup norm, an example involving trigonometric series (see [18], p. 60, Example 1)
or ([6], p. 103, (ii)), shows that vector measures with values in cg are not, generally,
representable. A third example, can be seen in ([6], p. 103, (iii)), showing the same for the
Banach space C (I) of real valued functions that are continuous on I, with the sup norm.
For a discussion on the role played by atoms (see Definition 6) in the representability of
measures, see ([18], p. 61).

When m is a signed measure, the question of whether it can be represented as an
integral, has an affirmative answer, given by the Radon-Nikodym theorem, which we state
as follows:

Theorem 7. Let m be a signed measure m : 3 — R that is absolutely continuous with
respect to 1. Then, there exists f = f,, € L' (S) so that (34) holds for every A € ¥.

Let us recall that a signed measure m : ¥ — R is always bounded (see, for instance,
[44], p. 30, Theorem 5). Moreover, a signed measure m : 3. — R is bounded if, and only
if, it has finite variation (see, for instance, [44], p. 31, Corollary 8). Thus, in the statement
of Theorem 7, absolute continuity is equivalent to y-continuity (see, for instance, [44], p.
132, Proposition 5 (ii)).

For the proof of Theorem 7 as stated, see, for instance, ([38], p. 238, Theorem 23). Let
us recall that i is a o-finite measure. Without this assumption, the conclusion of Theorem
7 is not generally true (see, for instance, [44], p. 134, Example 9). For slightly different
versions of Theorem 7 and their proofs see, for instance, ([44], p. 133, Theorem 8), ([12],
p. 132, Theorem 4.2.2 and p. 135, Theorem 4.2.3), ([39], p. 121, Theorem 6.10) and, of
course, many other sources.
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H. Lebesgue proved the first version of Theorem 7 in 1904 [28]. In fact, the evolution
of the Radon-Nikodym theorem for measures, runs parallel to that of the Lebesgue de-
composition theorem. For a fairly detailed account of these historical matters, see ([3], pp.
89-90; [19], p. 414, Notes and Remarks 11), and the references therein.

In the words of Diestel and Uhl ([18], p. 51), “The failure of the Radon-Nikodym
theorem for the Bochner integral is not to be interpreted as a negative aspect of the Bochner
integral. Indeed, the failure ... has powerful repercussions in operator theory, the geometry
of Banach spaces, duality theory for Banach spaces, vector-valued probability theory and
integration theory itself.”” We may add that the failure has been, indeed, very fruitful.

So, instead of looking for the Radon-Nikodym theorem for the Bochner integral, we
need to talk about the Radon-Nikodym property for the Bochner integral, which is the title
of this section.

Definition 24. A Banach space X has the Radon-Nikodym property with respect to a
complete and o-finite measure space (.5, %, 1), if given a vector measure m : ¥ — X that
has finite variation and is absolutely continuous with respect to i, there exists f,,, € B! (S)
so that (34) holds.

A Banach space X has the Radon-Nikodym property, in short RNp, if it has the RNp
with respect to every complete and o-finite measure space (.S, X, p).

Remark 38. When the function f,, in Definition 24 exists, it is unique up to a p-null set.
In fact, if there are two such functions, f,, 1 and f,, o, their difference should represent
the zero measure, so, (see (30)),

/ |t — fonall dpt =0,
S

and the conclusion follows.

When m and f are related by

m(A) = [ fin,

for all A € ¥, it is usual to write

m= fdu
and to refer to f as the Radon-Nikodym derivative of m with respect to u, denoted ‘%. In
this case, we refer to m as the indefinite integral of f. Of course, the inspiration for this
terminology comes from Calculus. At least in the case of signed measures, the terminology

is justified by properties that echo those encountered in Calculus (see, for instance, [38],
p.241; [44], p. 139).

Proposition 24. Fix a complete and o-finite measure space (S, 3, ) and assume that the
Banach space X has the Radon-Nikodym property with respect to (S, %, ). Let

My, ={m: X — X :mis avector measure of finite variation and m < p} .

Then, the following statements hold:
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1. The space My, is a normed linear subspace of My (for the definition, see Proposi-
tion 7).
2. The map A : B'(S) — My, defined as A(f) = fdu, is an isometric semi-

isomorphism. That is to say, it is linear, surjective, |fdp|(S) = |[f| 51 (s) and
A(f) = 0 implies that f = 0, u-a.e. on S.

3. The space M 4 is Banach.

Proof. The proof of 1) is an immediate consequence of Proposition 7. As for 2), it follows
from Definition 24 and Theorem 6, since given m € My ,,

lmll = 1 fmll p1(s) -

Finally, if {m; }j>1 is a Cauchy sequence in M ., the sequence { Jm, }j>1 is Cauchy
in B! (9), so it converges to some f € B! (S). Therefore, fdu € B* (S) and

|m; — fdull = ||fmj - f”Bl(S) - 0,

Jj—o0
which proves 3).

This completes the proof of the proposition. L

When X is the real space R, we can say quite a bit more.

Proposition 25. The linear space
Mg ={m: 3 — R:misa signed measure} ,

is complete with the norm ||m/|| = |m| (5).

Proof. We give a fairly direct proof of this known result.

First, let us observe that m € Mp being finite, automatically implies that m has finite
variation (see Remark 7). Next, let {m; }j>1 be a Cauchy sequence in M. That is to say,
given € > 0, there is J = J. > 1 so that

[[mj —my|| <e,
for 5,1 > J. According to (5), this implies that,

m; (A) —my. (A)] < |mj —mp[(S) = 0, 37

) (i) Jrki—o0

for every A € X, so the sequence {m; }j>1 of set functions from ¥ to R is Cauchy,
uniformly on ¥. Let us observe that |-| in (i) is the absolute value in R, while || in (ii)
indicates the variation of the signed measure m; — mj,. This slight ambiguity should not
cause any trouble.
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From (37), the real sequence {m; (4)},, is a Cauchy sequence in R for each A € X,
so it has limit. We define a set function m : ¥ — R as

m (A) = lim m; (A4). (38)

]4)00
Since the sequence {m; }j>1 is Cauchy, uniformly on ¥, the limit in (38) is uniform on
Y. We claim that the set function m is a signed measure. First, it is clear that m (()) = 0.

To prove that m is countably additive, we begin by observing that m is finitely additive, by
its definition. In fact, if { A;}, is any finite family of pairwise disjoint sets in X,

n{Ua) = g (Y] =g o
Z lim mj (4;) = Zm Ap).
j—o0

Next, let us consider any countable family of pairwise disjoint sets in 3, {4;},-,, and let
us write A = Uz>1 A;. For L > 1 and j > 1 to be chosen later, we can write

'mm) ~Sm(ay
=1

< m(4) -

L
+ 13 (my (A) = m(A)
=1

HD D my ()| = () + (i) + (did) -

I>L+1

Let us estimate each of these three terms.

For (), |m (A) —m; (A)| < /3, for j > J = J., independently of A € . We then
fix j = J in the other two terms. For (i), since ), m (A;) converges, to m (A),

D1 My (Al)’ < ¢/3,for L > Ly. Finally, for L > L, we can write (i7) as

< e/3,

L
> (my (4) - m(Al))‘ = ’ my— <U Az)
=1

since we already observed that the convergence is uniform on X. Thus, m is a signed
measure and, hence, it has finite variation. That is to say, m € Mg.

The last step is to prove that {m]} i>1 converges to m in Mg, for which we use the
right hand side of the following 1nequa11ty (see (13) in Remark 7):

sup |m; (A) —m (A)| < [m; —m|(S) < 2sup |m; (A) —m (A)].
A€eX Aex

If we use again the uniform convergence of {mj} ., to m, given € > 0, we have
|m; (A) —m(A)| < e/2,for j > J = J, and for all z € . This completes the proof of
the proposition. O
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So far, we haven’t said much about when the Radon-Nikodym property holds or doesn’t
hold. We dedicate the rest of the section to remedy this deficiency.

Remark 39. According to Remark 37, Example 3 shows that L' (I) does not have the
Radon-Nikodym property. The Banach space cy does not have it either (see [18], p. 60,
Example 1; [6], p. 103, (i1)). Example (iii) in ([6], p. 103), as well as Example 8 in ([18],
p. 73), show that C' (I) does not have the Radon-Nikodym property.

The question of when a Banach space has the Radon-Nikodym property has grown
into a huge subject, with vast repercussions, on which we do not intend to dwell for long.
To show how diverse the answers to the question of representability can be, we state two
of these answers.

Theorem 8. ([37]) Let (S, X, i) be a complete and o-finite measure space. For a vector
measure m : X — X, the following statements, 1) and 2), are equivalent:

1. There exists a function f € B! (S), such that m = fdjp.

2. The vector measure m satisfies the following conditions:

(a) m < p.

(b) m has finite variation.

(c) For each A € ¥ with 0 < p(A) < oo, there exists E C A, E € Y and a
compact set K C X not containing zero, so that i (E) > 0 and for all E' C E,
E' €%, the set m (E') is contained in the cone generated by K.

Remark 40. When the space X has finite linear dimension, 2)c) in Theorem 8 is satisfied
by any vector measure m : 3 — X. In fact, when we choose

K={reX:|z] =1},
the cone generated by K, which is defined as
{M:2€e K, >0},

is X, so 2) c) holds. That is to say, Theorem 8 becomes the familiar Radon-Nikodym
theorem, when X is finite dimensional.

Theorem 8§ is considered the first general Radon-Nikodym theorem for the Bochner
integral. By general we mean that, although X needs to satisfy a certain geometric
condition, it is not a particular type of Banach space.

As for the promised second answer to the question of representability, it appears as
Theorem 5.21 in ([6], p. 112). Benyamini attributes it to S. Qian [35]. To simplify matters,
of the two statements that are proved to be equivalent to the Radon-Nikodym property, we
only mention one, which involves differentiability. The other equivalent statement involves
the notion of e-differentiability (see [6], p. 111, Definition 5.19).
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Theorem 9. ([35]) Let X be a Banach space. Then, the following two assertions are
equivalent:

1. X has the Radon-Nikodym property.

2. Every absolutely continuous function F : [0, 1] — X is differentiable almost every-
where.

Absolute continuity of a vector-valued function is defined in the same way as for a
real-valued function (for the real case see, for instance, [44], p. 160, Definition 1). That is
also the case for the notion of differentiability (see, for instance, [15], Chapter VIII).

Remark 41. The Banach space [! of absolutely summable real sequences {x; }j>1 with
the norm i>1 |z ;|, has the Radon-Nikodym property (see [18], p. 64). That is also the
case for separable Hilbert spaces (see [18], p. 64, Theorem 6; p. 67) and for Banach spaces
that are duals and separable ([18], p. 79, Theorem 1).

Many results on vector measure representability, run parallel to the representability of
certain linear and continuous operators. This is a very interesting principle, which, at least
for some spaces, has been known for a long time (see, for instance, ([19], p. 415, Notes
and Remarks 12 and the references therein).

Indeed, if (.S, X, i) is a complete and finite measure space, the Riesz representation
theorem tells us that the topological dual of L' (S) is L>° (), while Theorem 7 gives us
the representability of certain signed measures. The same two results can be stated for
vector-valued functions and measures. Specifically, ([18], p. 59),

Theorem 10. (Riesz representation theorem) If X is a Banach space, each linear and
continuous operator T : L* (S) — X can be represented as

T(f)= /S fodp, (39)

Sor a function g € B> (5).

Theorem 11. (Radon-Nikodym theorem) Given a vector measure m : ¥ — X that has
finite variation and is absolutely continuous with respect to y, there exists g € B* (S) so
that

m(A) = /A gdp,

forall A € 3.

Diestel and Uhl discuss (see [18], pp. 60-61) several examples that illustrate the inter-
play between these two theorems. Furthermore, they prove, among others, the following
result (see [18], p. 63, Theorem 5), that makes this interplay official:

Theorem 12. Let X be a Banach space and let (S, 3, ) be a complete and finite measure
space. Then, X has the Radon-Nikodym property with respect to (S, 2, u) if, and only if,
each linear and continuous T : L* (S) — X is representable as in (39).
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Benyamini states (see [6], p. 123) a version of Theorem 12 in terms of the topological
dual of B? (I), for 1 < p < oo: It is always the case that BY (I, X) is isometrically
embedded in the topological dual (B (I, X))’, where + + 1 = 1 and X’. That this
embedding is onto if X has the Radon-Nikodym property, is due to S. Bochner and A. E.
Taylor [9]. For a detailed discussion, see ([18], Chapter III).

For a historical account of the Riesz representation theorem, see [22].

There is a large body of work dedicated to the Radon-Nikodym property in all its
manifestations. Besides the three monographs already mentioned and their extensive bibli-
ographies, we mention, for instance, [10], [34], [16], [29], [17], [42], and the references
therein.

The article [17] presents, in great detail, the evolution of the Radon-Nikodym property,
in the vector-valued setting.

Thus, we conclude the study of vector measures we set to write.
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