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A Characterization of Pettis Sets in
Dual Banach Spaces

By

Minoru MATSUDA*

Abstract

In this paper, we give a characterization of Pettis sets in dual Banach spaces in terms of &
Rademacher trees. This is a generalization of our Theorem 1 in [1].

§1. Introduction

Throughout this paper X is a real Banach space with topological dual X*.
The closed unit ball of X is denoted by By. In the sequel, (€2, 2, u) always
denotes a complete probability measure space and ([0, 1], A, 1) is the Lebesgue
measure space on [0, 1]. For each (£, 2, u), a function f: Q— X (resp. X*) is
said to be scalarly measurable (resp. weak*-measurable) if the real-valued
function (x*, f(w)) (resp. (x, f(w))) is u-measurable for each x* € X* (resp.
X € X). We say that a scalarly measurable function f: Q— X is Pettis integrable
if (x*, f(w)) € L (L, X, u) for every x* € X* and moreover for each E € 3 there
exists an element xz of X that satisfies

(&, x6)= | (", f(@))du(w)

for every x* € X*. If f: Q— X* is a weak*-measurable function with bounded
range, then we obtain a bounded linear operator Ty: X— L,(£2, X, u) given by
Ty(x) =xof for every x € X, where (xof) (w) = (x, f(w)) for every w € Q. The
dual operator of Ty is denoted by 7.

Let K be a compact Hausdorff space. Then a real-valued function % defined
on K is universally measurable if 4 is o-measurable for every Radon probability
measure o on K. If f is a function from K to X, then f is called universally
scalarly measurable if the real-valued function (x*, f(k)) defined on K is univer-
sally measurable for each x* € X*.

A subset C of X is said to be a weak Radon-Nikodym set if for any (L, =, u)
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and any measure «:3— X for which o(E) € u(E)-C for every E € X, there exists
a Pettis integrable function g: £2— C such that

(&, a(E) = [ (%, g(o))du(@)

for each E € X and x* € X*. Let H be a weak*-compact subset of X*. Then we
always understand in the following that H is topologized by the weak*-topology
o(X*, X). As a general notion of weak*-compact convex weak Radon-Nikodym
sets, the following is defined.

Definition. A weak*-compact subset H of X* is called a Pettis set if the
identity map i: H— X* is universally scalarly measurable.

Then it has been shown in [3] (or [7]) that H is a Pettis set if and only if w*-
conv(H) (the weak*-closed convex hull of H) is a weak Radon-Nikodym set.

Now a sequence {x,},=; in X is called a tree if x,, = (xp, + x2,,41)/2 for all
n = 1. Following Riddle and Uhl1 [4], we say that a tree {x,,},=1 is a 6-Rademacher
tree if there exists a 6> 0 such that

||X1” = 6, HX2 - X3” 226, HX4 — X5 + X6 —X7” 246,

for all m=0.

In a series of papers [4], [2] and [1], some attempts to characterize weak*-
compact convex weak Radon-Nikodym sets of X* in terms of J-Rademacher
trees have been made in various cases (or steps) and the following result
(Theorem 1 in [1]) has been obtained.

and, in general,
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Theorem A. Let C be a weak*-compact convex subset of X*. Then the set C
is a weak Radon-Nikodym set if and only if it contains no 6-Rademacher tree.

In this paper we present the following Theorem 1 concerning the character-
ization of weak*-compact (not necessarily convex) Pettis sets in terms of &-
Rademacher trees, which is an extension of Theorem A. This is the aim of our
paper. In the statement (b) of Theorem 1, [0, 1] is endowed with A and A.

Theorem 1. Let H be a weak*-compact subset of X*. Then the following
statements about H are equivalent.

(@) The set H is a Pettis set.

(b) For any weak*-measurable function f: [0, 1]—H, {T(xa/A(A)):
MA)>0, A E A} contains no 5-Rademacher tree.
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(c) Forany (R, =, u) and any weak*-measurable function f: Q— H, {T;(xg!
u(E)): w(E)>0, EE€ X} contains no 5-Rademacher tree.

§2. Preliminaries

Before proving Theorem 1, let us recall and prepare some notations and
facts that are needed in the process of our proof of Theorem 1.

Let K be a compact Hausdorff space. A sequence of pairs (A4, B,,),=; of sets
of K with A, N B,, = ¢ for all n is said to be independent if for all {¢;} <=4 with

k
g=1lor—1, ,ﬂl gA; #+ ¢ where ,A;=A;if g;=1and ¢;A;= B, if ;= —1. When
=
there exists an independent sequence (A,, B,),=; of closed subsets of K, put
Ir= (3%1 (A, U B,). Then I'is a non-empty compact subset of K, since (A, B,),=1
n=

is independent. Define ¢: I'> A (= {0, 1}V, Cantor space) by ¢(z) = {t,}n=1
where t,=1if zE A, and ¢, =0 if z€ B,,. Then, setting U,, = {t= {t,},=1 € A:
t.=1}, ¢ is a continuous surjection that satisfies I'N A,,, = ¢*1(U,,,) and I'NB,,
= ¢ 1(US,) for all m=1. Since ¢ is a continuous surjection, we have a Radon
probability measure y on I"such that ¢(y) (the image measure of y by ¢) =v (the
normalized Haar measure on A) and {fo¢: fEL\(A, X,, v)} =L, Z,, v)
(cf. (1-2-5) in [7]), where X, (resp. X)) is the family of all v (resp. y)-measurable
subsets of A (resp. I).

Furthermore, consider a function p: A— [0, 1] defined by p(t) = >, 1,/2",
n=1

where t={t,},=1 € A. Then we easily obtain that p is a continuous surjection
satisfying p(v) = A and {uop: u€ L(([0, 1], A, )} = L(A, Z,, V).

Under these preparations we first note the following lemma, which has been
essentially suggested in the proof of (b) = (a) of Theorem (7-3-7) in [7]. But, for
the sake of completeness, we dare state it in a more explicit form suitable for our
subsequent argument and give its simple proof.

Lemma. Let S be the linear operator on L([0, 1], A, A) given by S(u) =
uopo@ for every u€ L([0, 1], A, A). Then the following statements hold.

(a) The linear operator S is a surjective isometry from L([0, 1], A, 1) to
LI, %, 7).

(b) For every g€ LI, %,, v), S*(g)(p(¢(2))) = g(z) y-a.e. on I', where
S* is the dual operator of S.

(c) For gy and g in LT, %, v), $*(81°82) = 5*(81) - $*(82) in L([0, 1],
A, A).

Proof. Let us first show the statement (a). As for the isometry of §, it
easily follows from the fact that
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| Ist@lar) = [ lueoenlane)

= [ lpe)lavey = [ Ju)ldre)
A [0,1]

using the change-of-variables formula. As for the surjectivity of S, suppose the
contrary. Then {S(u): u€ L([0, 1], A, A)} is a proper closed subspace of L([,
2, 7). Hence, by the Hahn-Banach theorem, there exists a non-zero element g
of L.(I, %,, v) such that [ g(z)S(u)(z)d¥(z) = 0 for every u € L([0, 1], A, 4).
That is, [ g(z)u(p(¢(z)))dy(z) =0 for every ue L([0, 1], A, A). Since {uop:
u€ Ly([0, 1], A, 1)} = Ly(A, Z,, v) as stated above, [ g(z)f(¢(z))dy(z) =0 for
every f€ Li(A, Z,, v) which means that g=0 in L(I, X,, y) since {fo¢:f€E
Li(4, 2,, v)} =L(I, X, y) as noted above. This is a contradiction.
To prove (b), it suffices for us to show that

| S@ @M@ = | s@h@dr)

for every h€ Ly(I', %, y). For each h€ Ly(I', X, y), in virtue of (a), there
exists an element u of L{([0, 1], A, A) such that A=uocpo¢ in L(T, X, 7).
Then we have

J ,, S @O = | @@
= | s@utp@enan) = | s@h@dr).

On the other hand, we have

[ sM@@udr = | SH@6udp@mNE)
[0. 1] [0, 1]

G CONETON ORI BIECONIORION

Hence we have the desired equality for each h € Ly(I', %, y). This completes
the proof of (b). Finally, by virtue of (b), the statement (c) follows easily. So the
proof of Lemma is completed.

§3. Proof of Theorem 1

In [3] and [7], the following Theorem B has been obtained concerning the
characterization of Pettis sets in dual Banach spaces.
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Theorem B. Let H be a weak*-compact subset of X*. Then the following
statements about H are equivalent.

(@) The set H is a Pettis set.

(b) Each sequence of A has a pointwise convergent subsequence on H,
where A = {xy: X € By} (that is, every sequence {x,},=, in Bx has a subsequence
{Xnge)} k=1 such that for every x* € H, ]Eg)rgc (X%, Xnqo)) exists).

(c) The set w*-conv(H) is a weak Radon‘-Nikodym set.

We are now in a position to prove Theorem 1, making use of Theorems A,
B and Lemma.

Proof of Theorem 1. Let us first show that (a) implies (c). In virtue of
Theorems A and B, the proof of this part is simple. Let H be a Pettis set and
suppose that (c) fails. Then there exist a complete probability measure space (£,
%, w) and a weak*-measurable function f: Q— H such that {T/(ys/u(E)):
w(E)>0, E € X} contains a 6-Rademacher tree. For each E € X, we have that
(Tr(xe)s x) = (e, Tr(x)) =& (x, f(w))du(w) for every x € X. Hence, by the
separation theorem, it holds that T/(xg) € w(E)-w*-conv (H) for each E€ X,
since f(£2) C H. So w*-conv (H) contains a d-Rademacher tree by the assump-
tion. Thus, by Theorem B, w*-conv (H) is a weak Radon-Nikodym set containing
a 6-Rademacher tree, which is contradictory to Theorem A.

Next let us prove that (b) implies (a). This is the crucial part of our proof.
Suppose that H is not a Pettis set. Then we are going to construct a weak*-
measurable function h: [0, 1]— H such that {T,(x4/A(A)): A(A)>0, AE A}
contains a 6-Rademacher tree for an appropriate positive number 6. To this
end, invoke Theorem B to conclude that there exists a sequence {x,},=; in By
having no pointwise convergent subsequence on H. Then, by the celebrated
argument of Rosenthal (cf. [5] or [6]), we have a subsequence {x,}i= of
{x,},=~ and real numbers r and 1 with 1> 0 such that putting A, = {x* € H: (x*,
Xuy) =r} and B = {x* € H: (x*, X, x)) =7+ 21}, then (Ax, Bi)x=; is an inde-

pendent sequence of pairs of closed subsets of H. Put I'= kri (AL UBy)CH.

Then, by Lemma above, we have a complete probability measure space (I,
2, v) and a surjective isometry S: L,([0, 1], A, A)— L (I, X,, y) such that
S*(8)(p((x*))) = g(x*) y-a.e. on I for every g€ L.(I', %, y) (Here, functions
p and ¢ are the same ones as stated in §2).

Now, for each x € By, consider a function f, on I" given by f,(x*) = (x*, x)
for every x* € I. Then {f,: x € By} C C(I') (the Banach space of all real-valued
continuous functions on I'). Let p be a lifting of L.([0, 1], A, 4). For each fixed
s€[0, 1], we associate a following bounded linear functional L, on C(I'):
L(f) =p(S*(f))(s) for every f€ C(I'). Then, in virtue of (c) in Lemma, L, is
multiplicative and so there exists a unique point x* € I" such that L (f) = f(x*)
for every f&€ C(I'). Then define k: [0, 1]— I"by h(s) = x™* for each s € [0, 1]. This
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means that f(h(s)) =p(S*(f))(s) for every f€ C(I'). Hence, in particu-
lar, f.(h(s)) =p(S*(f.))(s) for every x € By. That is, we have that (x, h(s)) =
p(S*(f,))(s) for every s € [0,1] and x € By. So the function & is weak*-measurable.
Moreover, we have that for each A € A,

[ @ hnaas) = | PEHENSAE) = [ S (1))
A A A

= [ S*I6dpemNE) = | SH (£ (PN x*)
A ¢~ (p~1(A))

j felx®)dy(x*) (by (b) of Lemma)
¢~ (p~1(A))

f (*, 0)dy(x*) ... (%),
9o (A))

Consider a measure a: A— X* defined for each A € A by putting

(o), = [ (x. h(s))dis)

for every x€X. Then it holds that a(A)=T,(x4) for every A€ A, since
(A, )= fa (¥, h($))dAs) = (ta> Tu(x)) = (Th(xa), %) for every x€ X. Put
Xy i =2"a(l,,) (mZ0,0=i=2"—1), where L,,;=[i/2™, (i + 1)/2™]. Then we
easily know that x;, = (x5, + x5,4)/2 for all =1 and the sequence {x},},=; is
contained in {T7, (x4/A(A)): M(A) >0, A € A}. Hence, to complete the proof of this
part, it suffices for us to show that the sequence {x,,},=; contains a 5-Rademacher
tree for an appropriate positive number .

To see this, let us first relabel {I,,;} (m=0, 0=i=2"—-1) by [jpy=1 (=
[0, 1]), L1,0=1(0), I;1=1(1), LLo=1(0, 0), L1 =1(0, 1), L3=1(1, 0), 4=
I(1, 1), etc. That is, Iop=1 and if 1,,;,=1(a{”,...,a?) (m=1, 0=2i=2" 1),
then

Im+1,2i = I(agi)7 e ,af;?, O)
and

Im+1,2i+1 =I(agi)9- . -3a$:'l)7 1)

Here {a{"},<;<n denotes a sequence consisting of 0 or 1 and {(a{’,...,a): 0=
i=2"—-1}={(a1,...,am): a;=0 or a;=1}. Then we have that for every
{aj}lgjém with aj=0 orl

UsiOn ... NUL™ = p~'I(ay,. . ..am)),

where &(j) =1 if a;=1 and &(j) = ¢ (complement) if a;=0. Hence we have that
for every {a;}1=j=m with a;=0 or 1,
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(aI(ay,. . .,a,)), X) = J,(a IGO0

o (*, ©)dy(x*) (by (*) above)
o~ Ypt(U(ay,- . .,a,)))

| (x*, Ddy(x*)
¢ (UEDN ... N UEG)

for all x € X. Then this easily yields that

om_y

;) (a/(l(al(i)a- .. ,ag;)) O)), xn(m+1))

*
J (—x*’ xn(m+1))d}/(x*) = J (X*v xn(m+1))dY(x )
¢ (U InB,.,

and

om_

20 (a(l(al(i)v- .- aaﬁriz)’ 1))’ xn(m+1))

:J (X*a xl1(m+l))d}/(X*) :f (X*’ xn(m+1))dY(X*)'
(U, I'mA

Thus we have that for every m=0,

om+l_y
2 (—1)1x*2m+l+l’
i=0
Sm+l_ |
= ( 20 (—'1)1x*2"'*1+i’ xn(m+l)>
1=
om_ 1 om_q
= 2 (x*2m+l+2i’ xn(m+1)) - 20 (x*2m+1+2,-+1, x,,(m+1))
i=0 =

2"—1
= 2n'I+1 : { 2 (a(l(a(li)’ R agz)a 0))9 xn(m+1))
i=0
2w 1 . p
- 2 (a(](ag’), s ,aﬁ,?, 1))v xn(m+1))}
i=0
= 2m+1 . {J’ (X*’ -xn(m+l))dY(x*)
InB,.,,

- f (X*v xn(m+1))dY(X*)}
I'nA

Zomrl f(r+2n)/2 —ri2) =27y,

833
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In the case where x; (= a(l)) # 0, setting 8 =min{||x{]|, n} (>0), {x,,},=1 itself
is a 5-Rademacher tree contained in {7}, (x4/AM(A)): A(A) >0, A € A}, which is
contradictory to (b).

Next consider the case where x; =0. By the inequality proved above, it
holds that ||x; — x3|| Z2n. Hence one of x, and x; does not vanish. So, without
loss of generality, we may assume that x5 (= ([0, 1/2])) #0. Let {J,,,,} (m=0,
0=i=2"—-1) be a sequence of closed intervals in [0, 1/2] given by J,, ;=
[i/2m*+1,(i + 1)/2™F1]. Then, putting y5.;=2"""a(J,,;) (m=0, 0=i=2"—1),
{yn)a=1 is a tree contained in {T,()x4/A(A)): A(A) >0, A€ A}. Relabel {J,,;}
(m=z0, 0=i=2"-1) by Joo=J (=[0, 1/2]), J10=J(0), J11=JQ1), Jrpo=
J(0, 0), J,,=J(0, 1), J,3=J(1, 0), J,4=J(1, 1), etc. Then it holds that for
every {a;}1=;=m» With a;=0 or 1,

usnushn ... N U =p ' (J(ay,. . .am))

in the same notation as above. Hence, by the same argument as above we have

om_ 1

'EO (CL’(J(QY), ce var(l?v O))’ xn(m+2))
i=
= j¢-l(U AU (X*s x11(1n+2))dY(X*)
1 m+2
=f s (-X*v xrz(l71+2))d}/(X*)
Irngns,..,
and
om_ |

'_ZO (a/('](al(i)’ e ’al(?i?)7 1))7 xn(m+2))

j(,b*‘(UfﬂU ) (x*, xn(m+2))d‘y(x>k)
1 m+2

(.X'* ) xn(m+2))d‘},(x*)'

m+2

Jrnslr\A

Consequently, we have that for every m=0,

om+l_|

2 (=1)y*amey

i=0

om+l_q
3( 26 (—1)‘y*zm+1+,~, xn(m+2)>
=

=2m+2, {jr s (x*’ x”(m+2))dy(x*)
nB,

m+2
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-| &, T )|
rne,nA

m+2

Z2m¥2. {(r+2n)/4 —rl4) =2m" 1y,

So, setting =min {||x3]|, n} (>0), we obtain a 5-Rademacher tree {y,},=;
contained in {T,(xa/MA)): MA)>0, AE A}, which is contradictory to (b).
Hence we complete the proof of the fact that (b) implies (a). Moreover, the fact
that (c) implies (b) is obvious and so the proof of Theorem 1 is completed.

Remark 1. Consider the case where H is a weak*-compact convex Pettis
set. Then, by Theorem B, the set H is a weak Radon-Nikodym set. Hence, in
virtue of Theorem 1, the set H is a weak Radon-Nikodym set if and only if for
any weak*-measurable function f: [0, 1]— H, {T(xa/MA)): M(A)>0, A€ A}
contains no 6-Rademacher tree (Of course, this result follows more easily even
from our proof of Theorem 1 in [1]). In particular, the set H is a weak Radon-
Nikodym set if and only if it contains no 6-Rademacher tree (Theorem A), since
Tf(xa) € MA) - H in this case.

Remark 2. Without invoking Lemma, the equivalence between the state-
ments (a) and (c) of Theorem 1 can be proved. In fact, we have only to show
that (c) implies (a) whose proof goes as follows. Suppose that (a) fails. Then, by
the first part of the proof of the fact that (b) implies (a) in Theorem 1, we have a
complete probability measure space (I', 2, y) and a continuous surjection ¢:
I'— A such that ¢(y) =v. Let h: I'— H given by h(x*) =x* for every x*€I.
Then the function 4 is weak*-measurable and (T, (xz), x) = [ £ (x*, x)dy(x*) for
every E€ X, and x € X. Define a sequence {x,},= by x; = T,(x) and if X3,
=2"- T;t(XFﬂe(l”Alﬂ . ﬁd,QAm) (m=1,0=i=2"-1), then

+ _ ym+1 o+
Xome142; =2 : Th(er«)A N...NewA NB,,)
1 1 m‘tm m+1

and

Xomerqoipg =2+ T;;(Xrneg'mlm Pewa,nA,,,)-
Here {&{?},==,» denotes a sequence of 1 or —1 and {(&{?,...,eQ): 0si=2" -
1} ={(&,...,&n): =1 or —1} for all m=1. Then, by the same argument as

above, the sequence {x,},=; contains a 5-Rademacher tree for an appropriate
positive number 8 and so {T,(xz/y(E)): WE)>0, EE€ X,} contains a &
Rademacher tree, which is contradictory to (c). Hence the proof is completed.

Finally, let us note that Theorem 1 and the results of [3] or [7] give the
following theorem.



836 MINORU MATSUDA

Theorem 2. Let H be a weak*-compact subset of X*. Then the following
statements about H are equivalent.

(@) The set H is a Pettis set.

(b) Every sequence in By has a pointwise convergent subsequence on H.

(c) For every x**&€ X** and every weak*-compact subset M of H, the
function x** restricted to M has a point of continuity.

(d) For any weak*-measurable function f: [0, 11— H, {T;(xa): A€ A} is
relatively norm compact.

(e) The set w*-conv(H) is a weak Radon-Nikodym set..

(f) For any weak*-measurable function f: [0, 1]—>H, {T;(xa/AA)):
AMA) >0, A E A} contains no 8-Rademacher tree.
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