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ALMOST SURE CONVERGENCE AND
DECOMPOSITION OF MULTIVALUED
RANDOM PROCESSES

EVGENIOS P. AVGERINOS AND NIKOLAS S. PAPAGEORGIOU

ABSTRACT. This paper examines multi-valued random
processes (random sets) with values in a separable Banach
space. Several results on the almost sure convergence and de-
composition properties of various classes of random processes
are established. Special consideration is given to multi-valued
submartingales, uniform amarts, weak sequential amarts and
amarts of infinite order. In the process some results con-
cerning sequences of vector-valued random variables are also
proved.

1. Introduction. Multi-valued random processes and more specif-
ically multi-valued discrete time martingales, were first introduced in
the early seventies by Van Cutsem [35, 36] in connection with problems
of stochastic optimization. Since then the subject has attracted the in-
terest of many mathematicians and further contributions were made
from both the theoretical and applied viewpoints. The development of
the theory can be traced in the works Neveu [26], Daures [11], Hiai and
Umegaki [18], Coste [10], Luu [23, 24], Bagchi [3, 4, 5], Papageorgiou
[28, 30, 31], de Korvin and Kleyle [20], Hess [17] and Wang and Xue
[38]. Applications to stochastic optimization, mathematical economics
and information systems can be found in the works of Arstein and Hart
[1], Salinetti and Wetts [33], Papageorgiou [27] and Yovits et al. [40].

In this paper we make some further contributions to the convergence
and decomposition theories of set-valued random processes (random
sets). We consider a variety of multi-valued random processes start-
ing with submartingales. Via a “weak® compactness” result for multi-
functions, we prove a submartingale convergence theorem which ex-
tends the result of Neveu [26].
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In Section 4 we look at multi-valued uniform amarts. With the
help of a convergence theorem for vector-valued functions, we prove
a general convergence theorem for multi-valued uniform amarts. In
case the range space is a separable dual Banach space, we obtain a
second generalization of the result of Neveu [26].

In Section 5 we turn our attention to multi-valued weak sequential
amarts and, in analogy with the single-valued case, we prove a conver-
gence and a decomposition theorem for such multi-valued processes.

Finally, in Section 6, we examine amarts of infinite order (which
include amarts) and establish for them a Riesz decomposition type
result.

But first in the next section we fix our notation and terminology and
recall some basic notions and facts from set-valued analysis and the
theory of Banach space-valued, discrete time stochastic processes.

2. Preliminaries. Let (2, X, 1) be a complete probability space
and X a separable Banach space. Throughout this paper we will be
using the following notations:

Py)(X) = {A C X : nonempty, closed, (convex)}
and
Puk(e)(X) = {A € X : nonempty, w-compact, (convex)}.

Given a set A C 2%\{@}, we also define:

|A| = sup{||z| : ® € A} (the norm of A),
o(z*, A) =sup[(z*,z) 1 v € A} forz* € X~*
(the support function of A), and
d(z,A) =inf[||z —z|| :x € A} forze X

(the distance function from A).

A multi-function (set-valued function) F': Q — P¢(X) is said to be
measurable, if, for all z € X, the R -valued function w — d(z, F(w)) =
inf{||z — 2| : * € F(w)} is measurable. In fact, this definition of
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measurability of F(-) turns out to be equivalent to the existence of
a sequence fp, : 2 — X, n > 1, of measurable functions such that
F(w) = {fn(w)},,>; for every w € Q. Moreover, since we have assumed
¥ to be p-complete, these definitions of measurability are equivalent
to saying that GrF = {(w,z) € O x X : z € F(w)} € ¥ x B(X),
where B(X) is the Borel o-field of X, graph measurability. In the
absence of completeness with respect to u(-) of ¥, we can only say
that measurability implies graph measurability, while the converse
is not in general true. Using this equivalence of measurability and
graph measurability and the fact that the support function of a weakly
compact set in X is m-continuous (m- being the Mackey topology
m(X™*, X)), we can easily check that a multi-function F' : Q — Py.(X)
is measurable if and only if for every z* € X*, w — o(z*, F(w)) is
measurable. Recall that, since X is separable, X* is separable for the
Mackey topology m(X*, X), see, for example, Wilansky [39, p. 144].
Details on the measurability properties of a multi-function can be found
in the survey paper of Wagner [37].

We also use Sk to denote the set of measurable selectors of F'(-) that
belong in the Lebesgue-Bochner space L'(£, X). In general, this set
may be empty. However, a straightforward application of Aumann’s
selection theorem, see Wagner [37, p. 873], shows that, for a graph
measurable multi-function F : Q — 2X\{@}, Si is nonempty if and
only if w — inf{||z]| : 2 € F(w)} € LY(Q). In particular, if w — |F(w)|
belongs in L'(£2), such a multi-function is usually called “integrably
bounded,” then S} # @. Using S, we can define a set-valued integral
for F(-) by setting [, F(w)dpu(w) = { [, f(w)du(w) : f € Sp}. The
vector-valued integrals are understood in the sense of Bochner.

Now let F' : Q@ — Py(X) be a measurable multi-function with
St # @. Following Hiai and Umegaki [18] we define the conditional
expectation of F(-) with respect to Yo, (a complete sub-o-field of
¥), to be the Yg-measurable multi-function E*F : Q — Py(X)
satisfying S};EOF(EO) = cl{E*f : f € SL}, the closure taken in
LY(Q,X). To see that this is a well-defined notion, note that the
set K = {E¥f : f € SL} is Yo-decomposable, i.e., if (A, g1,92) €
Yo x K x K, then Xa¢1 + Xacgo € K. In particular, then cl K
is Yg-decomposable and so, invoking Theorem 3.1, [18, p. 158], we
get a unique (up to p-null sets) Yg-measurable multi-function E*0F :

Q — Py(X) for which we have Sty »(30) = cl K. If F(-) is convex-
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valued, respectively integrably bounded, then so is E*F(:). The
set-valued conditional expectation behaves much like the ordinary
vector-valued conditional expectation. So, in particular, if F(-) is
Yo-measurable, then E¥°F(w) = F(w) p-almost everywhere; if 3,
% are complete sub-o-fields of ¥ and ) C %o, then E0(E™F) =

E®F p-almost everywhere; and if A € ¥, cl f( ) E*F(w )d/r( )=

cl [, F( ) where here f(ZO) E¥0F(w) = {[,9(w)dp(w) :
g € Ll(EO,X), (w) € E¥F(w) p-almost everywhere} Moreover if
F() is Py.(X)-valued, then cl [, E* F(w)du(w) = ¢l [, F(w) du(w).

For details we refer to Hiai and Umegaki [18].

Let {¥,},>1 be an increasing sequence of complete sub-o-fields of
Y and assume that ¥ = o(U,>13,). A sequence of multi-functions
F, :Q — Pr(X),n>1,is said to be adapted to %, if, for every n > 1,
F,(-) is ¥j,-measurable. An adapted sequence {F,,, %, },>1 as above is
said to be multi-valued martingale, respectively submartingale, super-
martingale, if E¥"F, 1(w) = F,(w) p-almost everywhere, respectively
E*F, 1(w) 2 F,(w) p-almost everywhere E*» F, 1 (w) C F,(Q) p-
almost everywhere, for every n > 1. A function 7: Q@ — N U {400} is
said to be a stopping time with respect to {X,,},>1 if, for every n > 1,
{r=n} ={weQ:7(w) =n} € X,. The set of all stopping times is
denoted by T™*.

We can partially order T in the obvious pointwise way, i.e., 71 < 7o
if and only if 71 (w) < 72(w) for every w € Q. By T we will denote the
subset of T* consisting of all bounded stopping times. So 7 € T if and
only if 7 € T* and 7(Q2) is a finite set in N. The order induced on T
by T™ has the property that IV is cofinal in T. Given 7 € T we define
A, ={AeX: An{r =n} € %, for every n > 1}. Then {E;},er
is an increasing net of complete sub-o-fields of X. If 3, denotes the
totality of events observed before the deterministic time n > 1, then
Y.+ consists of the events observed before the random time 7. Fort € T

we define Fr(w) = Fr)(w) = >0~ 00T Fry(w)X{r=n} (W).

It is clear that F. : ¥ — Pp(X) is ¥ -measurable. In analogy with
the vector-valued case, see, for example Egghe [15], we introduce the
following multi-valued discrete-time random processes.

So let {F),, ¥y, }n>1 be an adapted sequence. We define:
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(a) {Fn,Zn}n>1 is a multi-valued uniform amart if

lim sup A(F,,E¥F,)=0
GETTET(O')

where A(F,E*<F;) = [, h(Fy(w), E* F;(w) du(w) and T(o) = {7 €
T:7>0}.

(b) {Fn,Xn}n>1 is said to be a multi-valued amart if the net
{cl [ Frdp}rer is h-convergent, i.e., convergent in Py(X) for the
Hausdorff generalized metric on Py(X), see below. Since (P(X),h)
is complete, there is a C' € Py(X) such that h(cl [, Frdu,C) — 0 for
Tel.

(c) {Fn,Xn}n>1 is said to be a multi-valued weak sequential amart
(WS-amart for short), if, for every increasing sequence {7,},>1 in
T (not necessarily cofinal) we have, for every z* € X* the sequence
{o(z*, [, Fr, dp)}n>1 converges.

For [ € N, let T! be the set of all bounded stopping times having at
most I-values. Clearly T' is a directed set filtering to the right with
the order that it inherits from T. Also, if {1 < lo, then Tt C T and
T = UlZlTl.

We also define

(d) {Fn,Xn}n>1 is said to be a multi-valued amart of order [, if the
net {cl [, Fr du}rer: h-converges.

We will say that {F),, X, }n>1 is an amart of finite order, if it is an
amart of order [ for every [ € N.

Let UAM, respectively AM, WSAM, AM!, AM>, denote the adapted
tamilies {F,,, ¥, },,>1, which are multi-valued uniform amarts, respec-
tively amarts, weak sequential amarts, amarts of order [ and amarts of
infinite order. It is clear that UAM C AM C WSAM, AM®™ = N;>;
AM! and UAM C AM C AM>™ C AM! for every [ > 1. The inclusions
can be strict. In fact, the inclusions AM C AM> C AM! can be strict
even in the single-valued and R-valued case.

For an analysis of the corresponding single-valued notions we refer
to Egghe [15], who treats uniform amarts, amarts and weak sequential
amarts as well as several other types of stochastic processes, and to
Luu [22], who introduced amarts of order [ > 1 and of infinite order.
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In what follows by E}(E, X)) we will denote the set of all equivalence
classes of integrably bounded multi-functions F' :  — P¢(X), where
two multi-functions F; and F are considered to be identical if and
only if F}(w) = Fa(w), 1 almost everywhere. Equipped with the metric
A(F,G) = [oMF(w),G(w))du(w), L}(X,X) becomes a complete
metric space. Similarly, we can define £} (3, X) and £;,..(3, X). Note
that £} (2, X) is a closed subspace of the metric space (ﬁ}(Z, X),A),
hence (£%.(X,X),A), itself a complete metric space. Also, for X*-
valued we can define in a similar way the space £!., (2, X).

Now we will introduce the modes of set convergence that we will be
using in the sequel. So let {4, },>1 C 2%X\{@} and define

lim A, = {z € X : limd(z, A,) = 0}
={reX:z=limz,,z, € A,,n> 1}

and

w—1limA, ={r€ X :z=w-limz,,,
Ty, € Appyny <ng < --- < my < -+ b

Here w-denotes the weak topology on the Banach space X. Evidently
we always have lim A,, C w —1lim A,,. We say that A,,’s convergence to
A in the Mosco sense, denoted by A, M A, if and only if lim A4,, =
w—limA, = A. We say that A,’s convergence to A weakly (or
scalarly), denoted by A, = A if and only if, for every z* € X*,
o(x*, A,) — o(x*, A). We say that the A,’s convergence to A in the
Wigsman sense, denoted by A, W A if and only if, for every x € X,
d(z, A,) — d(z, A).

Recall that on P;(X) we can define a generalized metric, known in
the literature as the Hausdorff metric (or Hausdorff distance of A and
B), by setting for A, B € P;(X),

h(A, B) = max | sup d(a, B),sup d(b, A)
a€A beB
with d(a, B) = inf{|la —b| : b € B} and d(b, A) = inf{||[b—al| : a € A}.

It is well known that (Pp(X),h) is a complete metric space and
(Pi(X),h) is a closed and separable subspace of it. We know that
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h(-,-) is a pseudo-metric on 2% with & an isolated point. Moreover, if
A, B € P¢(X) and are also bounded, then

h(A, B) = supl|lo(a™, A) — o(x*, B)| : ||=*|| < 1].

We say that A,’s converge to A in the “Hausdorff sense,” denoted
by A, A if and only if h(A,,A) — 0. In this paper we will be
dealing with sequences in Py.(X). Within this context h-convergence
implies W-convergence and, if the sets are also bounded, h-convergence
implies M-convergence and w-convergence. In general M-convergence
and w-convergence are disjoint notions. In fact, M-convergence of sets
corresponds to a variational convergence of their support functions,
known as the epigraphical or Mosco convergence of functions, see
Attouch [2] for analysis in the context of Banach spaces and Zabell
[41] for extensions to locally convex spaces. In reflexive Banach spaces
M-convergence implies W-convergence, while the converse is true if, in
addition, X is strictly convex and has the Kadec-Klee property, i.e.,
if z, % x and ||z,|| — ||z|, then 2, — 2 in X, see Attouch [2, p.
322] or Tsukada [34, p. 305]. Finally, if X is finite dimensional and the
sets are bounded, i.e., belong in Pj.(X), then the above four modes of
set-convergence coincide. Note that in this case the Mosco convergence
reduces to the classical Kuratowski convergence of sets.

Finally a Hausdorff topological space Z is said to be Polish if it is
homeomorphic to a separable complete metric space. A Souslin space
is a Hausdorff topological space V' which is the continuous image of a
Polish space. So a Souslin space is always separable, but need not be
metrizable. Consider, for example, an infinite dimensional separable
Banach space X furnished with the weak topology. More generally, if
X is a separable Banach, then X, ., the dual X* endowed with the w*-
topology, is Souslin. To see that, let B; = {z* € X* : ||lz*|| < 1}. As
is well known, EI equipped with the relative w*-topology is compact
metrizable, in particular Souslin. Since X . = UnZIEI and countable
unions of Souslin subspaces of a Hausdorff topological space is Souslin,
we conclude that X . is indeed Souslin.

Two comparable Souslin topologies generate the same Borel o-field.
Finally, a Souslin subspace of a Polish space is also called analytic.

3. Submartingales. Throughout the rest of this paper (,%, u)
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is a complete probability space, {¥,}n>1 is an increasing sequence
of complete sub-o-fields of ¥ such that ¥ = o(U,>1%,) and X is a
separable Banach space. Additional hypotheses will be introduced as
needed.

In this section first we prove a multi-valued Dunford-Pettis type theo-
rem (similar to the ones established in [31]) and then, as a consequence
of it, we get a submartingale convergence theorem, extending an earlier
result due to Neveu [26] which dealt with multi-valued martingales. A
similar extension of Neveu'’s result to w*-amarts can be found in Bagchi
[3].

In analogy with the weak convergence of sets introduced in Sec-
tion 2, we say that a sequence {F,},>1 C LL., .(X*) converges to
F e £}, .(X*) in the w*-sense in L.., (X*) denoted by F, YR
in £1...(X*) if and only if, for every u € L*(Q,X), we have
Joo(u(w), Fr(w)) dp(w) — [ 0(u(w), F(w)) du(w) as n — oo. Since

o(u,5%,) = /Q o (u(w), Fa(w)) du(w)
and

o(u, S5) = / o (u(w), F(w)) du(w)

we see that this notion is a w*-variant of the weak mode of convergence
of sets in L'(Q, X*).

Theorem 3.1. If X* is separable, {F,},>1 C L., (X*) and
sup,,>1 [Fu(-)| = 9(-) € L1(Q), then there exists a subsequence {F,, =

5

Foyms1 of {Fulns1 and F € L., (X*) such that F,, > F in
L (X7).

w*kc

Proof. For every n > 1, let f¥ : Q — X* k > 1, be a sequence of

measurable functions such that F,(w) = {fF(w)},~, for every w € Q,
cf. Section 2. -

Fix k > 1. We know that Grf* € ¥, x B(X), n > 1, and so by
Lemma 3, [21, p. 110], of Levin, we can find X, C %,,, a sub-o-field
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which is countably generated and such that Grf* € ¥/ x B(X), n > 1.
Let ¥ = 0(U,>1%,,). Evidently, ¥’ is a countably generated sub-o-
field of X. Let S be a countable field generating ¥'. Then by a standard
Cantor diagonal process we can find a subsequence {F,,,, = Fy,}m>1
of {F,}n>1 such that, for every A € < and every k > 1, we have

fA E(w) dp(w) N mg(A) in X* as n — oo.

Since, by hypothesis, w — ¥(w) = sup,,~; |Fn(w)| belongs in L1(£2),
given € > O We can find § = §(¢) > 0 such that if C € ¥ with u(C) < 6,
then [, 9(w)du(w) <e. Letting A € ¥, we can find A" € S such that

n(AAA" § 8. Then

H/fk ) dulw /f’“ ) dp(w H /AMﬁ(w)du(w)y

Therefore, for every A € 3 and every k > 1,

w* = Tim [ fi(w) dp(w) = my(A)

m—00

exists.

Moreover, from Egghe [15, p. 100], we know that for every k > 1,
my @ X — X* is a vector measure, which clearly is absolutely
continuous with respect to p. In addition, for every k > 1, |my|(Q) <
sup,>1 Jo [Fn(w)| du(w) and so my(-), k > 1 is of bounded variation.

Since X* is separable, it has the RNP (Dunford-Pettis theorem; see
Diestel and Uhl [12 p 79]). So we can find f; € L'(X’, X*) such that
= [, fi(w) du(w) for every A € ¥ and k > 1.

EXplOltmg the fact that every element L°°(X',X) is the uniform
limit of countably-valued functions, see Diestel and Uhl [12, p. 42],
by an easy density argument we can show that (f* u) — (f/  u)
as m — oo, with (-, denoting the duality brackets for the pair
(LYY, X*), L= (X, X)), ie., (g,v fQ )) dp(w) for every
g € LY(¥', X*) and every v E LOO(Z’
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Now let A € ¥. Then for every k > 1 we have
/ £ (@) dulw) = / XA (@) % () da(w)
A Q
- /Q B (x4 () 4 ()) dp)
- /Q (B (X () £ (@) dpu(w).
For every z € X, (E¥ Xa(-))x € L>(%', X) and so
([ xanrh) duo).a )
Q
- ( / (f£<w>,<EE’xA<w>>x) ()
Q

= ([ (B¥ Xa)2).
By what we proved earlier, we have

(k. (EZIXA)@ — ([ (EE,XA)@ as m — 00.
So we get that, for every k > 1 and every A € X,

w' = lim [ fE @) du(w) = mi(A)

m—0o0

exists and, as before, my(A) = [, fu(w)dpu(w) for every A € ¥ and
some fr € LY(Z, X*).

Evidently, E¥ f;, = fis k> 1. Moreover, for every u € L (X, X) we
have (f* u) — (fx,u) with (-,-) now denoting the duality brackets for
the pair (LY(2, X*), L=(X, X)). O

Set = coiv? { fr(w)}r>1, w € Q. By modifying this on a g-null set,
we have that F'(w) is w*-compact, convex in X*. Also, since a bounded
set in X* is metrizable, we see that GrF € ¥ x B(X.). But, since X*
is separable and X7. is Souslin, B(X}.) = B(X*), cf. Section 2. So

w — F(w) is graph measurable, thus measurable, cf. Section 2. Hence,
Fecll. . (X*). Weclaim that F,, % F in L., (X*).

w*ke w*ke
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Let f € Sk. According to Lemma 1.3 of Hiai and Umegaki [18, p.
153], given € > 0 we can find {Az};5, a finite S-partition of Q such

that || f — 330, Xa, frllh < €/2. So, for z € By = {z € X : ||z|| < 1}
and A € X, we have

[ (s ZxAk (@) dute)| <

wlm

Since

/(ZxAk )dM —’/<ZXAk ) fi(w ) p(w)

as m — oo, we can find mg = mp(e) > 1 such that, for m > mg, we

" [ (5 zxAk (@he ) duto)| <.

Observe that Zszl Xa, () fR(-) € S . So we see that, given f € S}
and € > 0, we can find mg > 1 such that, for m > mg there exists
fm € Sk, for which we have | [, ((f(w) = fm(w)), ) du(w)| < &; hence

[ ()2 du@) — £ < [ (o)) o).
A A
Now choose f € S} such that

oo [ F@ytn) ~e < [ (10)0)dute),

So we have, for m > mg,

oz, /A F(w) du(w)) —¢ < /A (@), 2) du(w) < / (o (@), ) dp(w) 2

and so o (z*, [, F( w))—2e < o(x*, [, Frn(w) du(w)). Since e > 0
was arbitrary, we deduce that, for every z € X and A € X, we have

W ofn [ FEwE) < i ofe [ Fawd)).
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On the other hand, givene > 0, 2 € By and A € X, for every m > 1 find
fm € Sk such that o(z, [, Fn(w) du(w)) —e < [, (fm(w) du(w), z).
As above, via Lemma 1.3 of [18] we can find {4}, a S-partition of
€ such that -

a(m,/AF()du >_€<(/ZXA’~ w) dp(w), >+a

and so

oo, [ Fu i) -2 = ([ S0 anto) o)

k=1

<o/ F(w)dﬂ(w)>-

Since € > 0 was arbitrary, we deduce for every € X and every A € ¥
we have

® i o(o [ B ) <o(s [ Fora).

From (1) and (2) above, we have that

Jim a( /F ): im [ oz, Fp(w)) du(w)

m— 00 m— 00 A

~ [ ote F@) dnte)
A

— oo [ P duo))

Since z € X and A € ¥ are arbitrary and o(-, Fi,(w)),o(:, F(w)),
m > 1, w € Q are continuous on X, by a standard density argument
involving Corollary 3 of Diestel and Uhl [12, p 42] We can ﬁnally
conclude that [, o(u(w), Fn(w)) — fQ (W) du(w) a

m — oo for every u € L*°(Q, X) and so F, Y Fin Ew kC(X*). O

Using this theorem we can now have the following extension of
Theorem 3 of Neveu [26, p. 3] who considers multi-valued martingales.
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Another extension to multi-valued w*-amarts can be found in Bagchi
[3], Theorems 2.2 and 2.4.

Proposition 3.2. If {F,,%,},>1 is a multi-valued submartin-
gale in LY., (X*) and sup,s, |||Fya|[l1 < oo, then there exists F

L. (3, X*) such that Fy,(w) N F(w) p-almost everywhere, i.e., there

exists a p-null set N such that, for w € Q\N and for every x € X we
have o(z, Fj,(w)) — o(x, F(w)) as n — oo.

Proof. First assume that w — sup,,> [F,(w)| = 9(w) € L'(Q). From
Theorem 3.1 we know that there exists a subsequence {F,,,, = Fp, }m>1
of {F,,}n>1 and F € L} ., (X*) such that F,, Y Fin Ll.,.(X*). On
the other hand, if D is a countable dense subset of X, let D = spang D,
the “rational span” of D. Evidently, D is still countable and of course

dense in X. From Doob’s submartingale convergence theorem, we
know that, for all w € Q\N, pu(N) = 0 and all x € D we have

o (z, Fn(w)) = ¢(w, 2).
By setting p(w,z) = 0 for w € N we see that w — p(w

w,x) is
measurable from 2 into R. Also for every w € Q and every z,y € D
we have |p(w,z) — p(w,y)| <lim|o(z -y, F(w))| < [z = ylld(w).

Assuming without loss of generality that, for every w € Q, ¥(w) is
finite, we conclude that p(w, -)|p, w € €2 is uniformly continuous and so
it has a unique continuous extension on all of X. Note that, for every
x € X and every A € ¥, we have

[ oa @) dne) = [ ole.w)duw)

and so o(z, F'(w)) = p(z,w) for every w € Q\Ny, pu(N1) = 0 and
every x € D and then, by continuity for w € Q\N; and every z € X.

Therefore, F,(w) ENy o (w), u almost everywhere.

Now we pass to the general case according to which sup,,~; [|[[F,.|[[1 <
0.

Using a standard stopping time technique we will reduce it to the
case w — sup,>; [Fn(w)| = 9(w) belongs in L'(Q), considered above.
Fix A>0and 4y = {w € Q: ¥ (w) < A}
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Define 7 € T* by

[ 40 ifwe Ay
T(w) = min[n > 1:|F,(w)| > A] if w € Af.

We claim that sup,s; |[Fuar(-)] € L'(Q). Indeed, note that, on
{T < 00} we have lim,, o0 |Fpnr| = |Fr|-

So, via Fatou’s lemma, we have

/{ Ve (o) < lim | Founr ()] dpa(w)

n—oo J{r<oo}
<tim [ [Fons ()] ()
Q

< lim [ [Fy(w)| dp(w)

n—oo JQ

< sup [P < oc.
n>1

The third inequality is a consequence of the optional sampling theorem
for submartingales, since {|F},|, £, }n>1 is an R4 -valued submartingale.

Thus, we have

[ swlFuc@ldu) = [ sup|Fans ()] die)
) {

n>1 T=00} n>1
[ suplFune)] dute)
{r<o0} n2>1
< A+ sup[[[Fplll < oo
n>1

Since {|Fy,|, ¥y }n>1 is a submartingale, from the maximal inequality
we have pu{w € Q : sup,>q [Fn(w)| > A} < (1/A)sup,>q [[[Fnlll1. So
{Fnar}n>1 and {F,},>1 coincide outside a set whose p-measure can
become arbitrarily small as A T oo.

Therefore, without any loss of generality, we can assume that
SUp,>1 |[Fu()l =9() € LY(Q). O

Remark 3.3.  Multi-valued supermartingales are considered in
de Korvin and Kleyle [20], Papageorgiou [28], Hess [17] and in the
recent interesting work of Wang and Xue [38].
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4. Uniform amarts. We start this section with a weak conver-
gence theorem for vector-valued random variables which is actually of
independent interest and can be a useful tool in obtaining convergence
theorems for random processes without assuming that the range space
has the RNP. Our result extends an earlier one due to Brunel and
Sucheston [7] and in addition our proof is simpler.

Recall that since, by hypothesis, X is separable, X* furnished with
the Mackey topology m(X*, X) is separable too. Let D} be a countable
m-dense subset of B, = {z* € X* : ||lz*| < 1}.

PrOpOSitiOD 4.1. If {fn}nZl - Ll(QvX); h_m”anl < 00,

{fn(w)}:>1 € Pui(X), u almost everywhere, and for every x* € D,
lim(z*, f,(w)) ezists for p almost all w € Q, then there exists an
f € LYQ, X) such that f,(w) = f(w), p almost everywhere in X

asn — oQ.

Proof. Since D} is countable, we can find N € ¥, u(N) = 0 such
that, for every w € Q\N and every z* € Df, lim,_,o (2%, fn(w)) exists

- w

{fn(W)},>1 € Puk(X). We claim that this is true for every 2* € Bl

Indeed, fix w € Q\N and let z* € B]. Then, for z* € D} and
n,m > 1, we have

(2", fu(@) = (@) < [(" =27, fu(w))]
+ 1", fu(w) = fm(w))]
+ (2" =27, fm (W)

By hypothesis, lim(z*, f,,(w) — fm(w)) = 0. So, given € > 0 we can find
no(e) > 1 such that, for n,m > ng(e) we have |(z*, fn(w) — fm(w))| <
(/3). Also, since D7 is m-dense in B, and {f,, (w)}:;l € Pyi(X) from
the definition of the Mackey topology m(X*, X), we can find 2* € D5
such that |(2* — z*, fn(w))| < €&/3 and

[(z* — 2%, fm(w))| < e/3  for every n,m > 1.

Hence, for n,m > ng(e), we have |(z*, fn(w) — fm(w))| < & which shows
that {(z*, fn(w))}n>1 is Cauchy in R and so lim,,_,o (2%, fn(w)) exists
for every (w,z*) € Q\N x X*.
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Applying the Banach-Steinhaus theorem we get f : Q — X weakly
measurable such that f,(w) — f(w). Because X is separable from the
Pettis measurability theorem, we get that f(-) is strongly measurable.
Moreover, using Fatou’s lemma and the fact that the norm of X is
weakly lower semi-continuous, we have || f||1 < [, lim || f (w)|| dp(w) <
lim || f]|; < oo. Thus, f € LY(Q, X) and the proof is complete. o

This result leads us to the following convergence theorem for a
broad class of vector-valued random processes, which includes uniform
amarts, hence martingales too.

Definition 4.2. An adapted sequence {f,, %, }n>1 in L1(Q, X) is
said to be a pramart (short for “amart in probability”), if for every
given € > 0 there is a 09 € T such that if 7,0 € T(0g) with 7 > o we
have ji{w € Q. [ f(w) — fo(@)]| > £} < &, e, |E™ £ — f,] goes
to zero in probability for o € T, uniformly in 7 € T'(0).

Theorem 4.3. If {f,, X, }n>1 is pramart such that im || f, |1 < oo

and Unzlfn(w)w € Pui(X), p almost everywhere, then there exists
f € LYQ, X) such that f,(w) — f(w), u almost everywhere.

Proof. Evidently, for every z* € X*, {(z*, f,), . }n>1 is an R-valued
pramart and lim ||(z*, f,,)||1 < co. So we can apply the convergence
theorem of Millet and Sucheston [25] and deduce that, for every
x* € X*, lim(z*, f,(w)) exists, pu almost everywhere.

Apply Proposition 4.1 to generate an f € L*(, X) such that f,(w) =
f(w), p almost everywhere in X as n — oo. Since X is separable
we can apply the classical Kadec-Klee renorming theorem and get an
equivalent norm | - | on X which has the Kadec-Klee property, cf.
Section 2. Let {}}r>1 be a sequence which is dense in B; (it exists
because X is separable). Now observe that

lim sup p{w € Q:sup[(z}, fo(w)) — (zf, B f(w))] > €}
€T rc7(0) k>1
<lim sup p{w e Q:|[fy(w) — B> fr(w)| > e} =0,
o€T T€T (o)

the last limit being zero since {f,,¥,},>1 is a pramart. This then
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allows us to apply Lemma 2.2 of Wang and Xue [38] and get that

lim (sup(xy, fn(w))) = nILH;O | fr(w)]

n—00 p>1

=sup(zy, f(w)) = [f(w)], n—ae
E>1

Recalling that | - | has the Kadec-Klee property, we conclude that
fa(lw) — f(w) on X as n — oo. o

Since a uniform amart, in particular a martingale, is a pramart, we
can state the following extension of a well-known martingale conver-
gence theorem due to Chatterji [8].

Corollary 4.4. If {f, X, n>1 is a uniform amart in L'(Q, X) such
that im || f,]|1 < oo and Unzlfn(w)w € Pui(X), p almost everywhere,
then there exists an f € L*(Q, X) such that fn(w) — f(w), u almost
everywhere, in X as n — oo.

We will now extend this corollary to multi-valued uniform amarts. It
should be pointed out that the first to consider multi-valued amarts was
Bagchi [3]. Bagchi was able to extend the result of Neveu to w*-amarts.

Theorem 4.5. (a) If {F,, %, }n>1 is a multi-valued uniform amart
in L,,.(X) such that sup, > [[|[Ful[1 < co and UnZan(w)w € Puir(X),

wkc
p almost everywhere, then there exists F € L, (%, X) such that

wke

F,(w) R F(w), p almost everywhere.

(0) If {F, Sp }n>1 is a multi-valued uniform amart in L., (X) such
that sup cr ||| Fr||l1 < oo, i.e., is of class (B), and U,Llen(w)w €
Pui(X), p almost everywhere, then there exists F € L1, (X, X) such

wkc
that F,(w) N‘[/—I’;w F(w), p almost everywhere, and |F,(w)| — |F(w)|, p

almost everywhere.

Proof. (a) From Theorem 2.1 of Luu, [23, p. 64], we know that,

for every n > 1, Fj(w) = {fF(w)};>,, p almost everywhere, with
{f¥ S n>1, k > 1 being uniform amart in L' (€2, X) such that f¥(w) €
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F,(w), p almost everywhere for every n,k > 1, ie., {f¥ S} n>1,
k > 1 is a sequence of uniform amart selectors of {F,},>1, denoted
by {f5},>1 € UAS(F,) for every k > 1.

From Corollary 4.3 we know that, for every £ > 1, there exists
fr € LY (9, X) such that f¥(w) — fix(w), u almost everywhere in X as
n — 00. Set F(w) = onv { fr,(w) }k>1 € Puke(X), 1 almost everywhere.
For each k > 1, let f* = u* +p* be the Riesz decomposition of f* with
{uk %, }>1 being a vector-valued martingale and {pk,%,},>1 is a
uniform potential such that ||p¥ (w)|| < s, (w), 1 almost everywhere, for
every k > 1 with s, (w) — 0, u almost everywhere as n — oo, see Luu
[23]. Hence, uf (w) — fr(w), pu almost everywhere, for every k > 1.

Now let D* be a countable set dense in X* for the m(X*, X)-topology.
Then, from Lemma 4 of Neveu [26, p. 4], we know that for every
(w,x*) € (AN\N) x D*, u(N) = 0, we have

sup(z*, uf (w)) — sup(z*, fr(w)) asn — oo.
E>1 k>1

Note that
o(z*, Fp(w)) = sup(z”*, f}(w))
E>1

< sup(a*, uy () + sup(z”*, iy (w))
E>1 E>1

< sup(a*, upy () + [[2%]|sn (w)
E>1

— sup(z”, fr(w))
E>1

=o(z", F(w)).
So, for every (w,z*) € (Q\N) x D*, u(N) = 0, we have

lim o(x*, F,(w)) < o(z*, F(w)).

n—oo
Let z* € X* be arbitrary. Then, if

W) oo | (U Fale) ) U (= U )| € et

n>1 n>1
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for (w,z*) € (Q\N) x D*, we have

o(z*, Fp(w)) —o(z", F(w)) = o(z", Fr(w)) — o(z”, Fr(w))
+o(z*, Fp(w)) —o(z”, F(w))
+o(z", F(w)) —a(z*, F(w))
< 20(z" — 2", W(w))
+o(z*, Fp(w)) —o(z*, F(w)).

Recalling that o(-, W(w)) is m-continuous, given £ > 0, we can find
x* € D* such that 20(z* — z*, W(w)) < e. So we have

Titnfo (2, Fy () —0(=", F(w))] < e+Timfo(a”, F, () —o(2*, F(w)] < &

hence lim o (z*, F,(w)) < o(z*, F(w)) for every (w, z*) € (Q\N) x X*.
Invoking Proposition 4.1 of [29], we get that

(3) w —lim F,(w) C F(w), p-a.e.
On the other hand, note that, for every k > 1, we have that f(w) €

lim F, (w), u almost everywhere.

Since the latter set is closed and convex, we get
(4) F(w) € lim Fo(w), prace.

From (3) and (4) we get that F,(w) X F (w), w almost everywhere.
Note that, for every (w,z*) € (Q\N1) x X*, u(Ny) = 0, we have

(5) (=", fr(w)) = lim (", fi (@) < lim o(2*, Fy(w)),

—
n—00 n—o00

hence o(z*, F(w)) < limo(2%, Fy,(w)). Combining (5) with the fact
that limo(2*, F,,(w)) < o(2*, F(w)) for every (w,z*) € (A\N) x X*,
p(N) = 0, we finally have that F},(w) = F(w), s almost everywhere.

(b) We already know from part (a) that there exists an F €

Ll (3, X) such that F,(w) 4 F(w), u almost everywhere.
w
Let D} = {z}}r>1 be a sequence in B; dense for the Mackey

topology m(X™*, X). From the duality formula for the distance function,
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see Holmes [19, p. 62], for every + € X we have d(z, F,(w)) =
sup((z}, x) — o(zy, Fn(w))]. Observe that

lim sup p{weN: sup( (wZ,EZUFT(w)) —o(z}, Fs(w))) > e}
€T +T(0)

<lim sup p{we€ Q:h(F,(w), B¥ F.(w)) >¢c} =0,
o€T T€T (o)

since {F,,¥,}n>1 is a multi-valued amart. Thus, we can apply
Lemma 2.2 of Wang and Xue [38] and get that, if D is a countable

dense subset of X, for every x € D we have d(z, F,,(w)) — d(z, F(w)),
1 almost everywhere.

Let y € X be arbitrary. We have

|d(y, Fr(w)) = d(y, F(w))| < [d(y, Fn(w)) = d(z, Fa(w))]
+d(z, Fo(w)) — d(z, F(w))]

+ |d(z, F(w)) — d(y, F(w))|
(6) < IIx—ylliggan( w)

+d(z, Fy(w)) — d(z, F(w))|
+ llz = yll|F(w)].

Since by hypothesis {F}, },,>1 is of class (B), from the maximal inequal-
ity, see, for example Egghe [15, p. 23]; for every A > 0, we have

1
p{w € Q:sup |F,(w)| > A} < —sup [ |Fr(w)|dp(w) < oc.
n>1 A TeT JQ

Thus p{w € Q : sup,>; |[F(w)| = oo} = 0. Hence, using (6) above,
we see that, for all (w,y) € (Q\N1) x X, pu(N1) = 0 we have that

d(y, Fp(w)) — d(y, F(w)) and so Fy,(w) L F(w), u almost everywhere.
Finally note that, for every n > 1, |F,(w)| = supps; [ fF(w)].

Also, from Lemma 4 of Neveu [26, p. 4] we have sup;s; [[uf(w)]| —

supy> || /¥ (w)|l, 4 almost everywhere as n — oo. But note that

|F(w)] < sup [Jug ()| + sn(w) — sup || fx(w)]l,
k>1 k>1
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w1 almost everywhere; hence
(7) lim|F,(w)| < |F(w)], p-ae. .
On the other hand, for every k > 1, we have
Ife@)l = lim [If5@)] < lIm|Fy (@), peace.

and so
F)| < lim |Fu()], prace. .

n— o0

Therefore, from (7) and (8) we conclude that |F,(w)| — |F(w)], u
almost everywhere. |

5. Weak sequential amarts. In this section we consider multi-
valued weak sequential amarts. First we prove a weak convergence
theorem for them and then establish a weak decomposition theorem.
First we need to introduce a special class of sets that we will need in
the sequel.

We give first the following definition.

Definition 5.1. By p we denote the set

o ={C e 2X\{@} : C is w-closed and
for every r > 0, C'N B, is weakly compact}.

Here B, = {x € X : ||z|| < r}. Also, let p. = {C € p: C is convex}.

Remark 5.2. The family p is closed under finite unions, arbitrary
intersections and of course contains the weakly closed weakly locally
compact subsets of X. If X is reflexive, then p consists of all the
nonempty and weakly closed subsets of X and p. = Py.(X).

Theorem 5.3. If X has the Radon-Nikodym property (RNP), X*
is separable and {Fy,,Xn}n>1 15 a multi-valued W S-amart in E}C(X)
which is of class (B), i.e., sup cp [o |[Fr(w)|ldu(w) < oo, and for
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every A € ¥, T(4) = Up>1 fA (w) dpw )d} € p, then there exists
),

F e £t (2, X) such that F,,(w) = F(w), p almost everywhere.

Proof. We claim that, for every m > 1, and every A € X, and for
every increasing sequence {7, },>1 C T, the sequence

{a [ Fr)iue )}

converges weakly in Pr.(X). Indeed, define o, = XaT, + Xaem,
n > 1. Then {o,},>1 is an increasing sequence of stopping times
in T. Since {F,,X,}n>1 is a multi-valued W S-amart, the sequence
{cl [, Fy, (w) dp(w) }n>1 converges weakly in Pf.(X). Since

o [ B @) =a] [ B+ [ Pu@a],

we see at once that the sequence {cl [, F, (w)du(w)}n>1 converges
weakly in Py.(X). So, for every A € U,>1X, and every z* € X*, we
have that o(z*, [, Fr, (w) dp(w)) — @(z*, A).

First assume that w — 9(w) = sup,>; |[Fn(w)| belongs in L'(Q).
Given 5 > O let 6 = () > 0 be such that if A € ¥ and p(A) < 4§, then

fA ) <e.
Now let A € ¥ and find A’ € U,>1%, such that u(AAA’) <§. Then

we have

olz*, | Fr (w)du(w)) —o o (W) dp(w)
(), )oo [ i)
= | [ o(o )i [ oo ) i)

<[ ol (o)) due)

< / Hw)dp(w) <e, n>1.
AAAY

Hence, limo(z*, [, Fr, (w) du(w)) exists for every (A,z2*) € ¥ x X*.
Note that * — @(z*, A) is sublinear, while from the Vitali-Hahn-Saks
theorem we have that A — ¢(z*, A) is a signed measure.
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Also set To(4) = comv [(T(A) N [9]1,F1) U (—(T(4) 1 91, B1))] €
Pyre(X), cf. Definition 5.1. Then |p(z*, A)| < o(a*,To(A)) for every
(A,z*) € ¥ x X* and so since o(-,I'¢(A)) is m-continuous, we deduce
that (-, A) is m-continuous. Hence, there exists M(A) € Pyke(X)
such that (z*, M(A)) = o(x*, M(A)). Since M : ¥ — Pyk.(X) from
Proposition 3 of Godet-Thobie [16, p. 113], we have that M(-) is a
multi-measure (set-valued measure) in the sense of Coste [9].

Evidently, M <« p and M(-) is of bounded variation, i.e., |M(Q)| =
sup, 211\;1 |M(Ag)| < co where the supremum is taken over all finite

Y-partitions 7 of 2. So we can apply Theorem 2 of Coste [9, p. 1517]
and get F E LL(%, X) such that for every (A,z*) € ¥ x X* we have

U(x*, M fA ) dM( )
Now note that, for every z* € X*, {o(2*, F,,), Fj,}n>1 is an R-valued
amart and |o(z*, F),(w))| < [|z*]|¥(w), 1 almost everywhere. So, from

the convergence theorem for R-valued amarts, see, for example, Egghe
[15, p. 137], we have that for every (w,z*) € (Q\N) x D*, u(N) =0,

limo(a*, F,(w)) = Y(w,z");
here D* is a countable subset of X™* dense for the norm topology.
Through the dominated convergence theorem for every (A,z*) €
¥ x D* we have [, o(z* F(w))dp(w) = [, (w,2*)du(w), hence
o(z*, F(w)) = ¥(w,z*) for every (w,z*) € (Q\N1) x D*, u(Ny) = 0.
So, for (w,z*,y*) € (Q\N) x D* x D*, we have

[p(w,z7) = P(w,y*)| = [o(z", F(w)) — o (y", F(w))]
and, since o(+, F(w)) is strongly continuous, we can apply Theorem 5.3
of Degundji [13, p. 216] and get a unique continuous extension of (-, -)
on all (Q\N7) x X*.
Evidently, ¥ (w,z*) = o(z*, F(w)) for all (w,z*) € (Q\N7) x X*.
Therefore, for all such pairs (w, *) we have o(z*, F},(w)) — o(z*, F(w))
and so we conclude that F,(w) = F(w), u almost everywhere.

Now we remove the extra hypothesis that ¥(-) = sup,~q |Fn(-)| €
L'(2). This is achieved by employing the same stopping time technique
used in the proof of Proposition 3.2. So for A > 0 define Ay = {w €
Q:9(w) < A}. Then let 7 € T* be defined by

[ oo if we Ay,
(@)= min[n > 1:|F,(w)| > A] if we AS.
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Again we claim that sup,s; [Fuar(-)] € L'(Q). Note that, on
{7 < 00}, we have lim, o |Fpnr| = |F-|. So

/{ VPl dute) < lim Fune ()] (@)

T {r<oco}

< lim / o ()] dp(w)

< sup/ |Fy(w)] dp(w) < oc.
oeT JQ

Since on {1 < 00}, |Funr(w)| < |Fr(w)|, we have

/ sup [ Founr ()] dp(w) = / sup [ Fyon ()] dia(w)
Q {

n>1 T=o00} n>1

+ /{ sup [Fyar (w)| dp(w)

T<oo} n>1

§A+/{< }|FT(w)\du(w)

<A+ sup/ |Fy(w)| dp(w) < oo.
oeT JQ

Then, using the maximal inequality, see Lemma II.1.5 of Egghe [15,
p. 23], we get that

1
plw € 0 sup[Fu(w)] > A) < 3 sup [ [Fogdue),
n>1 ceT Jo

and the righthand side in the above inequality can get arbitrarily small
as A — oo.

So |F,| and F|,-| are in fact equal outside a set whose p-measure
can be made arbitrarily small. Therefore, we conclude that there is no
loss of generality in assuming that sup,,~; [F.(-)| = 9(-) € L' (Q). o

For multi-valued WS-amarts we can have the following weak Riesz
decomposition type theorem. A Riesz decomposition theorem for w*-
amarts can be found in Bagchi [4, Theorem 4.7].
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Theorem 5.4. If X has the RNP, X* is separable and {Fy,, ¥y }n>1
is a multi-valued WS-amart in L}.(X) which is of class (B), i.e.,
sup,er Jo [Fr(w)| dp(w) < oo, and for every A € 3,

U/ (W) dp(w)” € g,

n>1

then there exists {Gp,Xn}n>1 15 a multi-valued martingale in Elc(X)

such that G, (w) = F(w), u almost everywhere, where F(-) € £ (X)
1s the limit multi-function in the conclusion of Theorem 5.3.

Proof. From the proof of Theorem 5.3 we know that, for every n > 1,
M,, = M|y, is a multi-measure of bounded variation. So, once again,
via Theorem 2 of Coste [9, p. 1517], we can get G, € L}.(3,, X) such

that M, (A) = cl ff(lz")G (w) dp(w) for every A € ¥,,, n > 1. Then,
forn>m>1land A€ X%, wehaveclf( ™) G (w) dp(w) = My (A) =

M, ( cl f(z" ) dp(w) and this by virtue of Theorem 5.4 of
Hlal and Umegakl [18 p. 173] implies that E*" G, (w) = Gp(w), p
almost everywhere, hence, {G,,%,},>1 is a multi-valued martingale
in £},(X). Observe that

sup/|G )| dp(w )—sup|M| <sup/\F )| dp(w) < oo.
n>1 T€T

From Lemma 3.2 of Luu [24, p. 8], see also Proposition 1.4 of Luu
[23, p. 64], we know that, for every n > 1, G,(w) = {gk(w)}i>1
@ almost everywhere with {g¥ %, },>1, k > 1 being a martingale
selection of {F},},>1, i.e., for every k > 1, {gk},,>1 € MS(F,). Since
X has the RNP and for every kK > 1 {g¥},>1 is an L!'-bounded
martingale, we know that there exists g, € L'(Q,X), k > 1, such
that g% (w) — gr(w), p-almost everywhere in X as n — oo, see, for
example, Egghe [15, p. 44]. Set G(w) = tonv {gx(w)}xr>1. Because
of Lemma 4 of Neveu [26, p. 4], if D* is a countable strongly dense
subset of X*, for every (w,z*) € (Q\N) x D*, u(N) = 0, we have
0(1*, Gu(@)) = UDy (27, GE()) — Dy (2, 94 (@) = (2", Glw)).
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Note that {|G,|, En}n>1 is an Ry-valued submartingale. So, from
the maximal inequality for submartingales for every A > 0, we have

1
il € 2 sup P (0)] > A) < 3 sup [ 160 (w)]dule) < .
n>1 )‘UGT Q

hence p{w € Q : sup, >, [F,(w)| = oo} = 0. Using this fact and a
density argument as in previous proofs, we get that

o(z*,Gp(w)) — o(z*,G(w)) forall (w,z*) € (Q\N7) x X*,
p(N1) = 0.

Then, from Theorem 2.1 of Bellow and Egghe [6, p. 346], we know
that there exist two increasing sequences {oy,}n>1 and {T,}n>1 in T
such that n < o, < 7,, and, for every (w, z*) € (Q\N2)x X*, u(N2) = 0,
we have

(9) I |o(z", Fp(w)) — 02", Gm(w))]

m—0o0

< lim|o(a*, E¥ Fr (w) = o (2", Fy, (w))]-

Since {o(z*, F,,), Xy }n>1 is an R-valued amart, thus a uniform amart,
the righthand side in (9) equals 0. So, finally, we get that, for all
(W,CE*) € (Q\NQ) X X*7 M(NQ) = 07

o(a", F(w)) = o(z", F(w));
hence, F(w) = G(w), p almost everywhere. Therefore, G, (w) = F(w),
1 almost everywhere.

6. Amarts of infinite order. In this section we look at amarts
of infinite order and establish some Riesz decomposition type results
for them. Amarts of finite order were introduced by Luu [22]. Their
multi-valued analogs were first introduced and studied by Bagchi [4].

We start by establishing a Riesz decomposition for vector-valued
amarts of infinite order. Recall that the class of vector-valued amarts of
finite order is denoted by AM* and it includes the class of vector-valued
amarts denoted by AM, i.e., AM C AM®™. For vector-valued amarts,
the Riesz decomposition was established by Edgar and Sucheston [14].
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More recently, a Riesz decomposition theorem for vector-valued amarts
of infinite order, with values in a separable dual Banach space, was
proved by Bagchi [4, Theorem 3.4]. Here we extend the result of Bagchi
to processes with values in a Banach space which is not necessarily dual.

Proposition 6.1. If X has the RNP, {f,,E,}n>1 € AM™ and
lim||fnll1 < oo, then f, = up + pn, n > 1, with {un, Xptn>1
an L'(Q, X)-bounded martingale and {p,,Xn}n>1 € AM™ such that
lim g eqi SUP||,e <1 Jo |(2% po(w))| dp(w) = 0.

Proof. Fixl € N, o0 € T and € > 0. We claim that there exists an
N > o such that if 7,7" € T'(N), we have supscx,_ || [, fr(w) dp(w) —

Ja fr(w) du(w)| < e.

Indeed, pick N > 1 large enough so that if 7,7 € T'TY(N), then
| Jo fr (@) du(w) = Jq fry (W) dp(w)]| < e

Now let 7,7/ € TY(N) and fix A € ¥,, N; > max|r,7']. Define
T1 = XAT + Xae N1, and 71 = XA7" 4+ X4 N7.

Evidently, 71,7 € T'*1(N), and we have

H/f ) dia(w /fn ) dya(e H
hence,

H /A fr(w) dpu(w) + / I3 (@) dpa(w)
- [ seraute) - [ g aute|
H/fT ) dp(w /fT ) dp(w H

Since A € ¥, was arbitrary, we finally have

/fT ) dp(w /fr ) dp(w H

as claimed. Therefore, there exists m(A) € X such that

sup
Aes,

tim sup || [ f:(w) du(w) - m(A)]| =0.
o€T! pAcx, A
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From the Vitali-Hahn-Saks theorem, we know that m|y, is a vector
measure which is clearly absolutely continuous with respect to u. Also,
we claim that it is of bounded variation. Indeed, given ¢ > 0, let
{AR}L | be a X,-partition of 2. Then, for n > 1 large, we have

H / e~

S% for ke{1,2,... , M},

hence
M
m(Ag) < [ [[fu(W)] du(w) + ¢
X< |

and so

m|(€) < Jim / | ()] dpw) < 0.

Since, by hypothesis, X has the RNP, we can find u, € L'(Z,,X),
n > 1, such that m,(A) = mly, (A) = [, un(w)dp(w) for every
AeX,, n>1.

Then [, unt1(w) du(w) = m(A) = [, un(w) du(w) for every A € Xy,
n > 1, which shows that {u,,%,},>1 is a vector-valued martingale.
Moreover, for every n > 1, [q [|un(w)|| du(w) < lim || f,][1 < oo, which
shows that {u,},>1 is L' (Q, X)-bounded.

For fixed n > 1, we have lim,cpi sup 4ex || [, fr(w) dpp(w) —mq (A)]|
for every [ > 1. Choose N > 1 large so that if 7 > 0 > N we have

sup
A€,

[ @) - [ g du(w)” <.

Fix ¢ € T! such that ¢ > N, and let k > 0. Choose 7 > k, 7 € T',
such that

sup
AEYy

[ 5@ dute) — )

= sup
AEXy

[ @aue) - [ ukw)du(w)H <.



ALMOST SURE CONVERGENCE 429

Therefore, we have

[ fr@rdnte) - [ uooranco)|

sup
AeX,
< sup || [ fo()dutw) - / fr (@) d(w)
AeX, A A
+ s ] [ o) dno) - [ o) dute) \
< sup || [ fo()dutw) - / fr (@) d(w)
AeX, A A
+ s ] [ i) - [ e du<w>]
< 2e.

(The penultimate inequality is a consequence of the fact that 3, C X.)
So we have

sup
Aes,

/Afa(w)dM(M) —/Aug(w) dﬂ(w)H < 2.

Thus, if we set p, = f, — u,, we have

lim sup / Do (w) du(w)|| = 0.
o€T? Acy, A
But recalling that
sup /pa(w) d,u(w)H
A€, A

is a norm equivalent to the Pettis norm

Ipolle = sup /Q (" po ()] dis(w),

llz*[I<1

see Egghe [15, p. 5], we get that

lim pollw = lim  sup /|(w*,pg(w))|du(w)=0. .
o€eT! g€T! ||z=|I<1 /0
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Remark 6.2. We can easily check that the above decomposition is
unique.

An immediate consequence of Proposition 6.1 is the following conver-
gence result.

Corollary 6.3. If dimX < oo and {fn,En}tn>1 is an amart of
infinite order such that lim | f,|l1 < oo, then there exists an f €

LY(Q, X) such that f, L ., here 5 denotes convergence in probability
I

We can have a corresponding decomposition for multi-valued amarts
of infinite order. A similar result for multi-valued amarts of infinite
order, with values in a dual Banach space, was proved earlier by Bagchi
[40, Theorem 4.2]. In fact, the result of Bagchi characterizes such
multi-valued random processes.

Theorem 6.4. If X has the RNP, X* is separable and {F,, 3y, }n>1
is a multi-valued amart of infinite order in L’}»C(X) such that

sup [[|Fnfl1 < oo,
n>1

and for every A € ¥,

w

ra) = /A Fp(w)du(w) € Pyr(X),

n>1

then there exists a multi-valued martingale {Gy,Sp}n>1 in L1, (X)

such that sup,,>1 [[|Gnllli < oo, and for every | > 1 and every o € T
we have

i sup ([ Frt)du), [ Gw)due ) =

Proof. Let x* € X* and consider the R-valued amart of the infi-
nite order {o(z*, F,(-)),X,}n>1. By Proposition 6.1, o(z*, F,,(-)) =
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Un () () + pp(z*) (), n > 1, with {u,(2z*)(:), ¥, }n>1 being a martin-
gale and {p,(z*)(:), Zn}n>1 € AM®™ with lim,cq |po(z*)(-)]1 = 0.
From the proof of Proposition 6.1 we know that

tim, sup | [ (00", Fo () = () () du)] = 0
hence

i sy | | (U(:c*,Fn(a)))—un(x*)(w))d#(w))‘—0

n— Acy,, A

for fixed m > 1, and so

lim sup
n—oo Aey,,

| ot B B @) dnte) - |

o () () du(w))‘ —0,
A

which implies that o (z*, E¥" F,,(*)) — U, (z*)(+) in L}(%,,) as n — oo.
Then a* — wu,,(2*)(+) is sublinear and

B ()(4) = ' [ ) du(w))‘ < o(a*,To(4))

where I'g(A4) = conv[[(A) U (=T'(A))] € Pyr(X).

So z* — B (z*) is m(X™*, X)-continuous and this implies that there
exists My, (A) € Pyre(X) such that G, (z*)(A) = o(z*, M, (A)).
As before, via Theorem 3 of Coste [9, p. 1517], we can get G, €
Ll .(Sm, X) such that My, (A) = [, Gp(w)du(w)) for every A €
Y. Clearly {Gn, En}im>1 is a multi-valued martingale which is L'-
bounded, i.e., sup,,> [||Gm(-)[|l1 < o0, and o(z*, G () = um(z*)(:)
for all (w,z*) € (Q\N) x X*, u(N) =0.

Let 0 € T and ¢ > 0, and choose N > ¢ such that, if 7,7" € T!(N),
N <71 <7/, we have

swp b [ Rraute). [ Fo@ny) <
Thus,
lim sup h(/AFT/(w) du(w),M(A)) =0.

T'eT! Acy,
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Because {Gn, En}n>1 isa multl valued martingale in Ewkc(X) we have
fA fA (w)) for A€ X, and 7 > 0. So

(- i) o i)

/G ) dp(w /G Ydu(w) for AeX,, T2>o0.

lim sup
TeT! Acy,

hence

Therefore,
lim sup h(/ F(w) du(w),/ Gy (w) d,u(w)) = 0. o
TET! Aex, A A

We conclude this section with a final useful observation concerning
multi-valued amarts of infinite order. First a definition, see Luu [24].

Definition 6.5. If F,G € L} (X), the Pettis distance A, (F,QG)
between them is defined by Ay, (F,G) = sup,- <1 Jolo(z*, F(w)) —
o(z*, G(w))| dp(w).

Remark 6.6. In a manner similar to the vector-valued case, we can
show that A, (F,G) < A(F,G). For ¥y a sub o-field of ¥, we have

Ay (E¥F,E*G) < A, (F,QG),

and

swp ([ P dnto). [ 6 duo))
8u.6) < aswp ([ F@) o), [ Godute) ),

Proposition 6.7. If {F,, X, },>1 is an adapted sequence in L%, (X),
and if there exists F' € [,llc(X) such that Ay (F, F) — 0 as n — oo,
then {F,, X, }n>1 i a multi-valued amart of finite order in L% (X).



ALMOST SURE CONVERGENCE 433

Proof. Let [ > 1 and € > 0. Then we can find N > 1 such that,
for k,n > N, we have Aw(F}, F,) < ¢/I2. Let 0,7 € T' be such that
o,7 > N. We have

o [ B, [ )

<>/ Fi(w) dp().
k,nzZ:N {o=k}n{r=n}

/{ o Fa®) (o))

< l2 sup Aw(FkaFn) < g,
k,n>N

which proves that {F,, 3, },>1 is a multi-valued amart of finite order
1> 1. But [l > 1 was arbitrary. So we conclude that {F,, %, },>1 is a
multi-valued amart of infinite order. u]
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