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0. Introduction.

Our main goal in this paper is to describe the geometrical structure
on a complex quasi-Banach space X that is necessary and sufficient for
the following analytical property to hold :

(*) Every bounded X-valued analytic function on the open unit disc
of the complex plane, has boundary limits almost surely.
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This property was first studied by Bukhvalov and Danilevich [BD]
in the context of Banach spaces. They observed that if « analytic » is
replaced by « harmonic » in (*), then the property characterizes those
Banach spaces possessing the so-called « Radon-Nikodym Property »
(R.N.P). This latter class of spaces is now well-known to have a nice
«convex geometrical structure » and that it contains all reflexive spaces
as well as separable duals. (See for instance [DU]J.)

However, the «analytic case » is more general and concerns a larger
class of spaces. Indeed, it is shown in [BD] that L' and more generally
all Banach lattices not containing ¢, also verify (*). More recently,
Haagerup and Pisier [HP] showed that the same holds for preduals of
Von Neuman algebras while in [GMS] the same property is established
for the predual of James-tree space. Another proof of this fact — based
on the methods of this paper — is given in section 3. In [GLM], a
geometric study of those Banach spaces verifying (*) is carried out. In
that case, (*¥) is known to be equivalent to the « Analytic Radon-
Nikodym Property » (A.R.N.P): that is X-valued analytic measures of
bounded variation are differentiable. In other words, these are the spaces
where the vector-valued version of the brothers Riesz theorem holds ;
(see Dowling [D]). The results in [GLM] show that — in a Banach
space setting — there exists a « geometric theory » for the A.R.N.P,
analogous to the R.N.P case where Phelps’ theorem (see [DU]) gives
the existence of strongly exposing linear functionals as opposed to the
strongly exposing plurisubharmonic functions obtained in the « analytic
case ».

However, this « analytic case» is not exclusively a locally convex
problem as the spaces L, H” and the Schatten classes C? indicate for
0 <p<1 (see [A] and [K1]). Linear functionals are not relevant in
this setting and all what is needed- on a quasi-Banach space X to
verify (¥) is a «nice plurisubharmonic structure ». Already, Kalton had
shown in [K2], the existence of a plurisubharmonic equivalent quasi-
norm on X as a necessary condition. Since this is trivially not sufficient,
we prove in section 4 that (*) holds if and only if, in addition to the
plurisubharmonicity of the quasi-norm, all closed bounded subsets of
X have strong barrier points i.e. points where plurisubharmonic functions
strongly expose the set in question.

The proofs rely on martingale techniques, mostly the analytic
martingales introduced by Davis et al. [DGT]. As shown by Edgar [E2],
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these are « reasonable discrete approximations» for the processes that
are images of complex Brownian motion by X-valued analytic functions.
We shall actually show that in this setting, all bounded X-valued
plurisubharmonic martingales converge almost surely : a result obtained
recently by Bu-Schachermayer [BS] in the Banach space case, via
different methods. This leads naturally to an integral representation
result in terms of Jensen boundary measures, which is the « complex »
counterpart of the non-compact but convex Choquet theorem established
by Edgar [E3].

Section 1 contains the basic definitions. In section 2, we discuss the
various notions of plurisubharmonic envelopes for functions and sets.
In section 3, we exhibit some properties of plurisubharmonic martingales
and holomorphic mappings that are relevant for showing that certain
spaces verify (*). Section 4 begins with the « complex structure » of the
compact subsets of a quasi-Banach space X equipped with a
plurisubharmonic quasi-norm. The — well known — topological methods
used there are worth comparing to the martingale techniques employed
in the second part of the section where the non-compact case is
considered. The main result being the existence of barrier points in all
closed bounded subsets of spaces verifying (*). It is actually shown that
any bounded upper semi-continuous function on such a set has arbitrarily
small plurisubharmonic perturbations that are strongly exposing. This
is then used to prove the convergence of: bounded X-valued PSH
martingales. In section5 we give a « descriptive set-theoretical »
representation of the unit ball of X in a compactification that is
compatible with the plurisubharmonic — but not the linear — structure
of X. This representation yields — among other things — another
proof of the convergence of PSH-martingales announced above. In an
appendix, we include a general result about «embedding» such
martingales in analytic functions, which might illuminate the connections
between these concepts.

We would like to thank C.Le Merdy and P.Rauch from the
Université Paris VI for «cleaning up » a first draft of this paper from
numerous errors. This paper also benefited greatly from several discussions
with W. Schachermayer and its final form is definitely indebted to the
feedback from [GMS] on which the three of us worked in the meantime.
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1. Definitions and preliminaries.

Throughout this paper all vector spaces are assumed to be on the
complex field. If X is a vector space, a map x — ||x|| from X into R*
is called a quasi-norm if :

@) lixll > 0 when x # 0
(i) llox]| = || [Ix]|, for e C, x€ X

(iid) []x;+ x|l < C(|lx,l|+Ix,]) for all x,, x,€ X. Here C is a constant
larger or equal to one.

We call || || a p-norm for 0 < p < 1, if in addition it is p-subadditive,
that is

V) 1%+ X, [17 < x4l + lIx,l?, for x,, x,€ X.

Note that the Aoki-Rolewicz theorem [KPR] asserts that every quasi-
norm is equivalent to a p-norm for somep(0<p<1). If (X,] ||) is
complete we say it is a quasi-Banach space and if it has a p-subadditive
quasi-norm we say it is a p-Banach space.

An upper-semi-continuous function ¢@: X — [—oc0,+0o0) is called
plurisubharmonic if for every x,ye X,

2n

o de
i0 .
o(x) < J o(x+evy) 7

0

We denote by PSH(X) the space of all such functions. If the quasi-
norm || || on X is plurisubharmonic then X is called PL-convex by
Davis, Garling and Tomczak-Jaegermann [DGT]. If X can be equivalently
normed with a plurisubharmonic quasi-norm, then we shall follow
Kalton [K1] and say that X is A-convex. (The terms locally pseudo-
convex and locally holomorphic have been used by Peetre[P] and
Alexandrov [A] respectively.)

A recent result of Kalton [K1] shows that an A-convex quasi-Banach
space has an equivalent quasi-norm which is both plurisubharmonic
and p-subadditive for some 0 < p < 1. We shall say that such a space
is (A—p) convex. Note that L? and C?(0<p<1) are (4—p) convex
(Etter [Et] and Kalton [K1]) while L?/H? is not A-convex (Alexan-
drov [A}]). It is clear that all Banach spaces are (A4 — 1)-convex since the
norm is then convex and subadditive.
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Let now A = {ze C,|z| <1} be the open unit disc and denote by dA
or T the unit circle {z € C;|z|=1}. An X-valued holomorphic (or analytic)
function on A will be a function of the form

f(z) = ) x,2" where |zl <1, x,e X  and lim sup ||x,}|*" < 1.

For 0 < p < o0, let H?(A,X) be the space of holomorphic functions

such that:

o<r<1

1 on ) 1/p
“f”HP(X) = Sup (%J; “f(rele)“pde) < 00.

For p= 0, we let H*(A,X) be the space of such functions
verifying :
Ifllzoa = sup lIf(2)]l < .

|zl<1

We shall also consider the Nevannlina class N(A,X) consisting of
those holomorphic functions verifying :

1 (= )
||fl|1v(x> = sup '—J 10g+ ||f(rele)|| dd < oo.
osr<1 4T 0
It is clear that H*(X) <« H* (X) c H'X) c NX)if 0 <g<p < +
and if || || is plurisubharmonic. We say that f has radial limit a.s. if
for almost all 8€[0,2n], lim f(re®) exists in X.
rt1

Let now (W,), be Brownian motion in R* = C starting at 0. Let
re =1 — 27% and define the stopping times

T, = inf {£>0;|W,| =7y}, T, = inf {t>0; |W,|>1}

so that 1,71, and 1,< oo a.s. The close connection between the radial
limits of f in H”(A,X) and the convergence of the process (f(W: )).
is well known in the finite dimensional case [Du]. The same connections
hold in infinite dimensional Banach spaces (Edgar [E2]). We shall recall
these facts in Section 2 while dealing with quasi-Banach spaces.

We will also need the concept of Analytic martingales introduced by
Davis, Garling and Tomczak [DGT]. This is a sequence of X-valued
random variables (F,)?., defined on Q = [0,2n]Y of the form :

Fo(8) = Y fi(0,,0,, - -,0,_,)e" where 6 = (8,,0,, ---) belongs to Q
k=1
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and such that the coefficients f;: [0,2r]*"" - X are X-valued random
variables.

In the case where X is a Banach space, Dowling [D] showed that
functions in H?(A,X) have radial limits a.s. if and only if X-valued
analytic measures of bounded variation on 0A are differentiable. (Recall
that the analytic measures are those p defined on the Borel o-field of

2n
éA, whose negative Fourier coefficients, p(n) = E%J e ™ du(t), n<0
0
are zero.) Such spaces are then said to have the Analytic Radon-
Nikodym' Property (A.R.N.P). The connection with the above stems
from'the following correspondence : if p is an analytic measure on JA,
then its «harmonic extension» to A defined by ¢,(re®) =
1—r?
1— 2rcost + r*
0<r<1, teR is the Poisson kernel. We shall use the classical fact
that if Brownian motion starts at a point z, = re®® in ‘A, then the
distribution of W, on 0A will have density P, = P,. (See [Du] p. 36.)

1 2n
ﬂj P.(0—1t)du(t) is analyticc. Here P.(t)=
0

2. Plurisubharmonic envelopes and hulls.

Let (X,]| ||) be a quasi-normed vector space and let ¢ : X - R U {— o0}
be an upper semi-continuous function that is bounded above on bounded
sets. Set @, = ¢ and define for each n > 0, the function :

. o 0. 40
Qnt1(x) = inf Q.(x+e®v) —;ve X;.
0 2n

The sequence (@,), decreases pointwise to a function ¢ that we
shall call the plurisubharmonic envelope of @ since it is shown in [El]
that ¢ is the largest plurisubharmonic function less or equal to .

We are interested here in the case where the function ¢ is Holder-
continuous of order p(0<p<1). We denote by LIP,(X) the set of
functions @ on X verifying |o(x)— ()| < K||x—y|? for some K > 0
and for all x,y in X. The following class of functions will also be
relevant to our study : denote by UC(X) the class of all functions that
are bounded and uniformly continuous on the bounded sets of X. We
shall write PSH,(X) for PSH(X)n LIP,(X) and PSH,(X) for
PSH(X) n UC(X). The cone of plurisubharmonic and continuous
functions on X will be denoted by PSH.(X).
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In the sequel, the space PSH,(X) will be equipped with the following
norm: for ¢ € PSH,(X), we let

loll, = max {{@(0)[, sup {|¢(x) = @) |/llx—ylI”; x#y}}.

We summarize in the following lemmas the properties of the envelope
that will be needed later on:

LemmMA 2.1. — Let ¢ be a function in LIP,(X) such that ¢ is not
identically — oo, then :

a) ¢ is the largest function in PSH(X) that is smaller or equal to
¢@. Moreover ¢ belongs to PSH,(X).

b) For each n, ©,(x) = inf E[o(x+ U,)] where the infimum is taken
over all analytic martingales (U,)i-, with U, = 0 and whose coefficients
are finitely valued in X.

2n

. L ‘
c) For each xe X, ¢(x) = inf J (p(P(e'e))Z where the infimum is

0

taken over all polynomials P: C — X such that P(0) = x.

Proof. — a) Suppose Y e PSH,(X) and V¥ < ¢, it is clear that
V¥ < ¢, < ¢ for each n. On the other hand if x, y belong to X, we
have for each ¢ > 0 a v in X so that:

2n

o do
0:(x) — 0,(y) < @1(x) — J (p(y+e‘°v)£ + €.

0

It follows:that :

2n

_ . do
0:1(x) = 0,(y) < J [p(x+e®) — <p(y+e“’v)]% +e< Kllx—ylP + &,

0

where K is the Lipschitz constant of @. An easy induction implies that
e PSH,(X).

b) was proved in [El] in the case where X is separable.but ‘¢ ‘was
only upper semi-continuous. If ¢,e UC(X) for each n — in particular
when ¢ € LIP,(X) — the separability assumption is not needed as the
following sketch shows: indeed, assume the formula in b) is true for
n—1. Fix xeX and ¢ > 0. Choose ve X so that

o . 40
9n(x) < j @nei(re™) -+ /2.

0
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Let F, have the uniform distribution on the circle
C = {x+e®;0<0<2n]. To get the formula for n, it is enough to
choose measurably for each 0, an analytic martingale (Fy)i-, with
F.®) = x + e® and ¢, ,(x+e™) < E[o(F,)] + €/2. The analytic
martingale (Fy)i-, with F, = x will clearly verify ¢,(x) < E[o(F,)] + €.

To avoid the use of selection theorems which require the separability
of the space, we can use the following observation to make the selec-
tion finite : suppose ¢,-,(z) < E[p(z+U)] + €. Choose p > 0 so that
if liz—z'l<p and z'eC then |@,,(2)—9,..(z')] <e¢ and
1e(z2)—(z")] < & . We then get for such z' e C,

Pn-1(2) < 0n-1(2) + € < E[o(z+U)] + 26 < E[o(z'+ U)] + 3e.

It follows that the same random variable U can be used to realize
an approximation for both z and z’' provided they are close enough.
The details of the proof as well as the fact that the coefficients can be
chosen to be «step functions » are left to the interested reader.

¢) was proved by Kalton [K1] in the case o@(x) = ||x||® for some
p-norm || [[(0<p<1). It also follows from b) and the correspondence
between analytic martingales and analytic functions established in the
Appendix. [

In many cases, we shall consider the envelopes of functions which
are not in LIP,(X) but there p™-power are, such as @(x) = x| or if
@ is the distance function to a given set, provided of course, the space
is p-normed. Here are some properties of the envelopes of such
functions :

LEMMA 2.2. — Let ¢ be a positive function such that ¢° € LIP,(X) for
some 0 < p< 1. Then for each n = 0, @, belongs to UC(X) and §
belongs to PSH,.(X).

Proof. — Write @ = f* where « = 1/p > 1 and f e LIP,(X). Let x,
he X and consider a random variable U. Apply the following two
elementary inequalities: for all aq, b in R, and a>1;
la*—b*| < ala—b|max (Ja*" % |b|*™") and for all a, k and P >0,
(a+k)f < d® + Ky(lk|+1kIP)(1+aP), to obtain:

Elo(x+h+U)—o@(x+U)] < o|lh|PE[f(x+ U)*"?
Ko (IRIP+ | RIP) (1 4+ f (et UY ).
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By Holder’s inequality, we get :

*) Elp(x+h+U)—o(x+U)] < alhIPL(E[p(x+U)) =
T Kae o (IRIP+IRIPE )1+ (Elo e+ U)]) ).

Suppose now we have for some xe X and € > 0, a vector v so that
2n

0,(x) < o J @ (x+e®v) + €. By applying (*) to the uniform distribution
0
on the circle we obtain

z-l 2=1
@:(x+h) =@ (x)<allhP[e1(x) * + Ky (I1AIP+ AP D)1+ 04 (x) * )]

This coupled with the fact that 0 < @, < @ implies that ¢, e UC(X).
An immediate induction gives that ¢,e€ UC(X) for all n and that
e PSH,.(X).

Remark 2.3. — a) The above proof actually uses the easy fact
that if ¢ is positive and  verifies for all x, helX,
o(x+h) — o(x) < o(|h)[1+o@(x)], where ® is any modulus of conti-
nuity, then the same will hold for ¢.

b) Note that the proof of Lemma 2.1b and the result in Lemma 2.2
give that if ¢ >0 and ¢°eLIP,(X) for some 0 <p <1, then
®(x) = inf E[Q(F,)] where the infimum is taken over all analytic
martingales (F,), starting at x. O

Let now C be a subset of X and denote by LIP,(C) the class of
all normalized p-Holder-continuous functions on C, that is
o e LIP)(C) if [o(x)—o(| < llx—yl|lP for all x, yeC. When C = X
we denote by PSH,(X) the set PSH(X) LIP)(X). The next lemma
deals with “maximal” extensions of elements in LIP.(C) to functions
that are p-Holder-continuous on the whole space X.

Lemma 2.4. — Suppose X is a p-normed space for some p(0<p<l).
For ¢ in LIP,(C), define & by ¢(x) = inf {o(y)+|y—x|?;ye C} for
each x in X. Then :

a) = ¢ on C and e LIP,(X).
b) If e LIP)(X) and y < @ on C, then Yy < § on X.

c) If @ has an extension in PSHL(X), then & = § is the largest
extension of @ in PSH,(X).
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Proof. — a) and b) follow immediately from the p-subadditivity of
the norm. For c) note that if y e LIP,(X) and { = ¢ on C, then
Y <® on X by b) and if e PSH(X) then y < $ < ¢ on X by
Lemma 2.1. It follows that ¢ = ¢ on C. O

Denote now by PSH,(C) the set of all functions on C admitting
extensions in PSHL(X). If we equip these spaces with the distance of
uniform convergence on C (resp. X) it is easy to see that the map
@ — ¢ defines an isometric embedding from PSH,(C) to PSH,(X). In
other words, for any ¢,, ¢, in PSH,(C) we have:

sugl(c'pl—@)(X)l = sup Q1= 0,) ()] = d(¢1,9,).
It follows that (PSH(C), d) is a complete metric space.

Finally we define PSH,(C) to be the closure of | ) nPSH,(C) for

. n=1

the metric d, i.e. those functions on C which can be approximated
uniformly on C by functions which are restrictions on C of functions
in PSH,(X). It is clear that PSH,(C) is a closed convex cone.

We now discuss the notions of plurisubharmonic hull of a subset
A of X. For that denote by d, the distance function to A that is
ds(x) = inf {|ly—x|;ye 4}. We shall say that the set
A = {xeX;d,(x)=0} is the plurisubharmonic hull of A. One can easily
verify the following observations :

ProrosiTION 2.5. — Let A be a subset of a quasi-normed space X.
Then

(a) Ac 4.

(b) A vector x belongs to A if and only if for each € > 0, there
exists an analytic martingale (Fy)i., with F, = x and E[d,(F,)] < €.

(¢) The plurisubharmonic hull is not altered by an equivalent renorming
of X.

On the other hand, for any subset # < PSH(X), we can define
the #-hull of A to be:

Ay = {xeX;0o(x)<supo for all e #)}.
A
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The cases we are concerned with are # = PSH,(X) and
# = PSH,(X). It is clear that if #, = #, then Ay, = Ay .

ProrosiTION 2.6. — Let A be a subset of a p-normed quasi-Banach
space X(0<p<1). For a vector x in X, the following conditions are
equivalent :

) xe APSHP'

(i) di(x) = 0.

(iii) For each € > 0, there exists an analytic martingale (F\)i., with
Fy, = x and E[d%(F,)] < ¢.

(iv) For each € > 0, there exists a polynomial P : C — X such that
P(0) = x and E[d3(P(W. ))] < &.

Moreover, if A is compact the above are then equivalent to

(V) There exists a Radon probability measure p supported on A such

that @(x) < fw du for all @ in PSH,(X).

Proof. — i) =ii) x € APS,,F implies that there is no @ € PSH,(X) so

that @ < 0 on 4 and @(x) > 0. This means that there is no ¢ € PSH,(X)
with ¢ <dj{ and o¢(x) >0. Lemma 2.1.a then implies that
0 <di(x) <0.

i)=1) If ¢ <0 on 4 and ¢ PSH,(X), then ¢ < df on X by
Lemma 2.4.b. Hence ¢ < d5 on X and o¢(x) <O0.

(ii), (iii)) and (iv) are readily equivalent in view of Lemma 2.1. Also
note that (v) always implies (i).
To prove that (i) = (v) consider the set
U ={ue C(A);3oe PSH,(X), ¢(x)=0 and o<u on A4},

where C(A4) is the space of continuous functions on 4. Note that %
is a convex cone that contains C ,(A4). Moreover, the hypothesis i)
implies that the constant function -1 does not belong to the closure of
% . By Hahn-Banach theorem, if A4 is compact there exists a Radon

measure p on A such that J‘u dp >0 for all ue and — p(4) <O0.

Since % > C,(A), u is positive and since p(4) # 0, v=pn(4)" ' pnis
a Radon probability measure on 4. Moreover, if ¢ € PSH,(X), ¢ — ¢(x)
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restricted to A4 belongs to %, hence f (0—@(x))dv =0 and o(x)
< J@ dv.
O

The following proposition clarifies the relations between the various
types of plurisubharmonic hulls.

ProrosiTiON 2.7. — Let C be a bounded subset of an A-convex quasi-
Banach space X and let x be an element in X. The following conditions
are then equivalent :

(i xeC.
(i) xe () Chrs, -
0<p<t

(ii1) There exists q(0<gq<1) such that X is (A—q) convex and
X € CPSHq.

(iv) x € Cpsp,, -

Proof. — ()= @) fO0< @<di, e PSHX) and 0<p <1, we
have 0 < @'? < d. and ¢Y? e PSH(X). It follows that d% < (d.)? and
¢ c épsyp for al 0 <p<1.

(ii) = (iii) is immediate in view of the result of Kalton [K1] mentioned
in section 1 about the existence of an equivalent g-norm that is also
plurisubharmonic.

(iii) = (iv) Assume || || is plurisubharmonic and subadditive. Without
loss of generality we can suppose that 0e Cand C < {z € X; |izl|<1} = B.
We shall first show the following
claim - If ||z||? = 2 then d&(z) < 2d%(z).

Indeed, first note that for each =z in B we have
ylle < lly=zIl + llz|l” < lly—z||* + 1. Hence [ly|* < dj(y) + 1 and
since y — ||| is plurisubharmonic we have ||y||? < d%(y) + 1 for all
y in X. On the other hand d%(y) < d%(y) < d&(y) < ||yl for all y,
hence if z is such that ||z||? > 2, we get: di(z) < |z||? < ||z|?
+ (I1zl?=2) = 2(|z|"=1) < 2d%(z) and the claim is proved.

Suppose now d%(x) = 0. For each & > 0 there exists by Prop.2.6
(iv) an X-valued polynomial P on C such that P(0) = x and
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E[d%o P(W, )] < &. Let © be the stopping time defined by

+ oo if sup|[F(0)]f <2
T((D) = t
inf {t;||F,(w)||?>2} otherwise

where (F) is the martingale (P(W,. )):.-

Let Q. = {t< o0} and note that on Q,, ||F,||? = 2 since the martingale
(F), is continuous. Hence d&(F.) < 2d%(F.) by the claim.

Since d4% is plurisubharmonic we get on €. :

dY(F) < dy(F) < E[d§(F.)|F] < E[d4(F.)|F].

N —

Since F, = F, outside Q. we obtain :

E[d4(F)] < 2E[YF.)] <2 and  PlAY(F) > /el < 2./6.

Suppose now ¢ is in PSH,(X) such that @ <0 on C. There
exists M >0 so that [yl?<2=00)—¢()| <M hence
O(F) < o(F) —0(0) s M.

Fix now n > 0. Since oe UC(X), we can find € > 0 so that
Ix—ylP < 2\/5 implies [@(x)— ()| < n. For each », find Z(w)e C
so that ||F(0)— Z(0)|® < d3(F.(0)) + \ﬁ . It follows that on the set
{o;de(F(w))<,/e} we have @(F)<o(F) - ¢(Z)<n since
|F,—Z|I” < 2./¢. We finally obtain E[p(F)] < n + 2\/§M and since
e PSH(X), o(x) < Elo(F)l<n+ 2\/§M. Hence o¢(x) <0 and
x € Crsn, -

(iv) = (i) It is enough to notice that d% is in LIP,(X) for some
p(0<p<1), hence d.e PSH,.(X) by Lemma 2.2.

We shall say that a subset C of X is PSH-convex if C = C. On
the other hand, say that x is a Jensen barycenter of a probability

measure p if @(x) < J(p du for all ¢ e PSH,.(X). In this case p is said

to be a Jensen measure representing x. We then say that C is J-convex
if the barycenter of any Jensen probability measure supported on C,
belongs to C. The following proposition follows immediately from the
above.
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PropPoSITION 2.8. — Let C be a closed bounded subset of an A-convex
quasi-Banach space X. The following conditions are equivalent :

(i) C is PSH-convex.

(it) For any p(0<p<1) such that X is p-normed, there exists a family
(®.)xe s Of functions in PSH,(X) such that C = ﬂ {x € X; @, (x)<0}.

ael

Moreover, any of the above conditions implies
(iii)) C is J-convex.

If C is compact then (iii) = (i).

3. Analytic functions, PSH-martingales
and Holomorphic injections.

Let (Q,X,P) be a probability space and let (X,), be an increasing
sequence of sub-o-fields of X. Suppose X is a quasi-normed space, and
let (F,), be a sequence of X-valued p-integrable (for some p > 0)
random variables such that F, is X,-measurable for eachn. We shall
say that (F,,X,), is a PSH-martingale if for every ¢ e PSH,(X),
¢ > 0, the sequence (@(F,)), is a real-valued submartingale: that is

J o(F,)dP <j @ (F,+,)dP for every n and any A€X,.
A

A

It is clear that an analytic martingale is a PSH-martingale. Moreover,
(f(W. ). is a PSH-martingale whenever f € H*(A,X). Note that PSH-
martingales are martingales when X is a Banach space since continuous
linear functionals are Lipschitz harmonic functions on X and separate
the points of X. Note that in the quasi-Banach case, it is not possible
in general to define vector-valued conditional expectation operators and
hence martingales. '

We shall say that (F,), is a closed PSH-martingale if there exists a
p-integrable (p > 0) X-valued random variable F such that for every

Ae()Z,, we have: lime(Fn)dP=f¢(F)dP for every ¢ in

A A

PSH, (X).
We shall need the following :

Lemma 3.1. — Let X be a separable A-convex quasi-Banach space.
Then there exists a countable family (@,), in PSH,(X) for some
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0 < p < 1 with the following property : whenever ((y,).,y) is a sequence
in X that verifies lim @,(y,)=0.,(y) for each m, then lim|y,—y||=0.

Proof. — Let || || be an equivalent plurisubharmonic p-norm on
X(0<p<l). Let(x,), be a dense sequence in X with x, = 0. It is
clear that the sequence of functions (@,,), defined by ¢,(x) = [[x—y,|l?
for x e X will do the job.

We can deduce the following :

ProrosiTION 3.2. — Let X be an A-convex quasi-Banach space. Then
every closed PSH-martingale converges a.s.

Proof, — Let {F,,F} be an X-valued uniformly bounded closed
PSH-martingale. Since it is almost surely separably valued, we can
assume that X is separable. Apply Lemma3.1 to find suitable
plurisubharmonic functions (¢,,),,. Note that for each m, @,(F,) = @,(F)
a.s. outside a set Q,, of measure 0. We then get lim ||F,— F|| = 0 outside

Q= U Q.. which is also of measure zero.
m

ProposiTION 3.3. — Let X be an A-convex quasi-Banach space. Then
a function f in H*(A,X) has radial limits a.s. if and only if (f(W.))a
is a closed PSH-martingale.

Proof. — Assume g(e®) = lim f(re®) exists for almost all 8. For
rt1

any ¢ € PSH,(X), oo f is a subharmonic function on A, hence by
the one-dimensional complex case (see [Du] p. 105]) (¢ o f(W:)),
converges a.s. to @ o g(W._) hence (f(W.,)), is a closed PSH-martingale.

For the converse assume (f(W.)), converges a.s. to an X-valued
random variable F. Again from the one-dimensional case we get that
for any ¢ € PSH.(X), @o f(W,) converges as. to k(W. ) where k
denotes the boundary limit of ¢ o f. Hence 9o F = k(W ) as. By
applying this to the sequence (9,,). given by Lemma 3.1, we obtain
that F is measurable for the o-field generated by W, , hence there
exists a measurable g:T — X such that F=go W, . Moreover,
lifn QOno f(re®) = @,o0g(e®) for almost all 6 and all m, hence by
M1

Lemma 3.1, lim f(re®) = g(e®) a.s.
rt1
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Another way to construct the candidate for the boundary limit g

of f is to argue that for almest all 6T, (f(W° )). also converges
when n — oo, where (W?9), 1s Brownian motion startmg at 0 and

conditioned to exit A at e® ([Du] p.94). It is then enough to
set g(e®) = lim f(W? ). O

The following proposition is known in the Banach space setting
([D], [E2]). We shall only indicate how the proofs can be adapted to
the quasi-normed case, just to emphasize the role of A-convexity.

ProrosiTION 3.4. — Let X be a quasi-Banach space. The following
conditions are then equivalent :

1) Every function f in H*(A,X) has radial limits a.s.
2) Every function f in N(A,X) has radial limits a.s.

3) X is (A-p) convex for some p(0<p<1) and all X-valued L, bounded
analytic martingales converge a.s.

Proof. — 1)=2) By a result of Kalton [K2], 1) implies that X is
A-convex. That is there exists an equivalent quasi-norm || || on X such
that log* || || is plurisubharmonic on X. Suppose now feN(AX).
Since log™ ||f|| is now subharmonic on A and

2n
sup LI log* ||f(re®)|| d0 < o0,
osr<1 0

we can use a standard technique to find ge H*(A,X) and he H*(A,C)
such that f = g/h. Actually, it is enough to find a positive harmonic
functionu: A — R* such that log* ||fll < u, to take its harmonic
conjugate v and then to letg(z) = e “@*¥@)f(z) while h(z) =
e~ M@*@) (See for instance [Ko]). 2) then follows immediately.

2) => 3) was proved in the Banach space case by Edgar [E2]. It also
follows immediately from the « embedding » of analytic martingales into
analytic functions established in the Appendix.

3) = 1) can be obtained from the geometrical characterizations of
section 4. Edgar [E2] proved it in the Banach space case by showing
that analytic images of Brownian motion are approximable in the
L%norm by analytic martingales. We sketch the proof of this fact for
completeness.

LemMMa 3.5. — Let X be (A—p)-convex Banach space for some
p(0<p<1), and let f € H*(A,X) and € > 0. There exists then an analytic
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martingale (F,)7., with Fy = f(0) and integers n, < n, -+ < nj < --.
so that E[|F, _f(W.)I"] <e.

Sketch of proof. — Modulo a standard induction, it is enough to
show the following claim : If f'is X-valued and analytic in a neighborhood
of A, then for any ¢ > 0 and any z,€ A, there exists an analytic
martingale (Fy)i-, with F, = f(z,) and a random variable H distributed
on JA with density P, such that E(|F,— f(H)|F) < ¢.

To do that, it is enough to notice that d3(f(z,),z,) = 0 where A4
is the set A4 = {(f(e?),e®);0€[0,2n]} in X @ C and where the
plurisubharmonic envelope of the function d4 is taken in the open set
X @ A. By Proposition 2.7, there exists for any € > 0, an analytic
martingale (Y,);., valued in X @ A such that E[d5(Y,)] <€ and
Y, = (f(zy),2,). Write Y, = F, + G, where F,e X and G,e A are
both analytic martingales. Let now H be Brownian motion stopped on
OA after having started at G,. It is clear that E[|H—G,|*] < 2E[1—|G,]]
and if M > 0 is such that ||f(z,)— f(z,)|| < M|z,—z,| for z,, z, in A
we get E[|f(H)— f(Gn)IIF] < 2M?'. This coupled with the estimates
E[dist (F,,, f(A))?] < ¢ and E[dist (G,,0A)] < €' easily gives the above
claim. O

It is clear that the properties discussed in Proposition 3.4 are stable
under isomorphic linear embeddings. We shall show in the sequel the
stability of such properties under much weaker types of injections. We
then give few examples where this simple method is applicable to prove
that various spaces have A.R.N.P.

Let us say that a subset C of a quasi-normed space X is a PSH;-
set if C\C = () F, where each F, is closed and PSH-convex. By

Proposition 2.8, this implies the existence of a family {¢, ,} of functions
in PSH,.(X) such that C = [ ) {x € C; @, ,(x)>0}.

n ael

We shall say that C is a strict PSHs-set in C if there exists a
sequence (a,), of reals so that for each n, sup ¢, , > o, > 0 on C while

sup @, , < 1 for all & and n. In other words, C\C can be written as
C

a countable union of closed sets (F,), such that for any x € C and any
ne N, there exists ¢ € PSH, (X) with sup¢@ < 1 such that @(x) > «,
(o

while ¢ < 0 on F,.

Say that a one-to-one (not necessarily linear) map S: X —» Y is a
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PSHj-injection (resp. a semi-embedding) if the image by S of the unit
ball of X is a bounded strict PSHy (resp. bounded closed) set in Y.
We shall only consider here the cases where X is a linear or a
holomorphic map. More general types of maps will be considered in
section 5. Facts about the holomorphic ones can be found in the book
[C].

ProprosITION 3.6. — Let X be a separable Banach space and let S

be a holomorphic PSHjs-injection from X into a quasi-Banach space Y.

Let f be in H*(A,X) and suppose that Sf has radial limits as. in Y,
~then f itself has radial limits a.s. in X.

Proof. — Suppose S o f(re®) converges for almost all © when r 1 1
and denote by g(e®) its limit. Note that So f e H*(A,Y) since S is
holomorphic [C, p.202]. Assume without loss of generality that
f(A) = Ball (X), we shall first show that g(éA) = S(Ball (X)) a.s.

To do that write S(Ball (X))\S(Ball (X)) = U F, where each F, is

PSH-convex. Suppose there exists n so that the set
A = {0e0dA;ge®eF, has strictly positive Lebesgue measure. It
follows that for every & > 0, there exists z,e A such that Brownian
motion starting at z, exits A at 4 with probability larger than 1 — ¢;
that is P, (4) > 1 — ¢. Since S(Ball (X)) is a strict PSHs-set, we can
find ¢ in PSH,.(Y) such that ¢(S o f(z,)) > a, and ¢ < 0 on F, while
sup @(S(Ball (X))) < 1. Since @ o S o f is subharmonic we have :

0 <o, <e(So flz)) < f@(g) dpP,
= f ¢(g) dP, + f 0(g) dP, < P, (4°) < e.

If we choose & < a, we get a contradiction. Hence m(4) = 0 and
g(0A) < S(Ball (X)) as.

Consider now f = S ' o g: A — X and notice that it is measurable
in view of Lusin’s theorem. Moreover, the PSH-martingale
(f(w.), f(WTI)) is clearly closed, hence f has radial limits a.s by

Proposition 3.3.

CoroLLARY 3.7. — Let X be a separable Banach space. Suppose
there exists a holomorphic PSHjy-injection from X into a Banach space
Y with the A.R.N.P, then X also verifies the A.R.N.P.
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Remark 3.8. — A typical example where Corollary 3.7 is applicable
is when X is a Banach lattice not containing c¢,. In this case there
exists a «linear semi-embedding » from X into L' and the latter has
the A.R.N.P. (See [GR] or [D].) |

We shall now present an example of a different nature where a
certain holomorphic and non-linear map arises in a natural way. It is
in the context of the predual of James-tree space J4T defined below.
We note that in [GMS] it is shown that J,T has the A.ARN.P via a
construction of a linear PSHs-injection from J, T into Hilbert space. In
the following, we shall establish the existence of a holomorphic semi-
embedding from J,T into a separable dual Banach space. This will also
imply that J,T has the A.RN.P in view of Corollary 3.7.

First we construct the appropriate separable dual. Let T =

U {0,1}* be the usual diadic tree and let I be the set of infinite

n=0

branches y of 7. Denote by J the James space of complex-valued
K 2\ 1/2

sequences x = (x,), such that |x|;,= sup(Z Y x; ) < + o,
k=01liely

where the supremum is taken over all families (Z,)5-, of mutually

disjoint segments in N.

Denote by Y the Banach space of complex-valued functions x = (x,);c 7
on the tree T, verifying

lIxlly = Sul}? ”(xy(n));t.o:O“J < + .
ve

Let Y, be the closed subspace of Y generated by the finitely
supported vectors x = (x,), in Y verifying Z x, = 0 for all yeT.

tey

ProrosiTioN 3.9. — The dual of Y, is isomorphic to the closed
subspace Z of Y* generated by the coefficient functionals (ef),. In
particular, Y¥ is a separable dual.

Proof. — Let g*: Y* —» Y¥ be the quotient map. We show first
that for any x*e Z < Y* we have |[g*(x*)| < [[x*| < 2||g*(x*)||.
Indeed, the first inequality is evident. For the second, assume without

loss that x* is ﬁnitely su orted, that is: x* = x;"e;" With X =
pp
teT

when [t| > n. Consider x = (x,), € Y with ||x|| < 1| and define a vector
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x' by x;=x,if [t|] <n, x;=01if [t/]>n+1 and x; = — ) x, if
s<t

[t| =n+ 1. It is clear that x*(x) = x*(x'), x'e ¥, and ||x'|| < 2. It

follows that {|x*|| < 2|lg*(x*)||.

It remains to show that ¢*(Z) = Y¥. For that, let a*e Y¥. For
eachte Tand n > |t| definef,, =e, — > e,. Wehave thatf,,€ ¥,

s
s>t |sl=n

and |f; .l = \/5 Note that for each strictly increasing sequence
(ny)i-o with ny > |t|, the sequence (fn,,,,~ fun, s = (€6)x 18 (in the
Y-norm) equivalent to the canonical basis of 7,. It follows that
a*(gx) = 0 and a, = lim o*(f;,) exists for each ¢.

It is easy to see that the partial sums Y oef are bounded and

ltisn
that they converge weak* to an element y* in Y* such that g*(y*) = o*.
We now prove the convergence in norm that insures that y* € Z.

Indeed if not, there is & > 0 such that for all m, there exist n > m

with [jw* Z aefllys > 8. We can then construct a strictly increasing
teT
tizn

sequence (n), of integers, a bounded sequence (yx), in Y, such that
for all k,

(1) yee =0 if [t] & [ng, ngan[
and

(i) < Y oc,e;",yk> > 5.

nESiti<ngy,y

But (i) gives that (y,); is dominated by the canonical basis of 7,
which implies that lim a*(y,) = 0. On the other hand (ii) gives that
k

a*(y,) > O for all k. A contradiction which completes the proof of
Proposition 3.9. O

We now recall the definition of JT. It is the space of functions x :

2 x

teS;

m

T — C such that ||x|;7 = SUP<Z

i=1

2\ 1/2
> < oo where the sup is

taken over all families S, ..., S, of disjoint segments in 7. Denote
by JiT the subspace of JT* spanned by the coefficient functionals
(ef)ier- It is well known [LS] that (J,T)* = JT. A molecule of JT* is
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an element of the form m = ) Aa; where ;€ C, Y |A|* <1 and the
j=1 j=1

a;’s are the indicators of mutually disjoint (possibly infinite) segments.

It is easy to verify that the molecules form a norming subset of the

unit ball of JT*. It is also shown in [SSW] that the convex combinations

of the molecules form a norm dense subset of the unit ball of JT*.

We have the following.

Lemma 3.10. — For any couple of molecules m, n in JT* we have
Im-njlyx < 2.

Proof. — Let m = Y Ma, and n =) pb; be two molecules. Let s,

i J
(resp. t;) be the origin of the segment a; (resp. b;). We define a¥ and
b¥ in the following way : If there exists an index j so that s; e b; and
s; < t; we set a¥ =b;. If not we let a¥ = 0. If there exists an index
i so that t; € a; we set bf = a;. If not we let b¥ = 0. Define now

a; = a;af a =a;, — q

b= bbb =b = b
and note that a; and a; are disjoint as well as b; and b;. Less
straightforward but easily verifiable is the fact that a;-b; = 0 and
a;-bj = 0 for all (i,j). The details are left to the reader.

Let now I(j) = {i;b;-a;#0} and J(i) = {j;a;b;#0}. The sets (I(j)),
(resp. J(i);) are mutually disjoint. Set

1/2 ' 1/2
u?‘=< Y |>u,-|"") and x;*=< > |u?|> :

ieI(j) jeJ@)
We have
YpFl<1 and Y |A¥P <.
J i
Let x; = Zu,-a,-b} and y; = ) Aba;. Note that the non-zero terms
j :

(a;b}); are mutually disjoint segments that are contained in the segment a;
and are affected with coefficients (w,); such that ) p? < (A¥)®. It follows

J
— from the structure of J — that [|x;||y < AF.

Similarly we have |[y;fly < pf.
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We finally get :
men = T hayai+ a4 b)) = X Mty + T haaid]
i

iJj

= Z Aix; + ijyj.

But

1/2
Zkix, ka* <Z | %] > (Z|k;“’]2>; < 1. The same

is valid for Z w;y; hence ||mn|jy+ < 2: and the Lemma is proved. O

Now we can deduce the following,

ProposITION 3.11. — There exists a holomorphic semi-embedding from
JxT into Y§.

Proof. — Let S be the map that associates to am element x = (x,),
in JT* its square Sx = (x}),. The above lemma shows that S maps
each molecule in JT* to an element in Y*. Suppose now (8,), and
(ng)s are positive coefficients such that Y 6, <1 and Y mp<m < 1.

B

Let (m,), and (np)s be two families of meolecules. We have :

2 2
(zomegan) - (0n) - 5 am)pom)
5 B / o [ ] B
2
+ (Z n,ng) =27 8ma(my-ng) + Y gnpe(ng.hp).
B d a,p 8.8’
From Lemma 3.10 we have:
Al < 2[22 O,mp + Z‘"Inﬂa'] <2[2n+n’] < 6
p '

It follows that S: JT* —» Y* maps bounded sets in JT* into
bounded ones in Y* and that it is uniformly continuous on bounded
subsets of JT*. It is also clear that S(B(JT*)) is norm closed in Y*.
If we restrict S to J«T we see that the range falls in Z (or Y¥). By
the results in [LS], the elements of J«T are those in JT* that go to
zero on the branches. This implies that S(B(JxT)) = S(BUJT*))n Z
and hence it is also closed.
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To remedy the fact that S is.not one-to-one, it is enough to take
any linear one-to-one map R: Jx«T — Y¥ and to notice that the

map (S,R): J«T — Y§¥ @ Y¥ is still a holomorphic semi-embedding.

Another way to do it is to take for R the cube operator (x,), — (x?),
which also maps J«T into Y¥.

Remark 3.12. — Say that a map S: X —» Y is an Hjs-embedding if
S(Ball(X))\S(Ball(X)) = | ) F, where each F, is closed and convex.

By taking any dense ra'111ge compact operator 7': /£, - Y, and by
composing 7* with the map obtained in Proposition3.11, we obtain a
holomorphic Hys-embedding from J«T into ¢,. It is worth noting that one
cannot find a linear Hj-embedding from J«T into £, nor a linear semi-
embedding from J«T into a separable dual [GM1]. However, as noted
above, it is shown in [GMS] that there exists a linear PSH;-injection
from JxT into £,. For more general type of injections that are compatible
with the A.N.R.P, we refer to section 5.

4. Plurisubharmonic denting points and barriers.

We start by defining various types of geometrically distinguished
points. Let C be a bounded subset of a quasi-Banach space X' and let
x be a point in C. We shall say that:

(a) x is a complex extreme point of C if there is no non-zero vector
ye X with {x+re®y;0<r<1,0<0<2n} = C. '

(b) x is a Jensen boundary point of C if the Dirac measure 8, is
the only Jensen Radon probability measure on .C with barycenter x.

(¢c) x is a plurisubharmonic denting point of C if for each g > 0,
x¢ A, where A, = C\B(x,e) and B(x,e) is the ball centered at x with
radius €.

(d) x is a barrier (resp. strong barrier) of C if there exists a
plurisubharmonic function ¢ in PSH,(X) that exposes (resp. strongly
exposes) C at x: that is:

() ¢(x) = sup o
(i) o(c) < @o(x) for each ¢ in C (resp.sup @ < ¢@(x) for each
Ag
e>0).
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Such a function ¢ will be called a plurisubharmonic barrier (resp. strong
plurisubharmonic barrier) for C.

Note that any (real) extreme point is a complex extreme point. On
the other hand, any point in the unit sphere of L' is complex extreme
for the unit ball (Theorem 2.8 [C]) while none of these points is extreme.

It is clear that a barrier point is a Jensen boundary point which in
turn is a complex extreme point. Moreover, every strong barrier point
is a plurisubharmonic denting point.

We shall start by dealing with the case of a compact subset K of
X. The proofs in the following proposition are modelled on standard
techniques. We include sketches for completeness.

ProrosiTION 4.1. — Let K be a compact subset of an (A—p) convex
quasi-Banach space X where 0 < p < 1. Then :

(a) Every function in PSH.(K) attains its maximum on K at a Jensen
boundary point of K.

(b) Every Jensen boundary point of K is exposed by a function in
PSH,(K).

(c) K is contained in the plurisubharmonic hull of its barrier points.

Proof. — The proof of (a) can be modelled on a standard proof
of the Krein-Milman theorem. Say that a closed subset F of a compact
space M is a J-face in M if any Jensen Radon probability measure on
M is supported on F whenever its barycenter belongs to F. The
following observations are easy to check :

(i) A singleton {x} is a J-face in K if and only if x is a Jensen
boundary point in K.

(ii) For any ¢ e PSH/(K) and any compact Mc X, the set
B,(M) = {xe M;p(x)= sup ¢} is a J-face in M.
M

(iii) The family of J-faces of a given compact set is an inductive
family once ordered by inclusion.

Let now ¢ € PSH.(K). By Zorn’s lemma, there exists a minimal
J-face F, of K contained in B,(K). If F, is not a singleton, we use
the A4-convexity assumption to find € PSH,(K) that separates two
distinct points of F,. The set B (F,) contradicts then the minimality of
F,. This clearly establishes claim (a).
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For (b) we shall use a ‘technique developed by E. Bishop (see
[Gam}). Let x, be a Jensen boundary point of K and let h be a
function in LIP,(X) that attains its maximum on K uniquely at x,.
We shall prove the existence of a function ¢ e PSH,(K) such that
¢ < h on K and o(x,) = h(x,). This will clearly establish (b).

Fix real numbers b and c so that b < min h < max h < ¢. For any

K K
compact subset E = K not containing x,, we have x,¢ E since x, is a
Jensen boundary point. We can use Proposition2.6 to find a function u
in PSH,(X) such that: u < c, u(x,) = h(x,) and u < b on E.

Indeed, for € > 0, let g be a continuous function on K such that
g(x) = h(xy), g<b—¢ on E and g < h(x,) on K. We claim that
g(xo) = sup {@(x,); 9 € PSH,(X),o<g on K} since if not the function
g — g(x,) does not Dbelong to the closure of the cone
% = {feC(K);dp e PSH,(X),0(x,)=0 and ¢< f on K}. By the Hahn-
Banach theorem, there exists a non-zero measure p on K, positive on

A while f(g~g(xo)) dp < 0. It follows that v = is a Jensen

n
H(K)
probability measure on K with barycenter x, while it is different from
d,,- A contradiction that implies the above formula for g(x,). Now,
we can find @ePSH,(X) with ¢<g on K whie
@(xo) = g(xo) — € = h(x,) — €. If € is small enough, then u=¢ + ¢
will do the job.

Let now A(0<A<1) so that (1—A)c + Ab — min h < 0 and choose
K

a sequence (g,), of positive reals decreasing to 0 in such a way that
for every m = 1 we have:

(1=A™e,, + A™[(1—A)c+Ab— min h] < 0.
K

Define, by induction a sequence (¥;); in PSH,(X) in the following
way: u, is the constant function h(x,) and if wu,y,...,u,-, have
been chosen so that wu;(x,) = h(x,)(0<j<m—1), the compact set
E,={xeK; max wu(x)=h(x)+e,} does not contain x,, hence by

0<jsm—1
applying the above observation, there exists u, e PSH,(X) so that
Up(xe) = h(xy), y < con K and u,, < b onkE,,.

We now show that the function u = (1—7»)2 Mu; which is in
j=0
PSH,(K), verifies our claim. (If the u’s are not uniformly bounded
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below, we replace them by max (— M,u;) € PSH,(X) where M is a large

enough constant.) Indeed wu(x,) = h(x,) and to prove that u < h on K

we first note that it is obviously the case if supu; < h. Otherwise,
j

letm >0 be the first integer such that there exists x e £,., while
x¢ E,. Then u;(x) < h(x) + €, for 0 <j<m — 1 while uj(x) < b for
j > m. It follows that:

u(x) < 1-1[(h(x)+e,) mi N+ A"+ b i ]

= A=A (h(x)+€,) + (1—MA" + A™ %
= h(x) + (1=A™)g, + A"[(1=N)c+Ab—h(x)] < h(x).

For c¢) we shall prove that the functions in PSH,(K) that
are exposing for K are dense. By the Baire category theorem, it is
enough to show that for each >0, the set
O(e) = {9 e PSH,(K) ; 31>0, diam S(K,p,1)<e} is open and dense in
PSH,(K). Here S(K,p,t) denotes the set {x € K; @(x)> supo—1}.

K

Assume K < Ball(X) and note first that O(e) is trivially open. To
show it is dense, consider an open set Q in PSH,(K) and cover K
by a finite union of balls B, = B(x;,&/2%’). Denote by
F, = {¢ € PSH,(K); ¢ attains its maximum on K at a point of By}.

Since Q = () Q N Fy, there exists — by Baire’s category theorem — a
k

ko such that Q n F has a non-empty interior. Assume B(Y,o) = Q N Fy,
for some € PSH,(K) and o > 0. We shall show that e Q n O(g).
Actually we claim that S(K,{,7) < B(xk0,8/2”") for a small enough
> 0.

Indeed if yeS (K,y,1) but y ¢ B(x ,&/2"%), we consider the function
g in PSH(K) equal to g(x) = (||x~xko||”—s”/4)+. Note that g vanishes
on By ,g(y) >¢’/4 and 0 <g<2 on K. If yeS(K {,1), we claim

8t . .
that ¢ + — g does not attain its maximum on By . Indeed
€

sup (\j/ + 8—; g) = sup {, while
€ B

Bk, ko

8 8
sup <¢+—Z—g>><\p+ —Zg)(y)> sup Yy —1+21> sup Y= sup V.
K g € K K

B“O
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-1
This contradicts the faet that <1 + %) (\[1+ g g)'e B(y,a) = QN Fy,

for a small enough © > 0.

Remark 4.2. — The assumption of A-convexity is essential for the
above results to hold. Indeed, Kalton constructed recently in [K4] a
convex compact subset K of a quasi-Banachi space such that any
comtimuous plurisubbarmonic function on K is. necessarily constant. This.
means that K has no barriers.

The following is the main result of this section.

THEOREM 4.3. — Let X be a quasi-Banach space. The following
properties are then equivalent :

(1) Every function in H*(A,X) has radial limit a.s.

Q) X is A~comvex and every closed bounded subset of X is contained
in the closed plurisubharmonic Wl of its plurisubharmomwic denting
points.

(3) X is (A—p) convex for some p @<p<l), and for any clesed
bounded subset C of X, PSH,(X) contains a dense Gg-set consisting
of plurisubharmonic strong barriers for C.

4) X is (A—p) convex for some p(0<p<1l), and for any closed
bounded subset C of X and every bounded above upper semi-
continuous function f on C, the set {¢ € PSH,(X) ; f+ o strongly
exposes C} is a dense Gy in PSH,(X).

(5) X is (4—p) convex far some p(0<p<1) and all X-valued, L,
bounded PSH-martingales converge a.s.

Remarks. — The implication 1) => 5) was proved recently (for Banach
spaces) by Bu-Schachermayer in [BS] where they show that PSH-
martingales can be appropriately approximated by analytic martingales.
Our proof is less direct and goes first through the optimization
principle (4) which is the «analytic analogue » of results of Bourgain
[Bo] and Stegall [St] established in the context of the Radon-Nikodym
theory, and where they show that the perturbations can then be chosen
to be linear.

We shall deduce the above theorem from the following propositions.
The key will be the following — slightly more technical — condition
which is also equivalent to the above assertions.
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(4 bis) X is (A—p) convex for some p (0<p<l) and for every
application F from a set K into X such that F(K) is separable
and any real-valued function f on K verifying for some aeR
and B > 0, that f(t) < o — BIF(t)II® for all t € K, there exist
for every £€>0, a >0 and e PSH,(X) such that
p =sup {f()+o(F@k)),te K} < oo anddiam {F(t) ; t € K and
fO+oeFE@)>p—1 <e.

First define a plurisubharmonic slice of a set C to be any non-empty
subset of the form S(C,p) = C n {x € X; (x)>0} where ¢ is a function
in PSH, (X).

It is then easy to see that a point x in C is PSH-denting if and
only if it is contained in plurisubharmonic slices of C of arbitrarily
small diameter.

We first prove the following :

ProrosiTioN4.4. — Let X be a p-Banach space for some p(0<p<1).
Suppose for any € > 0 and every non-empty bounded subset C — X not
contained in B(0,(g/2)?), there exists a plurisubharmonic slice S(C,®)
of C such that S(C,9) n B(0,(g/2)'?) = @ and diam (S(C,p)) < &',
Then any F in H*(A,X) has radial limits a.s.

Proof. — Let F be an analytic function from A into X such that
|F(z)|| <1 for all ze A. To show it has radial limits a.s, it is enough
to prove — modulo a standard exhaustion argument — the following :

(*) For every measurable subset Q =« T with m(Q) > 0 and any
€ > 0, there exists a measurable subset Q' < Q with m(Q’) > 0 such
that lim sup || F(re®)— F(r'e®)|| < &' for almost all 8 in Q'. (Here m is

rrt1

Lebesgue measure on T.)

To prove (*), first choose an outer function H in H*(A,C) such
that |H(z)| = 1 if zeQ and |H(z)| = (¢/4)"" if ze T\Q. This can be
done by taking H = exp (log k+ih) where k is equal to 1 on Q and
(/4" on T\Q and h is the Hilbert transform of log k.

Let C = HF(A) < X. We distinguish two cases :
(1) If C = H-F(A) < B(0,(g/2)"?), then

lim sup || H(re®)- F(re®)— H(r'e®)F(r'e®)|| < g'/®
r,rfl
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for al ® in T and the conclusion follows since lim |H(re®)| = 1
rf1
if 6eQ.

2 If C=H-FA) is not contained in B(0,(g/2)"?), find a
plurisubharmonic slice S(@,C) of C with S(@,C) n B(0,(¢/2)'?) = @
and diam (S(@,C)) < &"?. The function 7 = ¢ o (H-F) is continuous
subharmonic on A, hence it has radial limits for almost all 6 e T. Let
7(0) = lim /(re”) and consider the set Q' = {# € T;7(0)>0}. Let us show

rt1

that Q' verifies the claims in (¥):

(i) m(Q) > 0: Indeed if Z < 0 as. on T, then since / is bounded
and /(W) is a submartingale, Z(W,) < E[Z(W,)|F] < 0 where
v=inf {t;|W,|>1}. This contradicts the fact that
Pl£(W)>0] = P[W,e (H-F)"'(S(9,C))] > 0.

(ii) @ < Q: For that we shall prove that Z < 0 on T\Q. Indeed
if 0eT\Q, then lim sup || H(re®)F(re®)|| < /27 It follows that

1

for r close enough to 1, we have (H-F)(re®) e B(0,&/2'7),
hence H-F(re®) ¢ S(¢,C) and /(re®) = o(H-F(re®)) < 0. Since
@ is continuous, we get that 7(8) < 0 for all © in T\Q.

Giii) If 6e€Q’, then limZ(re®) > 0, hence for r close enough
rt1

to 1, we have H-F@e®)eS(p,C). It follows that

lim sup | H-F(re®) — H-F(r'e®)|| < ¢'?. The rest follows again
r,rft

from the fact that if 0e Q < Q, then lim |H(@re®| = 1. O

rt1
ProposiTION 4.5. — Let X be a p-Banach space for some p(0<p<1)

and assume that all X-valued LP-bounded analytic martingales converge
a.s, then X verifies Property (4 bis).

Proof. — Define for each t € K the following function on X,
&(y) = inf {f(O)— f)+ly=F@)|’;ue K and [Fu)-F@)IF > g/2}.

If A is a countable subset of K such that F(A) is dense in F(K), it is
clear that the above infimum can be restricted to the elements of A.
Note also that the function ¢, is in LIP,(X) and is bounded below by
the constant f(t) — o, it then follows from Lemma 2.1 that &, is also
finite and belongs to PSH,(X). To establish the above Proposition, it
is enough to prove the following claim :

There exists t in A such that &,(F(t)) > 0.
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Indeed, in this case the set 4 = {s € K; f(s)+&,(F(s))> f(t)} is non-
empty since it contains t. Moreover, if se K is such that
"F(s)— F(t)|P > ¢/2, then by taking u = s'to get an upper bound for
€,(F(s)) we obtain

E(F(5)) < e(FN<SfO— f(5).
This means that s ¢ 4 and consequently .diam F(4) < &'”.

Back to the claim and assume it is not true: that is £,(F() <0
for all te K. Let (t,), be a sequence of positive reals so that

x

1= Y 1, < oo. We shall construct two sequences of random variables

n=1
(T)»nso and (U,),>, on TY such that.for each ne N
() T, is A-valued and |[F(T,s.)—F(T,)I” > /2.

(ii) U, is the k, — th variable of an X-valued analytic martingale
starting at 0 and

E[f(T,,)—f(T,Hl)‘i‘HF(T,,)‘*- Un+1—F(Tn+1)||p] < Tp+1-

Start with any ¢, in A and set T, ='t,. Suppose 7; and U; have
been constructed for j < n. Since for every weT"” we have that
Er,w(Th(®)) <0, we can.use Lemma2.l to find U,,, that is the

k.., — th variable of an X-valued analytic martingale starting at O such

that
Eler,(Tn(@)+ Upsy)] < Tpsy-

Use now the definition of € () to find a A-valued random variable
T,., such that (i) and (ii) hold.
Note that (ii) gives

EU(TO)—f(Tn+ 1)] <7

and hence that

EBIF(T,+)IFl < a = E[f(Tni)] S @ + 1 = f(to).

On the other hand we have

*) E[i H(F(Tn)_F(Tn+1)+Un+1||p] <1t - f(Ty) + a.

n=0
Hence
E[[(F(Tys) —F(To)— M, 1P <t — f(t) + o
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where (M,), is the subsequence of an analytic martingale defined by
My=0 and M, =U, + --- + U, for n> 0. Note that (M,), is
clearly L?-bounded and hence must: converge a.s by. the hypothesis. But
(*) implies that the sequence F(T,), also converges a.s. This clearly
contradicts (i) and the claim is therefore established.

We now deal with the problem of convergence of PSH-martingales.
Consider first a measurable function f from a probability space (Q,%,P)
into' a complete metric space (Z,d). We shall say that a point ®e Q
is regular for (f,%) if for every € > 0, there exists Be & with P(B) > 0
such that for every o' € B we have d(f(®), f(0')) < €. It is easy to see
that if (f,), is a countable sequence of random variables and if (Z,d)
is separable, then there is Q' = Q with P(Q’) = 1 such that every o € Q'
is regular for each f,.

ProPOSITION 4.6. — Let X be an (A—p) convex Banach space for
some p (0<p<1) which verifies Property (4 bis). Then

(i) Every X-valued and LP-bounded PSH-martingale converges a.s.
(ii) Every function in HP(A,X) has radial limits a.s.

Proofi — Let (M,), be an X-valued and LP-bounded PSH-martingale.
By a:standard exhaustion argument, it is enough to prove the following :

claim: For every measurable set A = Q with P(A) > 0 and any
€ > 0, there exists a measurable set A" = A with P(A") > 0 such that
for all we A’

lim sup | M, (©0) — M ()|” < €.

Note first that (||M,|”*), is an L>-bounded real submartingale. It
follows from Doob’s inequality that sup ||M,|’ e L'. The real submar-

tingale convergence theorem gives the L' as well as the almost sure
convergence of (||M,|°), to a random variable that we denote by Z.
Fix A < Q and € > 0 and let A > 0 be such that 4, = 4 N {Z<A}
has non-zero measure. Set D, = Q\A4,, h= — 15 (Z+A+1) and
h, = E[h;#,]. By the above remark we can find a measurable set
Q' < Q of full measure such that Yo € Q' we have h(ow) = lim h,(®),

Z(®) = lim || M,(0)|° and o is regular for the sequence {((h,,M,),F ,);

n>=0}
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We want to apply Property (4 bis) to the set K = N x Q' and the
functions F(n,0) = M,(0) and f(n,0) = h,(w). For that let us check
that we have the right hypothesis. First f is clearly bounded above by
0. On the other hand we have for all (n,0)€ K that

f(n,0)) <X = |F(n,0)l".
Indeed, if (n,0) € K and since o is regular, there exists for every € > 0,
a set Ce #,, with P(C) > 0 such that
M, (@)|IF < L | M,|P dP + € < L ZdP+¢
o P(C) " P(C) ).

1
J(x+1m(z+x+1))dp+e—x— —~j h,dP + ¢

P(C) P(C)

< A — h,(0) +2¢.
Apply now Property (4 bis) to obtain ¢ € PSH,(X) such that
p = sup {h,(0) + ¢(M,(®)) ; (n,0) € K} < 0
and a t©(0<t<1) such that diam (F(K,)) < &"? where
Ky, = {(n,0) e K; h,(0)+ o(M,(0))>p—1}.

The real submartingale ¢(M,), converges a.s and in L' to a random
variable . Let

={0eQ"; (h+V{)(0)>p—1}

where Q" is the subset of Q' on which @(M,), converges to V. It is
clear that if me A’ then (n,0) € K, for n large enough which implies
that

lim sup | M,(®0)— M, (0)|” < .

So it remains to show that A = A while having a non-zero measure.
For that, we first show that

Y <Z+ A+ p on the set Q".

Indeed, for w,€ 4, N Q" we have lim h,,(®,) = 0 hence

V(@) = lim (hn(@o) + @ (M(00))) < p



PLURISUBHARMONIC MARTINGALES 1039

It follows that for any ®e Q" we have
V(@) — V(o) <lim [| M, (@) = M, (0,) [P S Z (@) + Z(w,) < Z(0) + L.
But this implies that 4" < 4, since if ® € Q"\4, we have

(h+ ) (@) = (Y —15(Z+1+ D} ()
=V(@-Z(@-rA-1<p-—r,

hence ¢ A’. To show that the latter has a non zero measure, pick
(n,,0,) € K,. Since o, is regular for {(h,,, M, ), #, } there exists Ce F,,
with P(C) > 0 and h, (0) + ¢(M, (w)) > p — 1 for all ®e C. By the
submartingale property, we get

1 1
p—1t< mj‘c(hnl+(p(Mnl)) dP < —ﬁc-j,[c(h+¢) dp.

This clearly implies that P(4') > 0 and claim (i) of the proposition is
proved.

(ii) Let now F be a function in H?(A,X). As above we shall prove
that for any € > 0, any measurable subset 4 of T with Lebesgue
measure m(4) > 0, contains a set 4 such that m(4') > 0 and

limsup || F(rt)— F(r't)||” < €.
r,r’'11

To do that, note first that the real-valued subharmonic function ||F||?
has radial limits almost surely and in L'. Let Z:T - R be such a
limit and choose A > 0 such that the set 4, = 4 n {Z<A} has non-
zero measure. Set B, = T\A,, and let f be the harmonic extension of
— 15 (Z+X\+1) to A. Again the function f admits radial limits in L'
and almost surely. If ze A we have

IF@I° < J Z(t) dP.(1)
< J A+ 15 (Z+A+1)}dP,()) = A — f(2)

hence f(z) < A — ||F(2)||® for all ze A, and we can therefore apply
property (4bis) to f, F, and K= A, to obtain ¢ € PSH,(X) such
that

p =sup{f(2)+o(F(2));z€eA} < ©
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and a 1(0<t<1) such that diam (F(A,)) < &' where
Ay ={zeA f(D)+o(F(2))>p—1}.
Since sup @ (F(rt)) e L'(T), the real-valued subharmonic function ¢ o F

r<1

converges almost surely and in L' to a limit yye L*(T). Let

A" ={teT;(f+V)O)>p—1}.

It is clear that for almost all te A’, rte A, if r is close enough to 1,
and consequently

limsup | F(rt)— F(r'n)||* < e.
rr't1

So it remains to show that 4" = 4 and that m(4’) > 0.

For that, note first that if t,e 4, we have lim f(rt,) = 0, hence
rfi

V(t,) = ligl {f(rt)) +o(F(rty))} < p.
If teT, then

V() — V(t,) < hm[[F(rt)—F(re,)lI” < Z(@1) + Z(t)) < Z(1) + A
rf1

hence V() < Z(t) + A + p. But this implies that A’ = 4, since if
te B, = T\A,, then
f+HP@O=-CZO+A+) V@ <p—-1<p-1

and hence t¢ A'. To show that the latter has a non-zero measure,
pick z, € A, and note that

p—1<f(z)+ ¢F(z,)) < J()“r‘ll)szl.
This clearly implies that m(4’) > 0 and claim (ii) of the Proposition is
proved.
Now we can prove Theorem 4.3.

(1) = (4 bis). By Proposition 3.4, there exists p (0<p<1) such that
an equivalent quasi-norm is p-subadditive and for which all L?-bounded,
X-valued analytic martingales converge a.s. The rest follows from
Proposition 4.5.

(4 bis) = (5) and (1). This is Proposition 4.6.
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(4 bis) = (4). Let C be a closed bounded subset of X and let f: C - R
be a bounded above upper semi-continuous function. Apply (4 bis) to
f, K= C and F(x) = x to obtain for each ¢ > 0 a ¢ € PSH ,(X) and
T > 0 such that the set

S(Cf+9,1) = {xeC(fto)(x) > s%p(f+<p)—r}

has a diameter less than ¢. The rest of the claim will follow from a
standard application of the Baire category theorem. (See for instance
[Bo] or [GLM].)

(4) = (3) is obvious.

(3)=(@2) LetopePSH,(X) such that Cn{e>0} # 0. Choose
V € PSH ,(X) such that su;c) [(V(x)—@(x)| < & and \ strongly exposes C

at xoe C. It is clear that when € is chosen small enough, x, would
belong to C n {¢>0}.

(2) = (1) Let|| || be a plurisubharmonic equivalent quasi-norm such
that || ||? is subadditive. If C & B(0,¢), this means that C n {@>¢} is
a non-empty PSH-slice where ¢(x) = ||x|| is clearly in PSH,(X).
Hence 2) implies the hypothesis of Proposition4.4 which in turn
implies 1) .

We also note that (4) can be used to prove (4 bis) directly. Indeed,
if K, f, F and ¢ are as in the hypothesis of (4 bis), consider the
function g defined on C = F(K) by

g(x) =sup{h(t);te K and F(t)=x}.

It is clearly bounded above on C and let § be its «upper semi-
continuous regularization » on C, i.e. for every xeC,
g(x) = limsup g(y).
yeCy—x

Apply the optimization principle (4) to find ¢ € PSH ,(X) such that the
set C, = {xe C:g(x)+¢(x)>0} is non-empty and diam (C,) < ¢. The
set C, = {xeC:g(x)+o(x)>0} is non-empty and is contained in C,.
LetK, = {teK: f(t)+@(F(t))>0}. It is easy to verify that it is also
non-empty, that its image under F is contained in C, and hence
diam (F(K,)) < €.

Remark 4.7. — a) Recently S. Bu[Bu] showed that the existence of
a function in H*(A, X)) that does not have radial limits on a set of
positive measure, actually implies the existence of a function in H (A, X)
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that has radial limits nowhere — i.. there is n > 0 such that for
almost all 0 €T, limsup|f(re®)— f(r'e®)| > n. This clearly implies
r,r'f1

that Theorem 4.3 holds if and only if every closed bounded subset of
X has plurisubharmonic slices of arbitrarily small diameter : a hypothesis
which is slightly weaker than assertion (2) of Theorem 4.3.

b) One may ask whether Theorem 4.3 implies the existence of
holomorphic slices of arbitrarily small diameter for closed subsets of X:
that is slices of the form {x e C;$(x)> sup ¢ —a} where ¢ is the real

C

part of a holomorphic function on X (i.e. a pluriharmonic function).
The example of L' gives a negative answer. Indeed any holomorphic
function on L' is necessarily weakly continuous since one can easily
see that monomials p(f,,...,f,) on L' can be written as

p(fisfor- s fo) = jj Jfl(xl)fz(xz) coe Ja(xn)

K(x1,%5, ..., X,) dxdx,, ..., dx,
where K(x,X,,...,X,) is an L*-bounded kernel.

It follows that slices determined by holomorphic functions give rise
to weak neighborhoods in L'. Since the unit ball of L' has no points
of weak to norm continuity, one cannot expect such slices to have
arbitrarily norm small diameter. The case where slices can be determined
by weakly continuous plurisubharmonic or pluriharmonic functions is
studied in [GMS].

5. A plurisubharmonic renorming
and an integral representation.

The following is the main result of this section

THEOREM 5.1. — Let X be a separable quasi-Banach space. The
following assertions are equivalent :

1) Every function in H*(A,X) has radial limits a.s.

2) X is (A—p) convex for some 0 < p < 1 and there exists a
uniformly bounded countable family {/, ;;(n,i) € N*} in PSH,(X) such that
every bounded sequence (x;), in X is convergent if and only if it verifies :

a) (£,.:(xp)x is a Cauchy sequence for each (n,i)e N>.
b) lim sup £, (xx) = sup lim ¢, ;(x;) for each ne N.
k i i k
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We start by proving 1) = 2) which can be seen as the « plurisub-
harmonic » analogue of the Asymptotic-norming property introduced by
James-Ho [JH] :\A property shown to be — for separable Banach spaces
— equivalent to the Radon-Nikodym property in [GM2]. Let us say
that a subset C of X verifies the PSH-optimization principle if for every
proper (i.e. not identically + o0), bounded below and lower semi-
continuous function f:C - Ru{+oo}, the set {pe PSH,(X); f—o
strongly exposes C from below} is a dense G5 in PSH,(X). We shall say
that a fonction g p-strongly exposes C from below for some p > 0 if
there exists a>0 such that Cn{g<a}# ¢ and diam (Cn{g<a})<p.

We denote by P?H,,(C)’, the set of functions on C that are supremum
(on C) of families of functions in PSH,(X). In the sequel we shall
assume that the set C is contained in the unit ball of X. The following
lemma is borrowed from [GMS].

LEmMMA 5.2. — Let C be a separable closed bounded subset of X
verifying the PSH-optimization principle, then there exists a separable
closed convex subset %, of PSH,(X) such that for every proper lower
semi-continuous fonction f: C — [0,+ 0] and any & > 0, there exists
oeSy, lloll, < e and f — @ strongly exposes C from below.

N
Proof. — We proceed in two steps. First we establish the following :

Claim. — For a given € > 0 and a separable subset & = PSH,(X),
there exists a sequence (@,), in PSH,(X) such that for every V in @
and any proper lsc. f: C—-[0, + o], there is neN so that
W — @,ll, < e and f — @, estrongly exposes C from below.

Indeed, first fix { in & and proceed with the following transfinite
induction : Start with ¢, = ¢, = 0 and suppose that up to the ordinal

a, functions (@p)s<y in PSH,(X) and ($p)p<y in Pfff{p(C) have been
chosen. We denote by Fy = Epi(§g) = {(x,1) e C x[0,00]; Pp(x)<A}. )

(@) If o = B + 1 and Fy # @, use the hypothesis to find ¢, € PSH ,(X)
and ¢, € R such that

W=, <&2 and S, ={xeC; (@~ @) (x)<ci
non-empty while diam (S,) <1 g. Then set ¢, = ¢p V (@ +¢,).

(i) If o is a limit ordinal, we let ¢, = ¥ and ¢, = sup ¢p on C.
B<a

Since C X [0,+ o] is separable, and since (F,), is a decreasing
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family of closed subsets, there exists y < Q (the first uncountable
ordinal) such that F, = @. This implies that ¢, + oo.

Suppose now f: C — [0, + 0] is proper and-lower-semi-continuous
and let o < y be the first ordinal such that ¢, is not less or equal to
f. That is, g < fifor.all B < a while ¢, £ f. It follows that o is
necessarily of the form:f + 1 and @, + ¢, is not less or equal than f.
Hence S ={xeC;(f—9)(x)<c is a non-empty subset of S,. In
other words, f — ¢ e-exposes C from below, while |y —o,ll, < &/2.

To finish the proof of the claim, it is enough to do the construction
for a dense sequence (Y)2, of &, to obtain a countable set
{@s€ PSH,(X); a<vy,,i e N} that will do the job.

To establish the lemma, we proceed with the following induction :
Set &, = {0} and apply the above claim to & = &, and € = 1 to obtain
a sequence (¢,), in PSH,{X). Then let &, be the convex set generated
by (¢;),. More generdlly, assume ¢, < &, < --- < ¢, have been
defined. Apply the claim to & = @, and € = 1/k to obtain an appropriate
sequence’ (@f), inPSH,(X). We then let &,., be the convex set
generated by @,.and (¢f),. Finally set %, = the closure of ()& in

k

PSH,(X).

If now f: C —>[0,+o0] is proper and lower semi-continuous, we
obtain that for every € > 0, the set O(c) = {¢p € ¥, ;f— ¢ e-strongly
exposes C from below} is dense and open in &,. The rest follows from
Baire’s category theorem.

LemMma 5.3. — Let C be a separable closed bounded subset of X
verifying the PSH-optimization principle, then there exists a separable
convex cone & < PSH,(X) such that if we denote by & the evaluation
map from C into the:idual of P = & — % equipped with || ||,, the
following then holds :

(i) 6: C — P* is.a p-isometry from C onto its image 8(C), that is
186, —8,ll¥ = I x—yll® for every x, y in C.

(ii) 6(C)*\8(C) = U L, where each L, is a weak*-compact subset

of P* of the form: L, = <ﬂ {(p,,,,,,<0}> e <O {—l//n,i<0}>

meN
where (@, m)men (resp. (\l/,,_i)ﬁ”o) is a countable (resp. finite) family
of elements in PSH,(X) with || ||,-norm less than one. Moreover,
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(iii) There exists a sequence (A,), of reals such that for each ne N
we have for all x e C

h,(x) = (,s,,‘i% Onm(x)) V (sup (—V,:(x)) =21, >0.

0<iSN,

Remark. — In the above Lemma and the sequel we will be identifying

. . . ——*
functions on C with their extensions to the.weak*-closure 3(C) of
d(C) in P*. No confusion can occur as long as we are dealing with
functions in & .

Proof. — Let &, be the separable subset of PSH,(X) obtained in
Lemma 5.2. We can assume without loss that it contains the constant
functions. Let (x,), be a dense sequence in C and consider the countable
family &, of functions (¢,), in PSH,(X) defined by ¢,(x) =/|x—x,||?
for each n. Let & be the separable convex subcone of PSH,(X)
generated by &%, u &, and let P be the vector space ¥ — & equipped
with || ||,. The evaluation map &: C — P* is defined for each xe C
by 3,(¢) = ¢(x) for all ¢ € P. It is clear that [[3,—6,|¥ = [[x—yl/® for
all x, y in C and that 3(C) is a bounded closed subset of P* which
is identifiable to C. One can also easily see:that 6(C) is a weak*-G;

in its weak*-closure K = B(C)* in P*. This will. alsofollow from the
representation of 8(C) claimed in (ii) and that we shall establish in the
following three steps :

Step (1). — We claim that for any closed subset F < C and any
€ > 0, there exists a non-empty slice S = Fn {¢>0} where ¢ €%,
such that diam (S) < ¢. Indeed, let f: C — [0,1] be defined by
fx)=0 if xeF and f(x)=1 if xeC\F. Since f is ls.c, use
Lemma 5.2 to find ¢e %, llol, < 1/2 such that f — ¢ strongly
exposes C from below at a point x,. It is clear that x,€ F and that
lim diam {x€ F; o(x)>o(x,)—a} = 0.

«l0
Step (2). — We now prove that 8(C) = ﬂ (Kx v O,) where each'
k

K, is w*-compact in P* and each O, issa countable union of w*-open-'
sets in P* of the form {¢>0} where ¢ .%,.

Indeed, for each € > 0, we define by transfinite induction a decreasing
family of norm closed subsets (F,) of C in the following manner :

() F, = C.
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(@) If «=PB+ 1 and Fz # @, use step (1) to find gze &, with
ll@gll, < 1 such that Hyn F; is non-empty and has diameter
less than €, where Hy = {x € X ; @g(x)>0}. Then set F, = F;\Hj.

(iii) If o is a limit ordinal, let F, = () Fj.

B<a

Since C is separable, there exists a countable ordinal y, so that
F,=0. Let K; be the w*closure of &(F;) in P* and let
ﬁB = {pe P*; @s(n)>0} for each B < y.. It is clear that:

3O = N (Kau (U ﬁ;,))
a<ye B<a

If now p belongs to the right hand side, there is f < y, such that
pe Ky Hy. Hence there is a sequence (x;); in Fyn Hy such that
p = weak* — lim3,,. Since diam (FnHp) <& we get that

j

distp* (1, (8(C))) < €. It follows that if we repeat the construction for

each € = 1/n, we obtain from the fact that 3(C) is norm closed in
P* | that

3O =N <Ka_,,u U ﬁB,n)-

noa<y,
This clearly gives the above claim.
Step (3). — After relabeling we can write 8(C) = () (K,uO,) where

k

each Oy is of the form u,,fl'k',,. Since each K, is w*-compact, we can
write P*\K, as a countable union of sets of the form

L M
V= (ﬂ{—\u;<0}>m< N {(p}<0}> where V; and @] belong to &
i=0

J=L+1 B

and |@jll, < 1. On the other hand, each P*\O, is of the form

() {¢k,<0} where again ¢;,€% for all (k,/). An obvious relabeling
(=0
gives now conclusion (ii) of the Lemma. That is B(C)*\B(C) =)L,

0 N n
where each L; is of the form L;=(ﬂ {(pﬁ,y,,,éO})n(ﬂ {—\IA,_,SO})
i=0

m=0

where ¢, and V{,; belong to & and their || ||,-norm is less than one.

We shall now split each L} in such a way that conclusion (iii) holds
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true. This will be done in the next two steps. We need the following

notation : for each weak*-compact subset L < K = S(C)*, we define
the function @, on K by @,.(x) = sup{o(x)—supo; ¢oe& and
L

lloll,<1}. Note that &, is always non-negative.
Step (4). — We now show the following :

—%
(*) Let x be a function on 8(C) that is lower semi-continuous and

bounded above by one. Let L be a weak*-compact subset of %* such
that : x <0 on L and ($,Vx)(x) > 0 for each x in 8(C). There exists
then A>0 and VYe¥ < PSH,(X) with |V, <5 such that
S=Ln{>0#0and 3,V x V(—y)=A>0 on §(C).

Indeed, use Lemma 5.2 to find he &, with ||h]|, < 1/4 and an x,
in C such that ($,Vyx) — h attains its minimum on C at x,. That is

PV X = @V + h(x) = h(x)  for all  xeC.

Let A = %((T)LVx)(xo) and ¥ = 4h — 4h(x,) + 3\ which is in & . Note
that A > 0 and |||, < S.

Moreover, @, V x = A on Cn{h>h(x)—A}, while —\{y > A on
Cn{h<h(xy))—A}. Hence @, Vx V(—V{) = A on C.

On the other hand, note that if ye L\S, then 4h(y) < 4h(x,) — 3\
hence :

(@risVA)(x0) = Prys(xo) = 4h(xo) — SLl\l? 4h
> 4h(x,) — 4h(xo) + 3\ = 3/2(, V x(x0)) -

This clearly implies that S # @ and the claim is proved.

' ek
Step (5). — Consider now a weak*-compact subset L < §(C) such

© M
that LNn&8(C)=0 and L = (ﬂ {(p2<0}> N (ﬂ {—-\Ll;sO}) where @}
k=0 i=0

and V; belong to & for all (k,i). Define x = sup (—V;) on S(C)*

1SiSN
and note that y < 0 on L while (¢ Vx)(x) > 0 for each x in C. Use
step (4) — with an appropriate normalization — to find A, > 0 and
Voe¥ with |y, <1 such that S,=Ln{y,>0#@ and
o,V V(=Y =A>00nC.Set L, = L\S,. By transfinite induction,
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we can define a decreasing family of weak*-compact subsets (L,), of L

and a family ({,), of functions in & < PSH,(X) in the following
manner :

() If a =B + 1 and Ly = @ apply step (4) to G, V x to get Yy &
and A;>0 such that S;=L;n{yy>0}#0 and
(I)L‘3 Vx V(=V¥g) =24 >0 on C. Then set L, = Ly\S;.
(ii) If o is a limit ordinal we write L, = ) Lg.
B<a
Since L is weak*-metrizable, there exists a countable ordinal such
that L, =@. It follows that L= |JS; and for each B <y,
B<y

Bsy VLV (=¥)=h >0 on C while s, V x V(=) <0 on Sy

Since 3(C) * is weak*-metrizable we can find for each § < v, a countable
family (h), in & such that for every x, (T)SB(x) =

sup {h,(x)— sup h;h, € & and |hJl, < 1}. For a fixed B <y we can
Sp

relabel the countable family {h,— sup h,}, of functions in & to get
Sp

{0k} and also add to the finite family (y;)}, the function Y, to obtain

— after relabeling — the family {\y,;}M%{*. It is now clear that

= (ﬂ {cpk<0}> N ( N {—wi<0})
k=0 i=1
while

(sup @x(x)) V ( sup — Vy(x)) = A3 > 0 for each x in C.
ke N i

1ISisM+1

By splitting in a similar fashion each L, obtained in step (3) we
finally obtain claim (iii) of Lemma 5.3. O

Now, we can prove the implication 1) = 2) of Theorem 5.1. By
Theorem 4.3, every closed bounded subset C verifies the PSH-optimization
principle. Assume now X is separable and apply Lemma 5.3 to C equal
the unit ball of X, to obtain functions {@,,;(n,m)eN?} and
{V,:;neN,1<i<N,} in PSH,(X) verifying the conclusion of the
lemma. Let (x,), be a dense sequence in Ball(X) and consider the
functions . ¢,(x) = ||[x—x,|’ which are also in- PSH,(X). The double
indexed family (¢, ;) required in Theorem 5.1 can be defined as follows :
Let M,, M, and M, be three independent copies of N. Define the
family {¢,;;ne M,ie N} where M = M, U M, U M, in the following
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fashion: If ne M, let £,, = @, for all ieN. If neM, let £,, = V,;
for 1 <i < N, and 0 otherwise. If ne M, we let 7, = ¢, for all ie N.

Let (x,); be a sequence in C verifying a) and b) of assertion (2) in

Theorem 5.1. Let x* be a weak*-cluster point of (3,,)x in S(C)*. We

claim that x* € 8(C). Indeed if not, there exists n such that x*e L,,

hence ¢, ;(x*) <0 for all i and — V,;(x*) <0, for all 0 <i<N,.

On the other hand from b) we get lim sup @, ;(x;) = sup @,;(x*) = v,
k i i

and since N, is finite, a) gives

lim max (—V,(xy) = max (=, (x*) = v,.

k 0<i<Ny, 0<i<N,
But y, V v, = A, > 0 which is a contradiction. Hence x* € C. Finally,
since @,(x;) = 0,(x*) for each n, we have lim |[x,—x*| =0 as in
Lemma 3.1. *

Proof of 2) = 1). — In view of Proposition 3.4 we need to show
that uniformly bounded X-valued analytic martingales converge almost
surely. Our proof will actually cover the case of all PSH-martingales.

Let (F,); be a PSH-martingale with values in the unit ball of X.
Apply assertion (2) of Theorem 5.1 to obtain an appropriate sequence
{£n.:.(n,i)eN?} in PSH,(X) so that ||£,,ll, <1 for all (n,i). We shall
need the following result ([N], Lemma V.2.9).

LemMa 5.4. — Consider a countable family I of real valued
submartingales {(X%);;i€ I} such that sup E sup (Xy)* < + oo. Then for
k i

each iel, (X)), converges a.s. to a random variable X' . Moreover,
(sup X converges to sup X, a.s.
i i

To finish the proof of assertion (1) of Theorem 5.1, it is now
enough to apply Lemma 5.4 for each n to the family of submartingales
{(XDx=(Zn.:(F)x;i € N}. The conclusions of the Lemma correspond to
conditions a), b) of assertion (2) of the theorem. This implies that
(Fy)x converges a.s. in X. O

Remark 5.5. — By comparing to section 3, the conclusion of Lemma
5.3 looks like a certain PSHj-representation of C in some compactification

P*. However the injection of X into Y* is not holomorphic and the
N

existence of components of the form () { —y,<0} where V, e PSH,(X),

i=0
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destroys the symmetry in the representation of C. This is not surprising
since PSH,(X) is a cone and not a vector space. However, one can
remedy the situation by introducing the following concepts :

Say that a map S:X — Y between X and a Banach space Y is
pluri-quasiharmonic if for every y*e Y*, y* o S is the difference of two

functions in PSH,.(X). Say that such a map is a symmetrized P?fls-
injection if S(Bx)\S(Bx) = |J F, where each F, is a closed set which is

strictly separated from S(By) by a function h, verifying that h,o S is

the difference of two functions in P/S\I':I,,C(BX). In other words,

inf h, > sup h, for each n.
S(By) L,

Consider now any dense range operator 7: ¢, » P such that
T(/;) < & where P and & are the space and cone considered in
Lemma 5.3. Define S = T*0d where d is the evaluation map. Note
that for any positive linear functional x* in /,, we have that
x*o Se PSH,(X) so that S: X — ¢, is a pluri-quasiharmonic map. On
the other hand the functions h, = (sup ©,,,) V (sup —V, ) appearing

o<i<n —~ —_~
in Lemma 5.3 can easily be replaced by functions in PSHj, — PSH,,
which means that S is a symmetrized PfS\f-Ia-injection. This combined
with an adaptation of the proof of 2) = 1) via Lemma 5.4, gives the
following :

PRrOPOSITION 5.6. — Let X be a separable quasi-Banach space. The
following properties are equivalent :

1) Every function in H*(A,X) has radial limits a.s.

2) There exists a pluri-quasiharmonic symmetrized PSHjg-injection from
X into ¢,.

Remark 5.7. — A typical example of the above is when X is an
A-convex quasi-Banach lattice not containing c¢,. Kalton [K1] had shown
that there exists p so that the p-convexification of X is a Banach lattice
Y not containing c,. By representing Y as a function space between
L* and L' [LT], one can easily deduce that there exists a linear semi-
embedding S, from X into L”. Since for any Borel set 4 < [0,1], the

function f — f |fI? is plurisubharmonic on L?, we obtain that the map
A
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S,: L? - L' defined by S,(f) = |f|® is a pluri-quasiharmonic semi-
embedding. The same is true for the map 7 = S,S,: X - L'. Proposition
5.6 gives then another proof of the fact established in [K1], that
functions in H*(A,X) have radial limits a.s. O

In the remainder of this section, we shall discuss the problem of
integral representation in terms of Jensen measures. The methods will
consist of appropriate modifications and refinements of those developed
by Edgar [E3], [4] in the non-compact but convex setting. So the proofs
will be sketchy when the adaptations are immediate. Other integral
representations — in terms of « analytic measures » — are also carried
out by B. Khaoulani in [KH].

In the sequel C will be a separable closed bounded and J-convex
subset of an (4-—p) convex quasi-Banach space X. The set 2(C)
consisting of tight Borel probability measures on C will be identified
with a closed bounded convex subset of the space LIP,(C)*. It is also
known that if (u,), is a net in 2(C) and pe #(C), then p, — p in the
norm of LIP,(C)* if and only if {p,,f> — {,f) for all continuous
and bounded functions f on C. For the proofs see Dudley [Dud].
Denote now by J(C) the subset of 2(C) consisting of the Jensen
measures. It is easy to see that J(C) is norm closed in #(C). A Jensen-
dilation will be any Borel map T: C — J(C) such that any x in C is
the J-barycenter of Tx. On J(C) we define the order p<v if
(U, f> <<, f) for every fin PSHL(C).

The following proposition is well known in the case where the order
is defined by the cone of convex continuous functions. A proof of that
case — inspired by V.Strassen — and used in [E4] can be easily
adapted to show the following.

ProrosiTioN 5.8. — Assume p and v in J(C). The following are
equivalent :

Dp<w

2) There exists a Jensen dilation T:C — J(C) such that {v,f) =
j(T(x), f>dp(x) for all continuous bounded function f on C.

3) There exist a probability space (Q,%,,P), a c-algebra F, = F,
and two C-valued random variables (F,,F,) adapted to (¥,,%,) such
that W (resp. v) is the distribution of F, (resp. F,) and {F,,F,} is a
PSH-martingale.
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Sketch of proof. — 1) = 2) Let €,(C) be the space of all continuous
bounded functions on C and define for each f e C,(C) the function
f(x) = inf {p(x); —¢ € PSH,(X) and ¢>f}.

On the vector space S of all simple Borel functions 8: C —» C,(C),

define the sublinear functional p: S — R by p(8) = | 6(x) (x) d(x). Let

S, be the subspace of S generated by the functions of the form . ® f
defined by

(1a® () = {g e

Define on S, the linear functional Z(x.®f) = {v,f).

The order p < v implies that # < p on S,. Let 7 be any Hahn-
Banach extension of Z to the whole space S. One can then check that
the vector measure m: X — C,(C)* defined on the Borel o-field £ of
C by (m(A4),h> = Z(3.®h) for all A€ X and h e C,(C), has average
m(4)
n(4)
the R.N.P [E4], m has a density T: C —» #(C). It is easy to check
that T is valued in J(C) and that v is a dilation of u by T.

range in 2(C): that is e Z(C) for all 4 € X. Since the latter has

2)=>3) Suppose v=T(u). Let Q=C x C, ,=X x I and
F.,={C,0} x . Define F,, F,: Q- C by F,(x,y) = x, Fy(x,y) = y.

Define P on Z, by P(D) = | T(x)(D,) du(x) where

D, = {ye C;(x,y) e D)}. The reader can easily check that (F,,#,),
(F,, #,) verify the claim in 3).

The implication 3) = 1) is immediate.

Now we can show the following :

THEOREM 5.9. — Let X be a quasi-Banach space such that every
function in H*(A,X) has radial limits a.s. Assume C is a separable closed
bounded J-convex subset of X then :

a) Any sequence (W,), in P(C) such that p, < p, < -+« <p, < ---
is convergent to W, in P(C) and p, < p, for each neN.

b) The set Jbr(C) of all Jensen boundary points is co-analytic and
non-empty.
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c) Any point in C is the barycenter of a Jensen Radon probability
measure supported on Jbor(C).

Sketch of Proof. — a) Follows immediately from Proposition 5.8
and the convergence of PSH-martingale shown in Theorem 5.1.

b) That Jbr(C) # @ follows from Theorem 4.3. For the rest, note
that the barycentric map r is continuous from J(C) — C and that
C\Jbr(C) is the image by r of the set J(C)\{d, ; x € C} which is clearly
open. Hence Jbr(C) is co-analytic in C.

c) First notice that since (C) is a complete metric space, assertion
a) implies that for any pe J(C), the family 4, = {veJ(C);p < v} is
a Zorn family. It follows that for any xe C, there exists a maximal
element v in A4; . Since C is separable, the Von Neumann selection
theorem [E3] gives a universally measurable function S: C — J(C) such
that r(S(x)) = x for all x while S(x) = §, if and only x € Jbr(C). We
can assume that S is Borel measurable — modulo redefining S(x) = 0,
on a v-nul set — and hence that S is a Jensen dilation. Since V is
maximal we have that v = SV which means that v(Jbr(C)) = 1.

6. Appendix : Embedding Hardy martingales
into analytic functions.

We shall now give a general result about « embedding » analytic
martingales (and more generally Hardy martingales) into analytic functions.
This procedure makes the connection between the two concepts more
transparent and allows direct proofs for some related results already
established by Edgar [E2] and Kalton [K1]. (Se¢ also Lemma 2.1 ‘and
Proposition 3.4.) o

Let X be a quasi-Banach space. Following Garling [Garl] we shall
call Hardy martingale any X-valued PSH-martingale (M,), on Q = TV
such that each martingale difference d, = M, — M,_, is a function on
T" that is analytic in the last variable. Note that the martingale (44,),
is here adapted to the o-fields (X,), where for each n, X, is generated
by the first n coordinates. It is clear that if X is a Banach space the
above definition coincides with the one of Garling: that is (M,), is a
martingale verifying E[d,e*»|X,.,] =0 for all k=0,1,2,.... It is
also clear that analytic martingales are a special kind of Hardy
martingales.
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THEOREM 6.1. — Let X be an A-convex quasi-Banach space and
let (M), be an X-valued Hardy martingale with corresponding martingale
difference (d,), such that d, is a continuous function on T". Then, for
any sequence of positive reals (g,),, there exists a surjective continuous
map p: T - TY, a sequence of positive reals (r,), strictly increasing to
1, and an X-valued analytic function F on A such that :

a) The image of Lebesgue measure on T by p is the product Lebesgue
measure on TV,

b) For all neN and all 6T we have :
HF(rn+1eie) - F(rneie) = duir (P < €.

) If we denote by t, (resp. 1) the first time complex Brownian motion
W, starting at O hits the circle of radius r, (resp. of radius 1) and by
q(®) the function p(W.,,(®)) then :

(E“F(Wt,,) - F(th_l) - dn(q)nz)ll2 < g,.

Proof. — For simplicity we shall assume that X is a Banach space.
For every positive integer n, we denote by j, the map from [0, 1]” onto
T" defined by :

jn(sl,,- . ,Sn) = (e2in$1, e ,eZins").

For n < m, we let P, , be the natural projection from T™ onto T"
or the natural projection from [0,1]" onto [0,1]". P, will be the
projection from the infinite product TV or [0,1]" onto T" or [0,1]".
The Lebesgue probability measure on T is noted A and the measure
on TY given by the infinite product of copies of A is denoted A, . The
metric on T” or [0,1]" will be the metric given by the supremum norm.
We shall need the following terminology :

Say that © = ((I,, Cy, @u)ec 4), P) 1S an n-dimensional P-family provided :

— A is a finite set with cardinality 2* for some integer k;

— (I)yea is a family of closed sub-intervals of [0,1] which is a
permutation of the family {[(—1)27%j27*};j=1,,...,2*};

— each C, is a closed convex subset of [0,1]" with Lebesgue measure
equal to 27%, and such that

01" = U G

a€eA
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— p is a continuous map from T into T";

— for every ae 4, ¢, is an affine map from I, into C, so that for
every sel, we have j,(9.(s))=p(j(s));

We shall call diam (r) the maximum of the diameters of the sets
C, for ain A. If p = ((J5, Dp, Vp)pe ), q) is an m-dimensional P-family,
we say that p extends n if n < m and if the following conditions hold :

(+) the cardinality of B is greater than the cardinality of A4 ;

(++) Jpc I,= P, Dy = C,; if furthermore J, and I, have a
common endpoint s then P, ,Ys(s) = @u(s).

With the above notation, one can easily see that:

(*) If p extends m then |P,,.q()—p@)| < 2ndiam (n) for every
teT.

Suppose now (m,) is a sequence such that for every n, m, is an
n-dimensional P-family, with an associated function p, from T into T",
while m,,, extends m, and diam (n,) decreases to 0 ; it is easy to see
that there exists a unique continuous mapping p from T onto T such
that P,(p(t)) = lim,_ P, .pn(t) for every n, and the image measure
p(A) is equal to A,. We actually want to construct a sequence (m,),
as above with some additional properties. First note that since d, is a
continuous function on T" we can find a positive real number a, such
that |u,—u,| < 2na, = ||d,(u,)—d,(u,)|| < &, for all u,,u, inT".

We now construct inductively the sequence (n,, p,), and an increasing
sequence (r,), in (0,1) in such a way that for eachn:

(i) m, extends m,_, and diam (n,) < a,.
@i1) |d,(p. (1)) — Q. (®)ll < e, where Q, is an X-valued complex

polynomial such that ||Q.(rt)ll < e,/2" for all teT and
0<<r<r,,.

(iii) r, is such that (1—r,) <27, Y [|Q;(r.t)—Q;(r))ll < €4, for
j=1

all teT and r, <r <1, and Y 10 llupw2(A—=7)]"* < €54y
j=1

Let us first show how the conclusion of the Theorem follows once
the construction is accomplished. Consider F(z) = ) Q,(z). Since r,

n=0
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tends to 1, (ii) implies that this series converges uniformly on compact

subsets of A. From (i) and (*) we deduce that |P,(p(t))—p.(t)| < 2ma,
hence

(1) 1d,(Pr(p(1)) — dn(pa (D) < &,.

But (ii) gives

Z 0 k(rit)

k=n+1

Y 04 i)

k=n

2 <2, and similarly <2€p41.

We also get from (iii)

3) <e, and [|Q.(r:t)— QD)) <e,.

T Q)= Q,(ra- )

‘Adding (1), (2) and (3) we obtain

4) [F(rat) = F(ra-1) = @ (1) < 6e,
and

) [E(rat) = F(rp-1) = d,(P(p())]| < 8 &,.

This clearly gives statement b). For c) we only need to change the
inequalities in (3); we actually have when m < n

E\W, —W, [*=r;—rn<2(l-rp)
and in the same way

E| Wr—thl2 =1-r<2(1-r,).
Hence

(£

n—1

Z (Qj(Wrn)_ Qj(th_ 1))

Jj=1

212 n-1
> < Y (ENQ(W)—Q;(W,, DI

j=1

n—1
< Z 1Q)llLip (EIWe, — Wr,,_1|2)ll2

j=1
< Z HlefLip(A)p(l—rn—l)]m < E,.
j=1
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We also have
(ENQn(W.)— Qu(W)ID" < 1 @nllipay (1 —7n)"* < &,
It follows as before that
(EI|F(W.)— F(W,, )= d.(p(W))H" < 8e,.

Now that we have proved how all conclusions follow from the
properties (i)-(iii) stated above, it remains to show how to pass form
n — 1 to n in the construction. To do that, suppose that (i)-(iii) are
satisfied for n — 1. It follows from the hypothesis that one can find
an integer L, and continuous functions ¢,: T""' > Xfor /=1, ..., L,
such that

Lp

lda(u,t) = >, o,wi|| < e,/2 for every ueT""! and teT.
/=1

Let M be an integer and (g,), be functions from C — X such that for
every / = 1, ..., L, the function z — zg,(z) is a polynomial and :

(6) VteT, lg()=@c(Pn1()Il < &,/2L,.

Lp

Consider now Q,(z) = Z g,(2)z’" where N is an integer of the form
/=1

N = 2" for some integer h, N > M large enough so that |Q,(rt)| < g,/2"
for all teT and 0 < r < r,_,. We can clearly find r, close enough to
1 so that (iii) is satisfied. Next, we will use the following claim whose
proof is left to the interested reader :

SUBLEMMA. — Let C be a closed bounded convex subset of R*(n>1)
with a non-empty interior and consider x, y in C. For every € > 0,
there exists an integer k, a family {C;;i=1,...,2*} of closed convex
subsets of C and a continuous path q: [0,1] - C such that :

ok
i=1

— The C;’s have pairwise disjoint interiors, the same Lebesgue measure
while their diameter is less than €.

- q(0) =x, q1) =y, ¢7(C) = [((—D27%,i27* and q is affine
on each [(i—1)2°% 27" forall i = 1, ..., 2%

Using this sublemma we can find an (n—1)-dimensional P-family
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On-1 = (I;; Dy, Va)yes, , Wwhich extends m, ; and such that
diam (o,-,) < a,. We can assume that the cardinality of B,_, is larger
than the previously defined N = 2", and actually we can change N
and assume that N is the cardinality of B,_,. Define now the
n-dimensional P-family =, in the following way :

Let k be an integer such that 27* < a,, and consider E,_, = {1, ...,2%}
and 4, = B,_, X E,_;;

For every aeB,_,, let u, be the origin of the interval I,; for
BeE,., let Jy=[B—1)27%p27% and set I, =u, +27"J; and
C’I.B = Du X JB‘

It is clear that diam (m,) < a,. Define now the functions @,
as: Qqup(s) = (@u(5), 2"(s—u,)) for each sin I,. It is clear that for
every teT we have pa(t) = (p,,_l(t),tzh), therefore

d,0n®)— Y 0r(pa- ()"

ld,(pa(t)) — Q. ()|l < e,. This finishes the inductive step and the
proof of the Theorem.

<¢g,/2 and it follows from (6) that
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