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NORMAL STRUCTURE IN BOCHNER L?-SPACES

MARK A. SMITH AND BARRY TURETT

It is shown that, for 1 < p < oo, the Bochner L?-space L”(u, X)
has normal structure exactly when X has normal structure. With this
result, normal structure in Bochner L?-spaces is completely charac-
terized except in one seemingly simple setting.

The concept of normal structure, a geometric property of sets in
normed linear spaces, was introduced in 1948 by M. S. Brodskii and
D. P. Mil'man in order to study the existence of common fixed points
of certain sets of isometries. Since then, normal structure has been
studied both as a purely geometric property of normed linear spaces
and as a tool in fixed point theory [1, 4, 5, 6]. In 1968, L. P. Belluce,
W. A. Kirk, and E. F. Steiner [1] proved that the /*°-direct sum of
two normed linear spaces with normal structure has normal structure.
They were not however able to decide if normal structure is preserved
under an /?-direct sum of two normed linear spaces for 1 < p < oo.
In 1984, T. Landes [5] proved that, if 1 < p < oo, normal structure is
preserved under finite or infinite /?-direct sums. In this article, the cor-
responding theorem is proven in the nondiscrete setting; consequently
it is shown that, if (Q, X, ) is any measure space and 1 < p < oo, the
Bochner LP-space L?(u, X) has normal structure exactly when X has
normal structure.

A normed linear space X has normal structure if, for each closed
bounded convex set K in X that contains more than one point, there is
a point p in K such that sup{||p — x||: x € K} is less than the diameter
of K; such a point p is called a nondiametral point in K. Brodskii and
Mil'man [2] proved that a space X fails to have normal structure if
and only if there is a nonconstant bounded sequence (x,) in X such
that the distance from x,,; to the convex hull of {xi,...,x,} tends
to the diameter of the set {x;: k € N}; such a sequence is called a
diametral sequence in X. One consequence of this fact is that normal
structure is a separably-determined property. Several more conditions
equivalent to normal structure are given in [S] and in Lemma 3 below.

The notation used in this paper is, with perhaps two exceptions,
standard. The two exceptions are as follows: if (x,) is a sequence in a
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normed linear space X, X, will denote (x; + --- + x,)/n and AX} will
denote

n 1 n p
Z 1Xn+1 = Xj]1P —n P Z(xnﬂ - Xj)
Jj=1 Jj=1
Note that the convexity of || - ||? implies that AX}, > 0.
The first lemma is probably well-known.
LEMMA 1. Lete > Oandlet xy,..., Xy, X, be elements in a normed
linear space X such that
1 n
Xnil — szj > diam{xy,..., X, 1} — €.
j=1
Then ||x,.1 — y|| > diam{xy,..., X, } — ne for each y in the convex
hull of {x1,...,xn}.
Proof. Let y be in the convex hull of {xy,...,x,} and choose non-
negative numbers aj,...,ap such that 3-7_  a; = landy = 37, a;x;.

Let

yir=5,
Yry=axX) +a3xy + -+ apXy—1 + Xy,

Yn=opX1+a1Xo+ -+ oy 22Xy 1 +y_1Xy.

Note that 3°7_, y; = 377, x;. Thus, if || X, ~y|| < diam{x;, ..., xp11}
— ne,

n

diam{xy, ..., Xus1} = € < |[Xnst - ;Z;xf
]:

1 < 1 <
= {|*n+1 — ;ZJ’;‘ < -,;Z“Xnﬂ =yl
j=1 j=1
S diam{XI,...,x,H.l} — &,
a contradiction which completes the proof of Lemma 1.

The next lemma concerning the monotonicity of a certain expres-
sion will be frequently used. In the case p = 1, this fact can be found
in [5, p. 131].
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LEMMA 2. Let {x1,...,Xn,Xns1} be a set in a normed linear space
Xandlet 1 <p < oo. If {Xn,,...,Xn} is a subset of {x1,...,Xn}, then

k p
Y xngr = X |IP = Z Xnst = Xn,)
j=1 j=1

p
n h
1
<Y % = x4l = | =D (Xne1 — Xj)
n
Proof. By convexity of || - |17,
P
1 n ’ 1 n
;Z Xn 41— x;1IP = ;ZZ(an )
k1 & k r
2 P EZ 1Xn+1 = %n, 117 — Z Xnt1 = Xn,)
j=1 j=1
n-—k 1
+ —~ X - xl
n n—k
J#N1,. Nk
| P
- n—k Z (xn+l_xj)
J#R sl

Jk|ls 1 & !
ﬁ Z 1Xn41 = Xn, 1P — % Z(xn+1 — Xn,) + 0.

j=1
Multiplying the 1nequalities by n completes the proof.
In order to study normal structure in a Bochner L?-space, various

characterizations of normal structure involving the index p will prove
useful. These characterizations are given in the next lemma.

LEMMA 3. Let 1 < p < oo and let X be a normed linear space. The
following assertions are equivalent.

(a) X fails to have normal structure.

(b) For every sequence (&,) of positive real numbers converging to
0, there exists a diametral sequence (x,) in X such that

n 1 n p
(*) D Xnsr = xjlIP = n - D (Xns1 = x))|| < é&n.
j=1

j=1
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(c) There exist a sequence (&,) of positive real numbers converging
to 0 and a sequence (x,) in X satisfying () and, for all k in N,

0< nlim 1Xns1 — Xk || = diam(x,) < oo.
—00

Proof. In order to show (a) implies (b), assume that X fails to
have normal structure and let (¢,) be a sequence of positive real
numbers tending to 0. From the work of Brodskii and Mil'man [2],
there exists a nonconstant bounded sequence (x,) in X such that
dist(x,,1,co{xy,...,X,}) > D — a, where D denotes diam(x,) and
ay is such that (D — a,)? = DP — ¢,/n. Then (x,) is a diametral
sequence in X and

n
0 <AZh = " |1Xus1 — X117 = nl|Xps1 — Xl
=1
< nDp - n(D - an)p = 8,1.

This proves that (a) implies (b) and it is clear that (b) implies (c).
Suppose that sequences (¢,) and (x,) are given as in (c¢). Fix k in
N and let m > k. Lemma 2 implies that
P

k k
1
0 < lhmer = Xl1P = k|l D (xmer = X))|| < AT,
Jj=1 j=1

Letting m — oo yields kD? — klimy,— oo || Xme1 — Xk||P = 0. Thus
lim,,, 00 || Xms1 — Xi|| = D. Either by applying Lemma 1 to obtain a
subsequence of (x,) which is a diametral sequence in X or by applying
Proposition 1 in [5], it follows that X fails to have normal structure.
This completes the proof of Lemma 3.

As mentioned earlier, Brodskii and Mil’'man characterized normal
structure in terms of the nonexistence of a diametral sequence. For
their characterization, it appears to be crucial that the limit of the
distance from X, to the convex hull of {xy,...,x,} is the diameter
of {x;: k € N}. However, in [5], Landes notes that appearances can
be deceiving and that, in fact, any positive number may take the place
of the diameter of {x;: kK € N}. More specifically, Landes [5, p. 131]
proves that a Banach space X has normal structure if and only if
there is no bounded sequence (x,) in X such that lim,_ ||x, — x| =
lim, 0 ||[X2 — Xl > O for all k£, m in N. Landes’ theorem, as well
as the next lemma which is based on Landes’ idea, will be used in the
proof of the main theorem.
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LEMMA 4. Let 1 < p < oo and let (x,) be a sequence in a normed
linear space X such that lim,_, ||Xy+1 — Xi|| = L > O for all k in N

-

lim
n—o0

n 1 n
> Xngr = xjlP = n ZZ(an - X;)
j=1 j=1

Then

lim =L
n—o00

l k
=1

for each k in N.

Proof. Fix k in N and let n > k. By Lemma 2,

k

1 — 1

D nst = X517 = s — Fill? < AT,
j=1

Therefore

k
1 1 —
EZ”xn+l = Xj[IP = £AZL < %41 = Xkll?
j=1

p

k k
| |
= ’EZ(an -xj)|| < EZ“an - x;|IP
Jj=1 Jj=1

by the convexity of || - ||?. Holding k fixed and letting n — oo yields
lim,_, ||Xn+1 — Xx|| = L and the proof of Lemma 4 is complete.

Since normal structure is a property that is inherited by subspaces
and since X and L?(u) are subspaces of L?(u, X) (exclude the trivial
cases where uE = oo for every nonempty E in X or where X = {0}),
the Bochner L?P-space can only have normal structure whenever both X
and L?(u) have normal structure. The main result of this paper is that
this necessary condition on X for L”(u, X) to have normal structure
is also sufficient in the case that 1 < p < oo. Before proceeding to that
result, consider the cases p = 1 and p = co. If p = 1, then, since /! and
L'(u), where u is not purely atomic, do not have normal structure, the
Bochner LP-space L'(u, X) can have normal structure only if X has
normal structure and the measure space (Q2,Z, 4) consists of a finite
number of atoms, that is, only if L!(u, X) is a finite /!-direct sum of
X. In this setting it remains unknown whether L!(u, X) has normal
structure (see [5]). If p = oo, then it follows in like manner that the
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Bochner L?-space L*°(u,X) can have normal structure only if it is
a finite /*°-direct sum of X. In this case it is known that L®(u, X)
has normal structure (see [1]). Thus, with the theorem below, normal
structure in Bocher L?-spaces is completely characterized except in
the seemingly simple setting of a finite /!-direct sum.

THEOREM. Let (Q,Z, ) be a measure space and let X be a normed
linear space. If 1 < p < oo, the Bochner LP-space LP(u, X) has normal
structure if and only if X has normal structure.

Proof. By the remarks above, it is only required to show that nor-
mal structure lifts from X to L?(u, X) whenever 1 < p < co. Note
that it suffices to establish this implication in the case that (Q, X, u) is
a nonatomic probability space. Indeed, since normal structure is se-
quentially determined and elements in L?(u, X) have o-finite support,
there is no loss of generality in assuming that (Q, X, u) is a o-finite mea-
sure space. Then, since L”(u, X) can be written as the /Z-sum of two
spaces (a countable /?-sum of X’s and a Bochner L?-space over a o-
finite nonatomic measure space), two applications of Landes’ /P-result
[5, p. 135] show that it suffices to prove the theorem in the case that
u is o-finite and nonatomic. Since, in this case, L?(u, X) can be writ-
ten as a countable /?-sum of Bochner L”-spaces over finite nonatomic
measure spaces, another application of Landes’ result shows that it
suffices to prove the theorem when y is finite and nonatomic. Finally,
since it is clear that, in this case, L”(u,X) is linearly isometric to
LP(v, X) where v is the probability measure x/u€, it suffices to prove
the result for a nonatomic probability measure.

Under the assumptions that x is a nonatomic probability and 1 <
p < oo, suppose that L?(u,X) fails to have normal structure. By
Lemma 3, there exists a diametral sequence (f,,) in L?(u, X) such that

»

n n
1
(=) 0D | furr = fil5—n > Y (far1 = )| <1/2m
j=1 j=1 »
By translating and taking scalar multiples, if necessary, it may be as-

sumed that diam( f,;) = 1. Then, in particular, since (f;) is diametral,
limy—oo || fus1 — fillp = 1 for all k in N.

Claim 1. (f, — f1) does not converge to 0 in measure.

Suppose (f, — fi) converges to 0 in measure. Choose ¢ such that
0<e< (2P —1)/(21/P +2). Since limy—w || fn — fill, = 1, choose a
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natural number N > 1 such that n > N implies || f, — fill, > 1 —¢/2.
Well-known theorems of Riesz and Egoroff yield a subsequence (f;,)
of (f») such that (f,, — f;) converges to 0 almost uniformly. Using
this, the nonatomic nature of (2, X, u), and the absolute continuity of
f(.) | /v — f1l|P du, choose a measurable set A with u(Q\ 4) > 0,

Iy = Mxaulle <e/2, (v = f)xallp >1-¢,

and (f, — f1) converging to 0 uniformly on 4. Then choose a natural
number i so that, with M = n;,

(far = f)xalp <e/2<e and ||(far — fi)xqually > 1 —e.

Set g = fy— fi, h = fu— N, & = 8X4, and I = hxq\ 4. Then, by the
choice of ¢,
1> |lg—Alp
>g" = Hllp—llg—&'llo = I1H" = hllp
>2/P(1—¢g)—e—c¢
> 1,
a contradiction which proves the claim.
By Claim 1 and the fact that || f, — fi||, < 1 for all n in N, there

exist > 0, £ > 0 and a subsequence of (f;), called (f,) again, such
that the first term of the subsequence is the original f; and such that

u{s €Q:1/6 > || fu(s) = fils)|lx =26} >¢ forallm > 2.

Note that Lemma 2 implies that the new subsequence ( f,) still satisfies
(#x). In the remainder of the proof, whenever subsequences of (f,) are
chosen, they will always be chosen so that the first term is the original
f1, and, automatically, (xx) is satisfied.

Claim 2. There exist a subsequence (f;, ) of (f,) and a measurable
set £ with uE < £/2 such that

(12 (8) = fa () llx = 1 (8) = S, () Lx)] < 172572
forall i, j,k withk>3and 1 <i, j<k-—1andforallsin Q\E.

The subsequence ( f,, ) and the set E will be constructed inductively.
Let n; = 1 and n, = 2. Note that

Ifn = 3(fo + Fu)llp < N30 = fu Ol
+ /() = SOl < 1.
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Since (fy) is a diametral sequence with diameter 1, the left-hand side
of the inequality tends to 1 as n increases. The uniform rotundity of
L?(u) then implies that

/2 () = S Ollx = 1) = SOl — 0.

Then, by well-known theorems of Riesz and Egoroff, there exists a sub-
sequence (/}) of (f,) with Al = f,, and h} = f;, so that the sequence
(g}), defined by

& = () = S Ollx = 12 C) = fus Ol
converges to 0 almost uniformly. Thus there exists a measurable set
E, with uE; < &/4 such that (g,) converges uniformly to 0 on Q\ E.

Choose M > 2 such that if n > M, then |g}| < 1/2 on Q\ E;|. Let
ns be the index such that 4}, = f,, and note n3 > n,. Define (f,}) by

L= fu, £ = fo £ = froand fl = h},, 5 if n>4. Then
15 () = S Ollx = 1S () = fou(Dllx — O uniformly on Q\ E;
and, if n > 3,

(15 () = S Ollx = 12 () = f (Ol < 1/2 on Q\ Ey.

Assume the following have been chosen:

(i) natural numbers n; < ny < -+ < By,
(ii) measurable sets E; C E; C --- C Ey with puEj, < /2 —&/2k+1,
and
(iii) a subsequence (f¥) of (f¥~!) such that, if 1 <7, j <k +1,

1FEC) = fuOllx = I1fXC) = £,()llx — O uniformly on Q\ E;
and, for n > k + 2,
IUAEC) = fu Ol = £ = £, Ollx)l < 1728 on Q\ Ey

and
fE=tfy  ifi=12..k+2

(For the sake of completeness, define f2 = f;.)
Choose a natural number N > ny, such that, if n > N,

IUAFC) = S Ollx = 15 () = Fo, Oll)] < 17262 < 17254
on Q\ E, for 1 <i, j<k+ 1. Note that

1A = 3+ fae)
SNFULC) = L Ol + 1O = Fas Ol

<1
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Since the left-hand side approaches 1 as n increases and L?(u) is uni-
formly rotund,

A ) = SOl = 155 = S Ollx)llp = 0 as n — oo.
Then, by theorems of Riesz and Egoroff again, there exists a subse-
quence (h5*!) of (f¥) with A¥*! = fk = f, 'if j=1,...,k +2 so that
the sequence (gk*!), defined by

il = 1) = Fu Ollx = 1AEHC) = £ Ollxs

converges to 0 almost uniformly. Thus there exists a measurable set
Fiyy with puF,; < &/2K+2 such that (gk+!) converges uniformly to
0 on Q\ F;, (and hence uniformly to 0 on Q\ Ej,; where E; | =
EyUFy, ). Note that uE;,; < £/2—&/2k*+2. Choose M > N such that
if n > M, then |gkt!] < 1/2%¥+2 on Q\ Ej,;. Let ny,3 be the index
such that h%! = £, . and note ny,3 > ny . Define (f<+!) by fk+l =
hj.‘“ =fo,ifj=1,..k+2 f,f:; Jne.ss and f}‘“ hﬁjjj —(k+3) if
j>k+4.

Now, by the triangle inequality, forn >k +3and 1 <i, j <k +2,

AL = SOl = I45HC) = o, Ol
< 1/2¥1 on Q\ Ep,;.
This completes the induction step. The subsequence (f,,) of (f,) and
the set E = |Jp2 | E; have the properties in Claim 2.

Denote the subsequence obtained from Claim 2 by ( f,,) again. With
p

gn =) Ifan1() = fiOlg —n

J=1

_Z(ﬁt+l() £i()

j=1

b

X

the convexity of ||-||? and inequality (*) yield that g, is a non-negative
integrable function with [, g,dpu < 1/2". Since, by the Monotone
Convergence Theorem, }_7° | g, is integrable, the sequence (g,) con-
verges to 0 almost everywhere.

Since

u(nmsup{seaz 1/6 > Ifuls) - Ais nx>5})

n—0o0

and uE < /2, choose a point ¢ such that
(1) tisin hmsup,,éoo{seQ 1/6 > || fu(s) — fi(s)]|lx > 6},
(2) tisnotin E, and
(3) lim,—00 gn(t) = 0.
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Using (1), choose a subsequence of (fy), called (f,) again, so that
limy,—oo || fre1(2) = f1(?)|lx, defined to be L, exists and is positive. By
Claim 2 and (2), it follows that lim,_,« || fu+1(2) — fx(¢)|[x = L for
each k in N. Also, by Lemma 2 and (3), the (sub-)sequence (f,())
satisfies

p

tim |52 Wfon (0= GO = 7|5 S () = S| | =0.
=1 j=1

n—oo
X

Thus, with x, = f,(¢t), Lemma 4 combines with Landes’ theorem
(stated prior to Lemma 4) to prove that X fails to have normal struc-
ture. This completes the proof of the theorem.

As a corollary, note that if 1 < p < oo and X is a reflexive Banach
space with normal structure, L?(u, X) is also a reﬂexivei space [3, p.
100] with normal structure and hence, by a well-known theorem of
W. A. Kirk [4], the space L?(u, X) has the fixed point property for
nonexpansive mappings.
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