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On the covering dimension of the fixed
point set of certain multifunctions

ORNELLA NASELLI RICCERI

Abstract. We study the covering dimension of the fixed point set of lower semicontinuous
multifunctions of which many values can be non-closed or non-convex. An application to
variational inequalities is presented.
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Introduction.

In [4] (see Theorem 2), B. Ricceri has established a fixed point theorem for
lower semicontinuous multifunctions that are allowed to have many non-closed or
non-convex values. We recall here its statement.

Theorem A. Let (U,|.||y) be a Banach space and X C U a non-empty set. Let
T be a topology on X, weaker than the norm topology, such that (X, T) is compact
and Hausdorff. Let C' be a countable subset of X and Z another subset of X with
dim(x -(Z) < 0. Let F' be a non-empty valued (7, ||.||)-lower semicontinuous
multifunction from X into U such that F(x) is p-closed for every x € X \
C, (W)”_”U is convex for every v € X \ Z and (conv(F(x))) C X. Then

(o) Fix(F) # 6.

(B) If for every x € Fix(F), z is a

is uncountable.

l[-llo

p-accumulation point of F'(x), then Fix(F)

In the present note, first, we want to establish a result (see Theorem 2.1 below)
which improves () of Theorem A, showing that, under some mild additional as-
sumptions, the covering dimension of Fix(F') is greater or equal to 1. Afterwards,
we will apply this result to the solution set of some variational inequalities (see
Theorem 2.2 below).

For another result concerning the covering dimension of the set of fixed points of
a multifunction, see [5].

1. Notation.

Let X,Y be two non-empty sets. A multifunction F' from X into Y (briefly,
F: X — 2Y) is a function from X into the family of all subsets of Y. If X,Y are
two topological spaces, F' is said to be lower semicontinuous (respectively, upper
semicontinuous) in X, if the set F~(Q) = {x € X : F(x) N Q # ¢} is open (closed)
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for every open (closed) subset Q of Y. If X =Y, a point z € X is said to be a fixed
point of F, if v € F(x). We denote by Fix(F') the set of all fixed points of F.

Now, let (M,d) be a metric space, xg € M,r > 0,X,Y two non-empty subsets
of M. We put

By(zg,7)0 ={x € M : d(xg,x) <r};
By(wo,m)0 = {z € M : d(xg,x) <7};
d(zg, X) = 1nf d(zg, z);

d*(X,Y) = sup d(z,Y);
rzeX
dy(X <Y) =max(d*(X,Y),d"(Y,X)) (Hausdorff metric);
diamy(X) = sup d(z,y).
T,ycx

Moreover, given a normal topological space (X, 7), we denote by dim,(X) the
covering dimension of X (see [2, Definition 1.6.7]).

While, if S is a subset of X, dim(x ;)(5) < 0 means that dim-(7") < 0 for every
set T' C S which is closed in X.

2. Results.

Our main result is the following

Theorem 2.1. Let U, X,7,C,Z, F be as in Theorem A with, moreover, (X, T)
metrizable and dim,(Z) < 0. Suppose also that Fix(F') is 7-closed and that, for
every © € Fix(F'), one has F(z) # {z}.

Then, dim,(Fix(F)) > 1.

Before proving this theorem, we need some preliminary results.

Lemma 2.1. Let X be a topological space, (Y,d) a metric space, F : X — 2Y
a bounded-valued lower semicontinuous multifunction. For every x € X, put a(z) =
diamgy(Fix(F)).

Then, the real function x — «(x) is lower semicontinuous in X.

PRrROOF: Let us show the lower semicontinuity at a point z € X. Having chosen
e > 0, let us take g, Z € F(x) such that d(7, 2) > a(T) —e.

Since the function (¢,¢) — d(&, () is continuous in Y x X, there exists o > 0
such that if y € By(7, 0), then d(y, z) > «a(Z) —e. Since F is lower semicontinuous
at T, there exist two neighbourhoods of Z, say U; and Us, such that, if x € U
then F'(x) N By(g,0) # ¢ and, if x € U then F(x) N By(Z,0) # ¢. Of course, if
x € Uy NUg, then a(x) > a(Z) — &, which proves our thesis. O

Lemma 2.2. Let (X,d;) be a compact metric space and let do be another metric
on X such that the dg-topology is stronger than the dj-topology. Moreover, let
F: X — 2% be a (dy, dg)-lower semicontinuous multifunction and ¢ > 0. For every
z € X, put ®(z) = F(z) \ By, (z,¢).
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Then, the multifunction ® is (dy, d2)-lower semicontinuous.

PROOF: Let 2 be a ds-open subset of X, g € ®(Q),y0 € ®(x9) N Q. Choose
0 €le,d1(yo, zo)[. We claim that

(1) there exists § > 0 such that By, (z0, 0) N Bg,(yo,d) = ¢.

In fact, if (1) is not true, there exists a sequence {zp }nen in X, with
limy,— o0 d2(2n,y0) = 0, such that for every n € N, we have dj(zn,z9) < . Since
(X,d1) is compact and the da-topology is stronger than the dj-topology, we can
find a subsequence of {zy}nen di-converging to yg. So, di(xg,yo) < o, that is
absurd. Thus, let 6 > 0 be such that (1) holds. Of course, we can assume that
By, (y0,8) € Q. Now, let V be a dj-neighbourhood of zg such that for every
x € V, we have F(x) N By, (y0,0) # ¢. Let x € V N By, (z0,0 — €), and choose
y* € F(z) N By, (yo,d). Observe that y* ¢ By, (z,¢). Indeed, otherwise, we would
have di (y*,x0) < di(y*,z) + d1(x,29) < o, and so y* € Edl (0, 0), against (1).
Hence, y* € ®(x) N Q, that proves our thesis. O

We also recall the two following simple facts.

Lemma 2.3. Let X,Y be two topological spaces and K a closed subset of X. Let
F:X —2Y &: K — 2¥ be two lower semicontinuous multifunctions such that,
for every x € K, one has ®(x) C F(z). Let G be the multifunction from X into Y
defined by putting

F(x) if ze X\K,

Glz) = { D (z) if ze K.

Then, the multifunction G is lower semicontinuous in X .

Lemma 2.4. Let X,Y be two topological spaces. Given a multifunction F : X —
2Y | define a multifunction F in X by putting, for every z € X, F(z) = m Then,
the multifunction F is lower semicontinuous in X if and only if the multifunction F
is lower semicontinuous in X.

PROOF OF THEOREM 2.1: First, observe that by Theorem A, Fix(F') is non-empty.
Let d be a metric on X inducing the topology 7. Arguing by contradiction, suppose
that dimr(Fix(F)) = 0. Let @ = inf, cpjy(p) diam(F'(z)). By our assumptions and
by Lemma 2.1, we have @ > 0. Let I be the multifunction from X into X defined
by putting

F(x) if x e X \Fix(F),
(F(:C) \ By (:v, %)) if € Fix(F).

l[-llo

I:"(:v) =

_ It is easy to see that F(x) # ¢ for every x € X. Observe also that if v € X \ C,
F(z) is |\{|y-closed. Now, let us check that I is (, [l| )-lower semicontinuous in X.

That is, by Lemma 2.4, we have to prove that (F) is so. To this end, observe

ll-llo
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that, by Lemma 2.2, the multifunction * — F(z) \ By (:1:, %) is (7, || ||r)-lower

semicontinuous in X and hence, so is z — ( (x )\Bd( ))” = Then, since

the multifunction (_)” Il 18 (7 [l«]l)-lower semicontinuous in X and (%)”_”U C
(£(2)))1.||s» the lower semicontinuity of (£ )” || follows directly by Lemma 2.3.
Now observe that, by our assumptions and Corollary 1.3.4 of [2] we have dim,(ZU
Fix(F)) = 0. Of course, for every x € X \ (Z U Fix(F)), (F(2))|.,
Moreover, it is clear that (conv(F(z )))” o € (conv(F ()|, € X. Then, it

is possnble to apply Theorem A to F. By this result, we have le( ) # ¢. Let
z* € Fix(F). Of course, from the definition of F, it follows that z* € Fix(F). Then,
there exists a sequence {yn}nen in X such that limy,— oo ||yn — 2*||y = 0 and, for

every n € N, yp, € F(z*) \ By (x*, %) By this latter relation, it follows that the

is convex.

sequence {yp }nen does not converge to z* with respect to the topology 7, against
the fact that 7 is weaker than the ||.||;-topology. This contradiction concludes the
proof. O

If Fix(F') is not closed, in general, Theorem 2.1 does not hold. We show this fact
by means of the following simple

Example 2.1. Take R with the usual topology. Define in [0, 1] the following mul-

tifunction )
[0,1] if z€10,1]\Q,
F(x) = ~
[0,1]\ {=} if z€[0,1]NnQ.
Of course, F satisfies the hypotheses of Theorem 2.1, except that requiring Fix(F’)
be closed. In fact, Fix(F') (which is [0,1] \ Q) has the covering dimension zero.

As an application of Theorem 2.1, we will establish a theorem on the covering
dimension of the solution set of a variational inequality. In what follows, we adopt,
as usual, the convention inf(¢) = +o0.

Let (U,||+]|y) be a Banach space and X a non-empty, weakly compact and
convex subset of U. In the sequel, we denote by 7 the relativization to X of the
weak topology on U. We also assume that (X, 7) is metrizable. Given an operator
A: X — U* (U* being the dual space of U), consider the problem:

(VL) find z € X such that (A(z),z —y) <0 for every y € X.
For every z,y € X,e > 0, put
F(z) ={z € X(A(z), 2) = min(A(x),y)} and
Qe,x) ={y € X = d(y, F(z)) <e},

where d is the metric induced by the ||.||-norm.

Finally, put
S ={x € X : z is a solution of (V.I.)}.

We establish the following
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Theorem 2.2. Suppose that:

(i) the real function (x,y) — (A(x),y) is weakly continuous in X X X;
(ii) for every e > 0, one has inf,e x (inf e x\(c,2) (A(2), y) — minye x (A(z),9y))
> 0;
(iii) if # € X is such that (A(z),z) = minycx(A(x),y), then there exists z €
X\ {z} such that (A(x), z) = minyecx (A(x),y).

Under such hypotheses, one has dim,(S) > 1.

PROOF: Observe that S = Fix(F). Plainly, the multifunction F' is non-empty
closed convex-valued. Moreover, (i) assures that Fix(F') is 7-closed. Let us check
now that F is (7,]|.||y)-lower semicontinuous. To this end, for every z € X and
n € N, put:

Fy(z) = {z € X :(A(x),2) < Zrél)r%(A(x),y) + %}

and prove that

(2) lim  sup dp (Fp(x), F(x)) = 0;

=0 geX

(3) for every n € N, the multifunction F, is (7, ||.||)-lower semicontinuous.

Observe that (2) and (3) prove our claim, because the uniform limit, with re-
spect to the Hausdorfl metric, of a sequence of lower semicontinuous multifunc-
tions, is lower semicontinuous (see Proposition 1.1 of [3]). First, observe that
F(z) = Nyen Fn(z). So, d*(F(x), Fr(x)) = 0 for every € X and n € N. Now, fix
e > 0. By (ii), there exists ae > 0 such that

inf A(z),y) > min (A(z),y) + f € X.
yexl\r%z(a,x)< (@), ) ;gﬂ (2),y) +ae for every x

Then, having chosen v € N such that % < g letn>v,ze X,y € Fy(x) be fixed.
We have:

(A(z),y) < min(A(x),z) + 1 < min(A(x), z) + as <

zeX n zeX
< inf A(z), z) .
ze)?\l(e,x) < (CL‘) Z>

Consequently, d(y, F'(z)) < e, that proves (2). Now, let us fix n € N and y € X.
By (i) and Theorem 1, p. 67, of [1], it follows that the function z — (A(x),y) —
min, ¢y (A(z), z) is upper semicontinuous. Hence, F;, (y) is open, that proves (3).
Then, our conclusion follows from Theorem 2.1. O
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Example 2.2. By means of the present example, we show that the conclusion of
Theorem 2.2 is not true, in general, if the condition (ii) is not satisfied. Take as
U the Euclidean space R, as X the compact interval [0,1], as A the continuous
operator defined by A(z) = z for every x € [0,1]. So, the problem (V.I.) in this
case is:

(4) find z € [0,1] such that z(x —y) <0 for every y € [0,1].

Evidently, 0 € S, moreover, observe that if Z € [0, 1] is a solution, since T > 0, we
have by (4) Z—y < 0 for every y € [0, 1], so, Z = 0. Then S = {0}, and dim(S) = 0.
Observe that F(0) = [0,1] and F(x) = {0} for every = €]0,1], so, (iii) is satisfied.
Finally, observe that, if ¢ > 0 is fixed, we have Q(g,0) = [0,1],Q(e,z) = [0,¢[ if
x € [0,1]. So, we have

inf  (A(x),y) — min (A(z),y) =

{ 400 if =0,
yeX\Q(e,x) yex

ex if x €]0,1].

Hence

;g;f((ye Xl\%f(a,:c) (A(2),y) — min (A(2),y)) = xé%fl} ex = 0;

so, the condition (i) is not satisfied.
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