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A GENERALISED QUASI-VARIATIONAL INEQUALITY
WITHOUT UPPER SEMICONTINUITY

PaoLo CUBIOTTI AND XIAN-ZHI YUAN

In this note we deal with the following problem: given a nonempty closed convex
subset X of R™ and two multifunctions I' : X — 2% and & : X — 28" | to find
(%,7) € X x R such that

ze(z), z€®() and (2,Z-y)<0 forall ye (%)

We prove a very general existence result where neither I"' nor & are assumed to be
upper semicontinuous. In particular, our result give a positive answer to an open
problem raised by the first author recently.

1. INTRODUCTION

Given a nonempty closed convex subset X of R™ and two multifunctions I' : X —
2% and & : X — 2R" | the generalised quasi-variational inequality problem associated
with X, T and @ (in short, GQVI(X,T,®)) is to find (Z,Z) € X x R™ such that

FeI(z), 2€®F) and (57-y) <0 forall yeI(F),

where (-,-) is the usual scalar product of R™ which induces the Euclidean norm ||-]).
This problem, which was introduced by Chan and Pang in [3], extends simultaneously
the generalised variational inequality problem (I'(z) = X ) and the quasi-variational
tnequality problem (where @ is single-valued), both being generalisations of the classical
variational inequality problem. The reader is referred to [10] for an excellent and
detailed treatment of the basic facts in both theory and applications of finite dimensional
variational inequalities and for very detailed references. For other applications of the
problem GQVI(X,I',®), we refer for instance to [6, 7, 8].

In the paper [3], Chan and Pang also established their classical existence result
[3, Corollary 3.1], which remains undoubtedly one of the basic facts in the theory of
variational inequalities. Chan and Pang’s result is as follows (see also [10, Theorem

6.1]).
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THEOREM 1.1. Let X C R™ be nonempty, compact and convex, I' : X — 2%
both lower and upper semicontinuous with nonempty closed convex values, &

X — 28" upper semicontinuous with nonempty compact convex values. Then
GQVI(X,T',®) admits a solution.

Recently, a general existence result for the problem GQVI(X,I',®) was estab-
lished by the first author in [4], which improves Theorem 1.1 in some directions. In
particular, the multifunction ¢ was allowed to lie in a larger class than the one of upper
semicontinuous multifunctions. We now state such result.

THEOREM 1.2. [4, Theorem 1]. Let X C R™ be closed and convex, ' : X — 2%
and ® : X — 2" two multifunctions, KC X a nonempty compact set. Assume that:

(i) the set ®(z) is nonempty and compact for each z € X, and convex for
each z € X, with z € I'(z);
(ii) foreach ye X — X, theset {z € X : ig{ )(z,y) < 0} is closed;
z€E®(=z

(iii) T is a lower semicontinuous multifunction with closed graph and nonempty
convex values;

(iv)] T(z)NK #0 forall z € X;

(v) foreach z € X\ K, with z € T'(z), one has

sup inf {(z,z —y)>0.
yEr(z)NK z€¥(z)

Then GQVI(X,I',®) has at least one solution.

We recall that when the set X is compact, assumption (iii) above means exactly
that T' is both lower and upper semicontinuous with nonempty closed convex values.
Moreover, it is easy to see that if the compact-valued multifunction ® is upper semi-
continuous, then it satisfies assumption (ii) of Theorem 1.2, while the converse is not
necessarily true. Therefore, Theorem 1.2 strictly contains Theorem 1.1. We refer to
[15] for the basic properties and a nice characterisation of the multifunctions satisfying
assumptions (i) and (ii)’of Theorem 1.2.

Very recently, in [5], the following problem was raised:

PROBLEM A. Does Theorem 1.2 (hence, Theorem 1.1) remain true if we replace as-
sumption (iii) by the following more general assumption

(i11)" T is lower semicontinuous with nonempty convex values and the set
{z € X : z € I'(z)} is closed ?

In the paper [5], it was shown that Problem A admits a positive answer (for
compact X ) if one assumes, in addition, that each set I'(z) has nonempty interior
(see [5, Theorem 2.1)).
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Our goal in this paper is to give a complete positive answer to Problem A. That is,
we show that the mentioned improvement of Theorem 1.2 is possible, without assuming
any further restriction. In fact, we are able to prove the following result, which unifies

all the above results and improves each of them.

THEOREM 1.3. Let X C R"™ be closed and convex, K C X be a nonempty
compact set, I : X - 2%X and ®: X — 2B" be two multifunctions. Assume that:

(1) the set ®(z) is nonempty and compact for each ¢ € X, and convex for
each z € X with z € I'(z);
(i1) foreach we X — X, theset {z € X : in{ )(z,w) < 0} is closed;

z€P
(i) the multifunction T' is lower semicontinuous with convex values and the
set {x € X :z € I'(z)} is closed;
(ivy T(2)NK #0 forall z€ X;
(v) for each ¢ € X \ K with ¢ € T'(z), and each z € ®(z), there exists
y € I(z) N K such that (z,z —y) 2 0.

Then GQVI(X,T,®) admits a solution.

2. PRELIMINARIES

Let S and V be two metric spaces, ¥ : § — 2V a multifunction. We say that ¥ is
upper semicontinuousin S if for each closed @ C V theset ¥~ () = {s € §: ¥(s)NQ #
0} is closed in S. We say that ¥ is lower semicontinuous in S if for each open Q CV
the set ¥(f) is open in §. We recall, in particular, that if for each v € V the set
¥~({v}) is open in S, then ¥ is lower semicontinuous. In the sequel we shall write
¥~ (v) instead of ¥~ ({v}). The graph of ¥ is the set {(s,v) € SxV :v € ¥(s)}. We
briefly recall some basic implications. (For more details on multifunctions, the reader
is referred to [11].)

(a) if ¥ has closed graph, then each set ¥(s) is closed;

(b) if ¥ has closed graph and V is compact, then ¥ is upper semicontinuous;

(c) if ¥ is upper semicontinuous with nonempty closed values, then the graph
of ¥ is closed;

(d) if V =S and the graph of ¥ is closed, then theset {s € §:s5 € ¥(s)} is
also closed.

If AC R™, we denote by A the closure of A. Also, we denote by ri(A) the relative
interior of A (that is, the interior of A in its affine hull), while span(A) will denote the
linear subspace of R™ spanned by A. We recall that each nonempty convex subset of
R"™ has nonempty relative interior.

If z € R™ and r > 0, we put B(z,r) = {ve R": ||z —v| < r}, B, = B(Or~,7)
and B = {v € R"™: ||v|| < r}. The following fact follows at once from [16, Theorem
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3.8.6]. For the sake of completeness, we give a short proof.

PROPOSITION 2.1. Let D be a metric space, I' : D — 2R" be a multifunction,
and r > 0. Assume that:

(i) T is lower semicontinuous with convex values;
(1) T(z)NBr#0 forall z € D.
Then the multifunction ¢ — I'(z) N B¢ is lower semicontinuous in D.
PROOF: Since B, is open, by (i) and (i) the multifunction z — I'(z) N B, is
lower semicontinuous in I with nonempty values, hence by [11, Proposition 7.3.3] the
multifunction ¢ — I'(z) N B,. is lower semicontinuous in D. Now, let us show that for

each ¢ € D one has
(1) I'(z) N B, = T(z) N B:.

Fix z € D, and let y € T'(z) N BS. Let (yx) be a sequence in I'(z) N B such that
(yx) —» y. Choose v € TI'(z) N B, (such v exists by (ii)) and, for each k£ € N, put
ur = (1 —1/k)yr + (1/k)v. It is easy to see that the whole sequence (uj) lies in
I'(z) N B,. Since (ux) — y, we get y € I'(z) N B,. Therefore, we have shown that
T(z)N B¢ € T(z)N B, for all ¢ € D. Since the converse inclusion trivially holds,
(1) holds. Therefore, the multifunction z — T'(z) N B¢ is lower semicontinuous in D.

Again by [11, Proposition 7.3.3] we have that the multifunction z — ['(z) N BS is lower

semicontinuous in D; that is our claim. a

3. RESULTS
Theorem 1.3 will follow from the following more general result.

THEOREM 3.1. Let X C R™ be closed and convex, ' : X — 2X and &: X —
2R" he two multifunctions. Assume that:
(i) the set ®(z) is nonempty and compact for each ¢ € X, and convex for
each z € X, with ¢ € T'(z);

(1) foreach we X — X, theset {z € X : ig{ )(z,w) < 0} is closed;
zeP(z

(i) the multifunction T is lower semicontinuous with convex values and the
set {z € X : z € I'(z)} is closed.
Moreover, assume that there exists » > 0 such that the following conditions hold:
(iv) XNB,#0 and T(z)N B, # 0 for all z € X N BE;
(v) foreach z € X, with z € I(z) and ||z|| = r, and each z € ®(z), there
exists y € I'(z), with ||y|| <r, such that (z,z —y) > 0.
Then there exists (z,z) € X x R™, with ||Z|| < r, which solves GQVI (X, T, ®).
Before proving Theorem 3.1, we consider the case where the set X is compact.
That is, we first prove the following result.
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THEOREM 3.2. Let X be a nonempty compact and convex subset of R®, T' :
X - 2% and ®: X — 2B" be two multifunctions. Assume that:

(i) the set ®(z) is nonempty and compact for each ¢ € X, and convex for
each z € X with z € I'(z);

(ii) foreach we X — X, theset {z € X : ig(f )(z,w) < 0} is closed;
z2e®(z

(iii) the multifunction T is lower semicontinuous with nonempty convex values;
(iv) theset { € X :z € I'(z)} is closed.
Then GQVI(X,T,®) admits a solution.
PROOF: Define F: X — 2% by

F(z) ={y € I(=) ig{z)(z,z —y) > 0}

: g
for each z € H. We shall prove that F is lower semicontinuous. We first define a

set-valued mapping Fy : X — 2% by Fi(e) = {y € X : ig{ )(z,:c ~y) > 0} for
ze®(z

each z € X. Then F; has convex values and its graph is open by the Lemma 2.2 of
(14, p.376]. Note that I' is lower semicontinuious and F(z) = Fi(z) N I'(z) for each
z € X. It is easy to see that F' is lower semicontinous by the definition of the lower
semicontinuity (for example, see (16, p.141]).

Now, observe that by [12, Theorem 3.1'"'] there exists a continuous g : X — X
such that g(z) € I'(z) for all ¢ € X. By Brouwer’s classical fixed point theorem,
(see, for instance, [1, Theorem 7.1], there exists T € X such that z = g(Z) € I'{Z).
Therefore, the set H := {z € X : ¢ € I'(¢)} is nonempty. Consider the multifunction
G : X — 2% defined by putting

Cla) = F(z) feeH
(z)_{l"(:c) ifzeX\H

We claim that there exists ¢ € H such that F(z) = 0. Arguing by contradiction,
assume that F(z) # 0 for all ¢ € H. Thus, the multifunction G has nonempty
convex values. Moreover, since H is closed by assumption, F' and I’ are lower semi-
continuous and F(z) C I'(z) for all z € X, it is easily seen (see, for instance, (13,
Lemma 2.3]) that the multifunction G is lower semicontinuous. Again by [12, Theorem
3.1"'} and Brouwer’s fixed point theorem, there exists z* € X such that z* € G(z*).
Since G(z) C I'(z) for all z € X, we get 2* € H N F(z*). In particular, we have

;n(f )(z, z* — z*) > 0, which is absurd. Consequently, there exists & € H such that
zEP(z*
F(z) = 0. Thatis, € (%) and inf_ (2,5 —y) < 0 for all y € I'(3). By [2,
Proposition 1] we get z€¢(z)

inf sup (2,2 —y) <0.

se3(3) ver(3)
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Since the function z — sup (z,Z — y) is lower semicontinuous (see 9, p.10]) and the

yer(z)

set ®(Z) is compact, there exists z € #(Z) such that

sup (z,Z—y) = inf sup (2,7 —y) <0.

ver(z) 2€%(z) yer(z)

The proof is complete. 0

PROOF OF THEOREM 3.1: Put X, = X N BS. By Proposition 2.1, the multifunc-
tion T, : X, — 2% defined by putting I'r(z) = ['(z) N BE is lower semicontinuous in
X, with nonempty convex values. Moreover, the set {z € X, : z € I';(2)} = {z €
X : z € T'(z)} N B¢ is closed by (iii). Finally, we observe that for each w € X, — X,
the set {z € X, : igfz)(z,w) < 0} is closed. Therefore, by Theorem 3.2, there exists

z€

z € I'(z), with ||Z]| < 7, and Z € ®(Z) such that
(3) (z,Z—y) <0 forall yeTI(Z)NBE.

We claim that (Z,2) solves GQVI(X,I,®). To see this, let v € I'(z). We distinguish
two cases.

(a) ||Z]] < r. In this case, there exists A € (0,1) such that vy :=(1 - A)Z+ dv €
I'(z) N B,. By (3), we get

02 (2,2 — ) = Az,z —v),

hence (z,Z — v) < 0, as desired.
(b) ||IZ|| = r. By assumption (v) there exists u € I'(Z)N B, such that (,Z—~u) > 0.
By (3), we get

(4) (3,7 - u) = 0.

Let b€ (0,1) be such that zy := (1 —b)u + bv € T'(Z) N B,. By (3) and (4) we get

~

0> (2,2 — ) = b(z,Z — v),

hence (z,Z — v) < 0, as desired. The proof is complete. 1]

REMARK 3.2. (i) Theorem 1.3 follows at once from Theorem 3.1 by choosing any
r > 0 in such a way that K C B,. Moreover, it is worth noticing that also the
coercivity condition (v) of Theorem 1.3 is weaker than the corresponding assumption
(v) in Theorem 1.2.
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(i1) It is easy to construct an example of a situation where Theorem 3.2 (hence,
Theorems 1.3 and 3.1) applies but Theorems 1.1 and 1.2 do not. To see this, take
X =[0,1], ®(z) = {=} and

I'(z) =

In fact, such T' is lower semicontinuous with nonempty closed convex values, but the
graph of T' is not closed, T' is not upper semicontinuous. However, we have {z € X :
z € I'(z)} = [0,1], hence Theorem 3.2 applies. We also note that the interior of I'(1/2)
is empty, hence [5, Theorem 2.1] cannot be applied (see the Introduction).
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