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The existence of equilibrium points, and the essential stability of the set of equilibrium points of the equilibrium problem with

lower and upper bounds are studied on Hadamard manifolds.

1. Introduction

Let K be a given nonempty set, f : K x K — R a given
function, and a and b two real numbers satisfying a < b. The
equilibrium problem with lower and upper bounds is that of
finding x € K such that

a< f(xy)<b,

Ifa=0,b=1and f(x,y) = e 7™, then problem (1)
is said to be the scalar equilibrium problem: find x € K such
that

Vy € K. 1)

F(x,y)>0, VyeKk, (2)

where F: KxK — Risa given function satistying F(x, x) >
0 for all x € K. It is well known that problem (2) is a unified
model of several problems, such as variational inequality
problems, optimization problems, saddle point problems,
complementarity problems, and fixed point problems (e.g.,
see [1-3]).

In 1999, Isac et al. [4] raised the open problem: if K is
a nonempty closed subset in a locally convex semireflexive
topological vector space, under what conditions does prob-
lem (1) have a solution? Since then, some authors begin to
study the problem. In 2000, Li [5] gave the answer by using
the concept of extremal subsets. In [6], Chadli et al. derived
some results by using a fixed point theorem due to Ansari and
Yao [7] and Fan lemma [8]. In [9], Zhang also answered the

problem by using the concept of (a, b)-convexity, a fixed point
theorem and Fan lemma. The results mentioned above and
others in [10-12] are shown in the topological vector space.
Therefore, there is a problem: when does problem (1) have
a solution in the nonlinear framework of manifolds? On the
other hand, as far as we know, there is not a paper in which
the essential stability of the set of equilibrium points of the
equilibrium problem with lower and upper bounds is given
either in topological vector space or on manifolds.

The purpose of this paper is to develop the equilibrium
problem with lower and upper bounds in the nonlinear
framework of Hadamard manifolds, to study the existence
of equilibrium points, and the essential stability of the set
of equilibrium points of the equilibrium problem with lower
and upper bounds on Hadamard manifolds. Our results
extend the corresponding theorems due to Isac et al. [4],
Colao et al. [13], and Zhang [9].

2. Preliminaries

In this section we recall some notations, definitions, and basic
properties used throughout the paper, which can be found in
[14] or [15].

Definition 1. A Hadamard manifold M is a complete simply
connected Riemannian manifold of nonpositive sectional
curvature.


http://dx.doi.org/10.1155/2014/329545

Throughout this paper, let M be an m-dimensional
Hadamard manifold, let x be any given point in M, and let
T.M denote the tangent space at x to M. We denote by (, )
the scalar product on T, M with the associated norm || - ||. Let
d: MxM — Rbe the distance function; then by the Hopf-
Rinow theorem (see [15]), (M, d) is a complete metric space.

Definition 2. The exponential mapping exp, : T.M — M
at x is defined by exp,v = y,(1, x) for each v € T, .M, where
, (- x) = p(-) is the geodesic starting at x with velocity v (i.e.,
p(0) = x and y'(O) =)

Easily, we know that (i) exp,tv = y,(t,x) for each real
number t; (ii) the exponential mapping and its inverse are
continuous on Hadamard manifolds; (iii) for any o, p, g € M,
the minimal geodesic joining p to g is expptexp;q (t e
[0,1]), and exp,(t,exp,’p + t,exp,'q) is also the minimal
geodesic for any t,,t, € [0,1] with ¢, +¢, = 1.

Definition 3. A subset S ¢ M is said to be geodesic convex if
for any two points x and y in S the geodesic joining x to y is
contained in S; that is, if y : [a,b] — M is a geodesic such
that x = y(a) and y = y(b), then y((1 — t)a + tb) € S for all
t e€[0,1].

Definition 4. Let o be any given point in M. The geodesic
convex hull for a set S ¢ M, denoted by GCoS, is defined
as follows:

GCoS = <[exp0 <Z)tiexp;1xi> | VX1, %5, ...,%, €S,
i=1

A d, €001, (3)

i=1

Remark 5. If S ¢ M is a geodesic convex subset, then
GColxy, xy,...,x,} C Sforany x,x,,...,x, €S.

Definition 6 (see [16]). Let G : § — 2M. One says that
G is a KKM mapping on Hadamard manifolds if, for any
X1, X5, %, €S, one has

GCo {xy,x5,...,%,} C LHJG(x,-). (4)
i1

Lemma 7 (see [13, 16]). Let K be a nonempty closed geodesic
convex subset of M and G : K — 2M a closed-valued KKM
mapping on a Hadamard manifold. If there exists at least one
x, € K such that G(x,) is compact in 2™, then

xeK

3. Existence of Equilibrium Point

In this section, we show the existence of equilibrium point
of the equilibrium problem with lower and upper bounds by
using KKM theorem on Hadamard manifolds.
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Theorem 8. Let S be a nonempty bounded closed and geodesic
convex subset of Hadamard manifolds M. If the function f :
Sx 8 — Rsatisfies the following conditions:

(i) foreach y € S, the set {x € S| a < f(x,y) < b} is
closed in M,

(ii) for any finite set {y,,...,y,} € S, GCo{y,,...
UL {xeSla< f(x,y) <b},

(iii) there exists y, € S, suchthat{x € S| a < f(x, y,) < b}
is a compact subset of M,

s Yt C

then the equilibrium point of the problem (1) exists. That is,
there exists x € S, such that

a<f(x,y)<b VyeS. (6)

Proof. Let the set-valued mapping G : S — 25 be defined
by G(y) = {x € S| a < f(x,y) < b}. Then G is a KKM
mapping. In fact, it follows from Condition (ii) that, for any
finite set {y,,..., y,} ¢ Sand any y, € GCo{y,,..., y,}, there
exists some i € {1,2,...,n} such thata < f(y,,y;) < b; that
is, o € G(y;) for some i. Hence we have y, € [ J, G(y;) and
Co{yr>- -yt < UL GO)-

By Condition (i), for each y € S, G(y) is closed in M. By
Condition (iii) and the completeness of M, there exists y, € S
such that G(y,) = {x € S | a < f(x,y,) < b} is compact.
By Lemma 7, we have (], G(y) #0; that is, for any y € S,
there exist X € G(y). Therefore there exists x € S such that
a< f(x,y) <bforall y € S. The proof is completed. O

Example 9. 1f for any x € S, the mapping g : S xS — R sat-
isfies that the set {y € S | g(x, y) < 0} is geodesic convex and
g(x,x) =0, then f(x, y) = e~ 9%Y) gatisfies Condition (ii).

In fact, if not, then for any finite set {y,,...,y,} < S,
there exists ¥ € GCo{y,,..., y,} such that X ¢ [J.,{x € S |
g(x, y;) = 0}; thatis, g(X, y;) < 0 (for all i € {1,2,...,n}).
This implies that for any i € {1,2,...,n}, y; € {y € S |
g(X, y) < 0}. By the geodesic convexity of {y € S | g(x, y) <
0}, we have X € GCo{y,,...,y,} c {y € S| g(X,y) < 0},
which contradicts to g(x,x) = 0. Therefore, for any subset
{Vi>-- > v} € S, GColyy, .., v,y ¢ U {x € S| g(x, 9,) =
0} c UL fxeS10< f(x,y) <1k

Theorem10. Let S be a nonempty bounded closed and geodesic
convex subset of Hadamard manifolds M. If the function f :
S xS — Rsatisfies the following conditions:

(i) foreach y € S, theset {x € S | a < f(x,y) < b} is
closed in M,

(ii) for any finite set {y,,..., y,} € S, GColy,,...
UL {xeSla< f(x,y) <b},

(iii) there exists a compact subset L C M and a point y, €
L NS, such that f(x,y,) < aor f(x,y,) > b forall
x€S\L,

s Yt C

then the equilibrium point of problem (1) exists.

Proof. Let the set-valued mapping G : S — 25 be defined
by G(y) = {x € S| a < f(x,y) < b}. Then by Condition
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(iii) there exists a point y, € S such that G(y,) ¢ L. So
it follows for Condition (i) and the completeness of M that
G(y,) is compact. By Theorem 8, we have that there exists
x € Ssuchthata < f(x, y) < bforall y € S. This completes
the proof. O

Theorem 11. Let S be a nonempty compact and geodesic con-
vex subset of Hadamard manifolds M. If the function f : S x
S — R satisfies the following conditions:

(i) for each y € S, f is continuous with respect to x in M,

(ii) for any finite set {y,,..., ¥} < S, GCo{y;,..., y,} C
UL fxeSla< f(x,y)<b},

then there exists X € S, such thata < f(x, y) <bforall y € S.

Proof. From the continuity of f, it follows that Condition (i)
of Theorem 8 holds. By Theorem 8, we have that there exists
x € Ssuchthata < f(x, y) < bforall y € S. This completes
the proof. O

Remark 12. Theorem 8 extends Theorem 3.1 due to Zhang [9]
from the topological vector space to Hadamard manifolds.

Next, we show some applications of our results as the
following.

Corollary 13. Let S be a nonempty compact and geodesic con-
vex subset of Hadamard manifolds M, a = inf ¢ f (x, x), and
b = sup, ¢ f(x, x). If the function f : S xS — R satisfies the
following conditions:

(i) foreach y € S, f is continuous with respect to x in M,

(ii) for any finite set {y,,..., y,} € S, GColy,,...,y,} C
UL {xeSla< flx,y) <b}

then there exists x € S, such that

;régf (x,x) < f(xp) < suls)f (,x), YyeS. ()

Corollary 14. Let S be a nonempty bounded closed and
geodesic convex subset of Hadamard manifolds M. If the
mapping F : S x S — R satisfies the following conditions:

(i) forany x € S, F(x, x) = 0,

(ii) for each y € S, the set {x € S | F(x, y) > 0} is closed in
M)

(i) for any x € S, the set {y € S | F(x, y) < 0} is geodesic
convex,

(iv) there exists a compact subset L ¢ M and a point y, €
LN, such that F(x, y,) <0 forall x € S\ L,

then the equilibrium point of the problem (2) exists.

Proof. Define a mapping f: SxS — Rby f(x, y) = e Flon)

and then
{xe€S|F(x,y) 20} ={xeS|0< f(x,y)<1}. (8)

By Condition (ii), we have that the {x € S| 0 < f(x, y) < 1}
is closed. It follows from conditions (i), (iii) and Example 9

that f satisfies that for any finite set {y,,...,y,} < S
GCofyy,..., ¥t € U dx € S10 < f(x,y,) < 1}. Addi-
tionally, by Condition (iv) there exists a point y, € S for which
{x € S| F(x, y,) = 0} c L. So it follows from Condition (ii)
and the completeness of M that {x € S| 0 < f(x,y) < 1}
is compact. By Theorem 8, we have that, for all y € §, there
exists X € Ssuch that 0 < f(x,y) < 1; that is, there exists
x € Ssuch that F(x, y) > 0. This completes the proof. O

Remark 15. When the mapping x — F(x, y) is upper contin-
uous for all y € S, Condition (i) holds in Corollary 14. If S is
a compact subset of M, then Condition (iv) can be omitted.
Therefore, Theorem 3.2 shown in [13] is improved.

4. Essential Stability

In this section, we consider the essential stability of the set
of equilibrium points of the equilibrium problem with lower
and upper bounds on Hadamard manifolds. We can see the
systemic study about the essential stability in the topological
vector space in [17].

Let S be a nonempty compact and geodesic convex subset
of Hadamard manifold M, and ¥ denotes the set of the
function f: Sx S — R, which is continuous with respect to
x and satisfies GCo{yy,..., y,} c UL {x € Sla < f(x, ) <
b} for any finite set {y,,..., y,} € S.

Forany f € ¥, it follows from Theorem 8 that there exists
x € Ssuch thatforall y € S,a < f(x,y) < b, where X €
S is said to be equilibrium points of the equilibrium prob-
lem with lower and upper bounds. Let E(f) denote the set of
equilibrium points x; then

E(f) = {}esme ﬂ{xlagf(x,y)sb}}. )

y€eS

So amapping E : ¥ — K(S) is well defined, where K(S) is
the set of all nonempty compact subsets of S. Forany f, g € ¥,
we can define a distance as follows:

P(f>£7)=( sup [f (%, 5) =g (x )| (10)

X,y)€ESXS
Clearly, (¥, p) is a metric space.

Definition 16. For each f € ¥, let e( f) be a nonempty closed
subset of E(f).

(i) x € E(f) is called an essential point of E(f) if, for any
open neighborhood N(x) of x in S, thereisad > 0
such that for any f' € W with p(f, f') < &, N(x) n
E(f') #0. If all x € E(f) is essential, then f is said to
be essential.

(ii) e(f) is called an essential set of E(f) if, for any open
set U, e(f) ¢ U, thereisa § > 0 such that for any
f' e ¥ with p(f, f') < 8,UNE(f") #0.

(iil) m(f) is called a minimal essential set of E(f) if it
is a minimal element of the family of essential sets
ordered by set inclusion.



Lemma 17. The metric space (Y, p) is complete.

Proof. Let {f,, € ¥} be any Cauchy sequence; then for any
e > 0, there is an n, € N such that for any n,m > n,,
P(fn’ fm) <§ o1, Sup(x,y)eSxS'fn(x’ )/) - fm('x’ y)l <é& which
implies that for any (x, y) € S x S, {f,(x,y)} is a Cauchy
sequence in R. Thus, there is a mapping f : S xS — Rsuch
that | f,(x, ¥) — f(x, )| — 0 for each (x, y) € S x S. Hence
SUP(y pesisl ful®¥) - f( )| — 0.Then f, — f under
the metric p.
Next we will prove f € . For any y € S, using

|f (% ) = £ (%, 9)|
< |fn (xn’y) - f(xn’y)l

+ |fn(x’y)_f(x’y)| + |fn (xn’y) _fn(x’y)|’
(11)

we can show f(x, y) is continuous with respect to x. For all
finite set {y;,...,y,} € Sandall y, € GCo{y,,...,y,}, it
follows from the property of f, that there exists some i €
{1,2,...,n}suchthata < f,(y,, ¥;) < b.Since f,, — f under
the metric p, a < f(y,, ¥;) < bholds for some y; and any y,.
Then

n

b J{xeSas< f(xy) <t (12)

i=1

GCo{y,,...

thatis, f € V. O

Lemma 18. The mapping E : ¥ — K(S) is a usco mapping;
that is, E is upper semicontinuous on ¥ and E(f) is nonempty
compact for all f € V.

Proof. Since S is compact, we need only to prove the closed-
ness of the graph of E (GrapE); that is, for all f, € ¥ with
f, — fandanyx, € E(f,) withx, — x,x € E(f) should
be proved.

For any », x,, € E(f,,) implies that x,, € ﬂyes{x €Slac<
fa(x, ) < b}. Hence, for all y € S, by the continuity of f,,
we have that {x € S | a < f,(x, y) < b} is closed, and so x €
Nyes{x € Sa < f,(x, y) < b}; thatis,a < f,(x, y) < bholds
for all y € S. It follows from f, — fthata < f(x,y) <b
holds for all y € S. Therefore, x € E(f). This completes the
proof. 0

Theorem 19. For each f € ¥, one has that

(i) there exists a dense residual subset G of ¥ such that for
each f € G, f is essential,

(ii) there exists at least one connected minimal essential

subset of E(f).

Proof. (i) By Lemmas 17 and 18, we have that the metric
space (¥, p) is complete and the mapping E : ¥ — K(S)
is usco. Hence, it follows from Fort theorem (see [18]) that
there is a dense residual subset G of ¥, such that E is
lower semicontinuous in G. From the definition of lower
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semicontinuous mapping and Definition 16 (i), it follows that
f is essential for each f € G.

(ii) Let ® denote the family of all essential subsets of
E(f) ordered by set inclusion; then ® # @. In fact, the upper
semicontinuity of E implies that, for each open set A with
E(f) C A, there exists § > 0 such that for any ' € ¥ with
p(f f’) < 0, E(f') C A. Hence E(f) is an essential set of
itself.

From the compactness of S, it follows that the intersection
of every decreasing chain of elements in ® is also in ® and
© has a lower bound. Therefore, by Zorns lemma, ® has a
minimal element m( f), which is a minimal essential set of
E(f).

Suppose that the minimal essential subset m(f) is not
connected. Then, there exist two nonempty open subsets M,
and M, with m(f) = M; U M, and two disjoint open subsets
Vi and V, in E(f) such that V|, > M, and V, > M,. From
m(f) C V; UV,, it follows that there is a 8™ > 0 such that for
any f' € W with p(f, f') < 8", (V, UV,) N E(f') #0.

Since m(f) is a minimal essential set of E( f), then neither
M, nor M, is essential. Hence, for 8" > 0, there exist f;, f, €
¥ with p(f, f}) < (6"/4) and p(f, f,) < (8"/4), such that
Vi NE(f,) =0,V, N E(f,) = 0. Thus, p(f;, f>) < (6%/2).

Define a mapping f; : S xS — R as follows:

fiey)=aly) ilxy)+B() fr(xy),  (13)

where a(y) = d(y,V,)/(d(y,V}) + d(y, V), B(y) =
d(y,V))/(d(y, V) + d(y,V,)), and d(:,-) is the metric of M.
It is easy to show that, for any y € S, a(y) and B(y) are
continuous, a(y) > 0, f(y) = 0, and a(y) + B(y) = 1. By the
continuity of f, and f,, we have that f; is continuous with
respect to x.

For any finite set {y;,...,¥,} <c S and all y,
GColy;s..., y,}, it follows from the property of f; (j
1,2) that there exists some i € {1,2,...,n} such that a
fi(yo» ) <b (j=1,2),and thena < f; (yp, y;) < b. There-
fore, f; € V.

Since

IAN Il m

p(fsf)<p(f fi) +p(fis f)
<p(fif)+p(fi.fo) <65,

we have (V,UV,)NE(f;) #0. When VI NE(f;) #0,lety € VN
E(f;);thena(y) = 1, B(¥) = 0, f5 = f1, and V; N E(f,) #0,
which contradicts the fact V; N E(f;) = 0. Similarly, we can
show that V, N E(f;) # @ results in a contradiction. Therefore,
m(f) is connected. The proof is completed. O

(14)

In the sequel, by using the above results, we consider the
essential stability of the set of equilibrium points of problem
(2) on Hadamard manifolds.

Let ¥' denote the set of the function F : $x S — R,
which is continuous and satisfies that {x € S | F(x, y) < 0} is
geodesic convex and F(x, x) = 0 for any x € S.

For any F e ¥, it follows from Remark15 and
Corollary 14 that there exists x € S such that for all y € S,
F(x,y) = 0, where x € § is said to be equilibrium points of
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problem (2). Let E'(F) denote the set of equilibrium points x;
then

E'(F)

xeS|xe(){x|F(xy) =0}
y€eS

(15)

xeS|xe[)fxl0ce™ <1}
yes

So a mapping E' : ¥' — K(S) is well defined.
Let f(x,y) = e T g =0,and b = 1; by Theorem 19,
we have the following results.

Corollary 20. For each F € ¥', one has that

(i) there exists a dense residual subset G' of ¥' such that
for each F € G, F is essential,

(ii) there exists at least one connected minimal essential
subset of E' (F).
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