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Abstract. The main objective of the paper is to state newly fixed point theorems for set-
valued mappings in the framework of 0-complete partial metric spaces which speak about a
location of a fixed point with respect to an initial value of the set-valued mapping by using
some C-class functions. The results proved herein generalize, modify and unify some recent
results of the existing literature. As an application, we provide an existence theorem for a
coupled elliptic system subject to various two-point boundary conditions.

© 2018 TAUCTB. All rights reserved.

Keywords: Fixed point, set-valued mapping, partial metric space, coupled elliptic system,
C'-class function.

2010 AMS Subject Classification: 47H04, 47H10, 35J57.

1. Introduction

In the study of differential inclusions or differential equations, the topological methods
are used to give us the qualitative information about existence, stability, periodicity
of solutions. The fixed point theorem and topological degree are the most topological
techniques used, which are closely connected. In the present paper we are interesting
about fixed point theory for set-valued mappings on 0-complete partial metric spaces.

Recall that the partial metric is an interesting distance function introduced by
Matthews [22]. The motivation behind introducing the concept of a partial metric space
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is to solve certain problems arising in computer science. In [26], Romaguera introduced
the notion of a 0-Cauchy sequence in a partial metric space and then the 0-complete
partial metric space.

The aim of the paper is to improve the fixed point theorem mentioned on [8] to
0-complete partial metric spaces by using the concept of C-class function, which is intro-
duced by Ansari in [4], and state an existence theorem for the following coupled elliptic
system subject to various two-point boundary conditions

—uf = f(t,ur,ue) — X te(0,1)

_UIQI :g(t7u17u2) — M te (O> 1) (1)
a;u;(0) — Buj(0) =0 i=1,2

Yiui(1) + 0ui(1) =0 i=1,2

where f,g:[0,1] x R x R — R are continuous functions. The constants A, i, o, 53;,7; and
d; are such that, for each ¢ € {1,2},

Aty B30 20, o+ B >0, v +6 >0, k= a7y + a;é; + Biyi > 0.

The paper is organized as follows: in section 2, we give some definitions and recall a few
preliminary results. In section 3, we introduced a type of functions needed to prove our
main results. Moreover, we give some related corollaries. To illustrate an application of
our results, we prove the local existence of solutions to boundary value problem mentioned
below in the last section.

2. Notations and preliminary results

We begin with the following definition.

Definition 2.1 Let X be a nonempty set. A function p : X x X — R¥ is said to be a
partial metric on X if for any z,y, z € X, the following conditions hold:

(P1) plz,z) =ply,y) = p(z,y) &z =y;

(P2) p(z,2) < p(,y);

(PB) p(fL’, y) = p(y7 m);

(Py) plz,y) < p(x,2) +plz,y) — p(z, 2).

The pair (X,p) is then called a partial metric space. Each partial metric p on X
generates a Tp topology 7, on X with a base of the family of open p-balls {By(z,€) : z €
X, e > 0}, where

By(z,e) ={y € X : p(x,y) < p(z,z) + €}

for all z € X and € > 0. The closed p-ball of radius 7 centered at z is denoted by B,(x,r)
where

Bp(z,r) ={y € X : p(z,y) < p(z,7) +1}.

If p is a partial metric on X, then the function p* : X x X — R given by

p(x,y) =2p(z,y) — p(z,z) — p(y, )
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is a metric on X.
Let (X, p) be a partial metric space. Then

e A sequence {x,} converges to a point x € X if and only if p(x,z) = lirf p(x, xy).
n—-+00

e A sequence {z,} is called a Cauchy sequence if there exists (and is finite)
lim p(zp,xm). If lim  p(x,,zm,) = 0, then {z,} is said to be a 0-Cauchy se-

n,m——+00 n,m——+o0o
quence in (X, p).

e (X,p) is said to be complete if every Cauchy sequence {z,} in X converges, with
respect to 7,, to a point x € X such that p(z,z) = lim Oop(:cn, Tim)-

e (X,p) is said to be 0-complete if every 0-Cauchy sequence {x,} in X converges, with
respect to 7,, to a point x € X such that p(z,z) = 0.

e Each 0-Cauchy sequence in (X, p) is a Cauchy in (X, p®).

e Every complete partial metric space is 0-complete.

e (-complete partial metric space need not be complete.

Lemma 2.2 Let (X, p) be a partial metric space.

(a) {zn} is a Cauchy sequence in (X, p) if and only if it is a Cauchy sequence in the
metric space (X, p%).

(b) A partial metric space (X, p) is complete if and only if the metric space (X, p®)
is complete. Furthermore,

L - . o
ngrfoop (Tn,2) =0 & p(r,x) = nggloop(:vn, r) = nm{l_}lgoop(xn, Tm),

where z is a limit of {z,} in (X, p®).
Lemma 2.3 [22] Let (X, p) be a partial metric space. Then

(1) if p(x,y) = 0, then = = y. But if x = y, then p(z,y) may not be zero;
(2) if x # y, then p(z,y) > 0.

Let CP(X) be the family of all nonempty and closed subsets of the partial metric
space (X,p). For z € X and A, B € CP(X), we define p(z, A) = inf{p(z,a),a € A} and
dp(A, B) = sup{p(a, B),a € A} with the convention

5,(0, B) = 0. 2)

Lemma 2.4 [3] Let (X,p) be a partial metric space and A C X. Then p(a, 4) =
p(a,a) < a € A. Moreover, p(a,A) =0 < p(a,a) =0 and a € A, where A denotes the
closure of A with respect to the partial metric p.

Proof. For the second part, we argue by contradiction. Let a € X and A C X where
p(a, A) = 0 such that p(a,a) # 0 or a ¢ A. Let z € A such that p(a, A) = p(a, z). If
p(a,a) # 0 then the use of property (P2) of partial metric gives

0 < p(a,a) < pla, z) = p(a, A) < p(a, A) =0
which is a contradiction. If a ¢ A then a # z and, by using Lemma 2.3, we have
0 < p(a,2) =pla,A) < p(a, 4) =0
which is also a contradiction. Hence p(a, A) = 0 implies that p(a,a) =0 anda € A. R
Note that A is closed in (X, p) if and only if A = A.
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Lemma 2.5 [8] Let (X,p) be a partial metric space. Let z € X and A € CP(X). If
p(z, A) < p (1> 0) then there exists a € A such that p(x,a) < pu.

Note that the mapping J, : CP(X) x CP(X) — [0, +o0] satisfying the following prop-
erties.

Proposition 2.6 [5] Let (X,p) be a partial metric space. For any A, B, C € CP(X),
we have the following:

(i) dp(A, A) = sup{p(a,a),a € A};

(i) dp(A, A) < 6p(4, B);
(iii) 0p(A,B)=0= AC B;
(iv) 6p(A, B) < 0p(A,C) +6,(C, B) — gggp(c, c).

In the sequel, J and J’ will denote intervals on RT containing 0, that are intervals of
the form [0, a), [0, a] or [0, +00).

Definition 2.7 [9] A nondecreasing function ¢ : J — J is said to be a Bianchini-
Grandolfi gauge function (or (c)-comparison) on J if

s(t) == > ¢"(t) is convergent for all ¢t € J,
n=0

where " denotes the n-th iteration of the function ¢ and ¢%(t) =t i.e.
PO(t) = t, o' (t) = p(t), P*(t) = p(p(t), -, ¢"(t) = ("1 (1)).
In [4], Ansari introduced the concept of C-class functions as follows:

Definition 2.8 [4] Let F' : J x J' — R be a continuous mapping. We say that F is a
C-class function if it satisfies the following conditions:

(F1) F(s,t) <s,forall (s,t) € J xJ.
(Fy) F(s,t) = s implies that s =0 or t = 0.
Note that F'(0,0) = 0. We denote by C the set of all C-class functions on J x J’
Example 2.9 The following functions F': J x J' — R are elements of C:
(1) F(s,t)=s—t,J=J =]0,00);
(2) F(s,t) =ms, 0<m<1, J =J =[0,00);
(3) F(s,t) = s — ¢(t), where ¢ : [0,00) — [0,00) is a continuous function such that
et)=0&t=0and J=J =10,00);
(4) F(s,t) = s where a > 1 and J x J' =[0,1) x [0, 00);.
(5) F(s,t) = st* where k > 1and J x J' = [0,00) x [0, 1)

For more examples on C-class functions one can refer to [4, 11, 18].

Definition 2.10 We denote by C; the collection of C-class functions satisfying the
following

e F(s,t) is nondecreasing in s and in ¢
e for any fixed t € J’' we have

oo
w(s,t) == > F"(s,t) is convergent for all s € J,
n=0

where F™ denotes the n-th iteration of the function F' satisfying the following;:

FO(s,t) = s, Fl(s,t) = F(s,t) and F""(s,t) = F(F"(s,t),t).
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Definition 2.11 We denote by Cr; the collection of C-class functions satisfying the
following

e F(s,t) is nondecreasing in s and nonincreasing in ¢

e for any fixed ¢t € J' we have

o0
w(s,t) == > F"(s,t) is convergent for all s € J,

n=0

where F™ denotes the n-th iteration of the function F' satisfying the following:
FO(s,t) = s, F'(s,t) = F(s,t) and F"* (s, t) = F(F"(s,t), F"(s,t)).
Remark 1 The functions w and F satisfy the functional equation
w(s,t) =s+w(F(s,t),t), if FeCr
and
w(s,t) = s+ w(F(s,t), F(s,t)), if FeCyr.
The following examples illustrate Definition 2.10 and 2.11.

Example 2.12

o F(s,t)=s—t= w(s,t)=2s—tand then F' € Cyy.

o F(s,t) =As= w(s,t) = SAfor)\E[O 1) and then F € C;NCyy.

e F(s,t) = ¢(s) where ¢ is a Bianchini-Grandolfi gauge function and then F' € C; N Cyy.

o F(s,t) = \/3;72’ where a > 0 = w(s,t) = s+ Vs> +a? —a for s,t > 0 and then
FelCrn(yr.

o F(s,t) =sth = w(s,t) = i, where k > 1 and then F' € Cj.

1—tk

3. The main results

In this section, we denote

p(z, ¢(y)) + ply, ¢()) } _
2

M (x,y) := max {p(x, y),p(z, d(z)),p(y, ¢(y)),

At first, we introduce the following concept needed on the rest.

Definition 3.1 We denote by = the class of functions 7 : X2 x (2%)2 — J' satisfying
the following: 7(x,y, A,C) = 0 implies at least p(x,y) = 0 or x = y, for any x,y € X
and A, C € 2X
Example 3.2

7(x,y,A,C) = L(6,(A,C) + p(z,y)) where L > 0.

(
T(xayaAaHCy) p(x7y) mln{p(x [I?) (y y)}
T(ﬂUay;Ax,Cy) = S( y) —|—m1n{p(x A ) ( Cy)vp(xaCy)ap(y7Az)75p(Aw7Cy)}~
(

o 7(2,y,A:,Cy) = [ f(s) ds where f be positive function.
0

Definition 3.3 We say that 7 € = is a nondecreasing on (X, p) if
p(.’E, y) < p(a7 b) = T(:Ea Y, A:l:7 Cy) < T((I, ba Aaa Cb) \V/Ama Aaa Cya Cb € 2X
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Now, we are ready to state and prove our main result.

Theorem 3.4 Let (X,p) be a partial metric space such that, for T € X and r > 0,
B,(T,r) be a 0-complete subspace of X. Let ¢ : By(z,r) — CP(X) be a set-valued
mapping. Let F' € C, 7 € = and « € J satisfying one of the following

e F € (Cy and 7 is nondecreasing, o
e FFeCrrand 7(x,y,¢(x),d(y)) > a where x,y € B,(Z,r).

We assume that the following two conditions hold:

(@) 5,(6(2) 0 Byl 1), 6(0) < F(M(,9), 7,1, 0(2),60))) ¥ 9 € Byla,r),

(b) p(Z, ¢(T)) < a where w(a,-) < p(T,T) + r.
Then ¢ has a fixed point * in B,(T, ). If ¢ is a single-valued mapping and p(z,T)+2r € J
then z* is the unique fixed point of ¢ in B, (Z,r).

Proof. If7 € ¢(7) or F' = 0 the proof is finished. So we assume that T ¢ ¢(7) and I # 0.
According to the second condition, and using lemma 2.5, there exists z1 € ¢(Z) N By(T, )
such that

_ [ F%p(z, 21), 7(T, 21, H(T), H(71))) < aor
p(T,x1) = {Fo(p(x,xi),p(a;xi)) <a, !

By induction we construct a sequence {x} satisfying:

o =1
Try1 € ¢(ax) N Bp(wo,r) (3)
p(wg, Tpq1) < (p(l“o 1)) < p(zo,71)

wk( ( ) = F’“(p(xo,q:l) T(zo, 1, d(x0), #(x1))),if F € Cr and 7 is nondecreasing;
b{Zo, X1 Fk(p(SCO;JIl) (mo,xl)),if F € Cyy and T(xk7xk+17¢($k)7¢($k+1) >«

If v = 241 or xx € P(xy) for some k € N, we are done. So we suppose that, for all
kEeN, xp ¢ ¢(x) and zp # x+1 and then p(zg, xp11) > 0.

First, we show that the sequence {xy} satisfying (3) gives M (xg_1,xk) < p(Tg—1,2) €
J. Indeed, let £ € N*. Then we have

M (zp—1, 7)) = max {p(xk:—h 1), p(Th—1, ¢(Tk-1)), P(Tk, P(71)),

p(zr—1, ¢(7k)) + p(Tk, 9(Th-1)) }
2

(-1, 9(xk)) + p(xk, Tk) }
2

= max {p(wk—l, i), p(Tk, P(z1)),

P(Tp—1, Tk + p(Tk, Tk
gmaX{p(xk_l,xk),p(xk,:vk+1), (Tk—1, +12) (Tk, )}

p(wp—1, k) + p(Tk, Thy1) }
2

< max {p(l’kh xy), p(Tk, Tht1),

= max {p(xk—lv xk)a p(ajka xk-ﬁ-l)} .
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a) and the definition

If max {p(zx_1,zk), p(zk, Tk+1)} = p(xk, TE11), then by condition (
) < p(xg—1,2%) € J. We

of F yields a contradiction. Therefore, we must have M (xy_1, zk
start then by using assumption (a) and we have

(¢(xk) N By(zo,7), d(T41))
F(M 2k, Tgt1), T(Tk, Thy1, (2k), ¢(Th41)))

M (xg, Trt1)-

P(Tt1, (Thr1)) < 6p

<6,
<
<

If we assume that M (xg, xp4+1) < p(Tp41, ¢(xp41)) or T(Tk, Tht1, P(2k), P(xg4+1)) = 0 for
some k € N then we have F(M (g, xk+1), T(Tk, Tht1, d(zk), d(2k41))) = M (g, Tpt1),
which implies that M (xg,zkr1) = 0 or 7(z, g1, d(zk), P(xk+1)) = 0 and then xp =
Zg+1 or p(xk, k1) = 0 which is a contradiction.

So we assume that (g1, (Tr41)) < M (g, Tp1) and 7(2g, g1, G(Tk), P(Th11)) #
0 for all ¥ € N and then there exists xg19 € ¢(rr11) such that

P(Trg1, Try2) < M(xp, 2py1) < p(Tk, Thg1).

Moreover, if F' € C; and 7 is nondecreasing then we have

Sp(d(zk) N ($0,T),¢($k+1))

F(M (g, Thi1), T(Ths Thoy1, d(@r), ¢(Tr41)))
F(p(zk, T41), T(0, 21, ¢(20), d(21)))
F(*(p(x0, 21)), 7 (w0, 21, (w0), p(1)))
W (p(wo, 1))

¢

p(iﬂkﬂ, xk+2)

NN N

N

N

else if F' € Cyr and 7(zg, xg41, O(zk), d(xg+1) = «, then

dp(d(x1) N Bp(zo,7), ¢(x141))

M (xg, 1), T(k, Tog1, S(@k), ¢(Th41)))
P(Tk, Thy1), @)

WF(p(xo, 21)), p(x0, 1))

U*(p(x0,71)), " (p(0,71)))

GF (p(o, 1))

p($k+17 $k+2)

NN N

N

F(
F(
F(
F(

N

N

On the other hand, xp9 be an element of the closed p-ball E(wo, 7). Indeed,

k+1 k+1

Pk 42, 20) prm,:rj = plaj.x))
=1

< ZW p(x1,0))

w(a,-)

<
< p(xo, xo) + 7
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For all integers n and m such that n > m, we have
n—1

P(Tn, Tm) < p(Tk, Thy1) — Z p(zk, )
m k=m+1

i
L

i

< V* (p(xo, 1))

Since w(s,-) is convergent for each s € J, we obtain that {z,} is a 0-Cauchy sequence
in By(wo,r). Since By(xo,r) is 0-complete subspace then {x,} converges, with respect to

Tp, t0 a point z* € B, (T, r) such that

p(z*, z*) = ngrfoop(mn,x*) =0.

We assert now that 2* € ¢(z*). The modified triangle inequality and assumption (a) give

p(a", ¢(z7)) < p(a*, zg) + p(ag, d(z7)) — p(zk, Tk)
< p(a*, k) + 6p(d(xx-1) N By(xo,7), p("))
<pa®, o) + F(M(zg—1,2%), 7(xg, %, ¢(2), ¢(27))))
< p(a®,z) + M(zp-1,27)
< p(a*,zk) + p(Tg-1,27)

Taking limit as k — 400, we obtain p(z*, ¢(z*)) = 0 = p(z*, 2*) which from Lemma 2.4

implies that 2* € ¢(a*) = ¢(z*). If ¢ is a single-valued mapping and p(7,T) + 2r € J,
we suppose that there exist two fixed points z*, 2™ € By(x¢,r). Then, we have

M(l'*,;(}**)

and

I
g~
—~
8
\’-X-
<
—~
8
*
*
~—
~

N NN
=
D
IS

*
Z
=l

2
o *
8

*
- *
SN

2
N
SN
8
*
*
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Hence, we have

which implies that M (z*, ™) = 0 or 7(z*, **, ¢(z*), p(x™*)) = 0, thus p(z*,2™) = 0 or
x* = x** which is a contradiction and the proof is completed. [ |

For F(s,t) = ¢(s) a Bianchini-Grandolfi gauge function we get the following corollary.

Corollary 3.5 Let (X,p) be a partial metric space. Let T € X and r > 0 such that
B,(T,r) be a 0-complete subspace of X. Let ¢ : B,(T,r) — CP(X) be a set-valued
mapping and let ¢ a Bianchini-Grandolfi-gauge function on J. If there exists a € J such
that the following two conditions hold:

(a) p(7, (7)) < a where s(a) < p(7,7) +, o

(b) dp(d(x) N By(Z,7),0(y)) < p(M(2,y)) Vz,y € By(T,7),
then ¢ has a fixed point z* in B, (, r). If ¢ ) is a single-valued mapping and p(7, T)+2r € J,
then z* is the unique fixed point of ¢ in B, (Z,r).

Proof. Since F(s,t) = ¢(s) be a C-class function does not depend on second variable
t, it can be choose any 7 € = such that 7 is nondecreasing or greater than a and then
apply Theorem 3.4. |

Remark 2 Corollary 3.5 extends [8, Theorem 3.2] on 0-complete partial metric spaces
and then the results in [3, 5-7, 14-17, 19-22, 24, 27]).

As special case, for F(s,t) = As we have

Corollary 3.6 Let (X,p) be a partial metric space. Let 7 € X, A € [0,1) and r > 0
such that B,(Z,r) be a 0-complete subspace of X. Let ¢ : B,(Z,r) — CP(X) be a
set-valued mapping such that the following two conditions hold:

(a) p(Z,0(x)) < (p(@,T) +7)(1 = A), o

(b) 0p(d(x) N By(T,7), 6(y)) < AM(z,y) Va,y € By(T,r),
then ¢ has a fixed point z* in B,(z,r). If ¢ is a single-valued mapping, then z* is the
unique fixed point of ¢ in B,(Z, ).
Proof. We apply Corollary 3.6 for ¢(t) = At which is a Bianchini-Grandolfi gauge

t

function on J = [0,+00) and s(t) = T Take a = (p(Z,Z) +7)(1 — A) € J and
complete the proof. [ ]

For F(s,t) = 5 — t and 7(z,,6(), 6(y) = o + ¥(z,,6(x), 6(y)) such that ¢
X X X xCP(X)x CP(X) — [0,400) a function, then we get the following corollary.

Corollary 3.7 Let (X,p) be a partial metric space. Let ¥ € X and r > 0 such that
B,(Z,r) be a 0-complete subspace of X. Let ¢ : B,(Z,r) — CP(X) be a set-valued
mapping. If there exists o > 0 such that the following two conditions hold:

[u—

(2) p(, 6(7)) < o < 5 (p(T,7) +7),

(b) 0p(¢(z) N Bp(T, 1), 6(y)) + a0 < M(z,y) — Y(2,y,6(x), (y)) Va,y € By(, 1),

then ¢ has a fixed point z* in B,(Z,7). If ¢ is a single-valued mapping then z* is the
unique fixed point of ¢ in B,(Z, ).
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Proof. Since F(s,t) = s —t be a C-class function for J = J = [0, 400) then we get
w(a,t) =20 —t < 2

for each t € J'. As p(Z,T) + 2r € J, it sufficient to take 2a < p(T,Z) + r and apply
Theorem 3.4 to complete the proof. [ |

Similarly, for F(s,t) = s —t and 7(x,y, ¢(x),d(y)) = a such that

(@, y, 6(x), ¢(y))
P X x X x CP(X) x CP(X) — (0, 1] then we have the following corollary.

Corollary 3.8 Let (X,p) be a partial metric space. Let ¥ € X and 7 > 0 such that
B,(Z,r) be a 0-complete subspace of X. Let ¢ : By(Z,r) — CP(X) be a set-valued
mapping. If there exists o > 0 such that the following two conditions hold:

(4) p(E, 6(7)) < 0 < 3 (P(F7) +7),
(b) Y@y, 6(2), 6(y)dp(d(x) N By(@,7),6(y)) < M(z,y) — p(T,6(T)) Yo,y €

BP(T? 7’),

then ¢ has a fixed point z* in B,(z,r). If ¢ is a single-valued mapping then x* is the
unique fixed point of ¢ in B,(T, ).

4. Application to coupled elliptic systems

In this section, we consider X = C([0, 1]) the space of all continuous functions defined
on I = [0,1] endowed with the maximum norm ||u|| = sup |u(t)|. Let us consider the
tel

cartesian product X x X endowed with the partial metric

p((.%‘,y), (’LL,U)) = ”HZ - UH + Hy - UH +c

where ¢ is a nonnegative constant and then X x X is a 0-complete partial metric. Note
that the coupled elliptic system (1) contains several problems with different choices on
the constants and the functions as [1, 10, 12, 13, 23, 25, 28-30]. We can see that coupled
elliptic system (1) is equivalent to the following system of integral equations

ui(t) = [ Gi(t,s)[f(s,u1(s),ua(s)) — Alds := A(uy,u2)(t) tel
(4)

ua(t) Ga(t,s)[g(s,ui(s),u2(s)) — plds := B(uy,ug)(t) tel

O P —

where G;(t,s), for i € {1,2}, is the Green function of the second-order Sturm-Liouville
boundary value problem

{ —2"(t) =0, te (0,1);
a;z(0) — £;2'(0) =0, ~z(1)+ 62 (1)=0

It is known that [2, 31]

Gi(t,s) = ];{(/Bi‘f‘az‘S)[(Si +’y?~((1 —3}, 0<s<t< 1?
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and then for all ¢t € I and for each i € {1,2}, we have

t

1 1
/Gi(t, s)ds = Gz(t s)ds + /Gi(t, s)ds
0

1

t 1
(/ Bi + a;s)[0; + vi(1 —t) ds—i—/ﬁz—kaz )oi +vi(1 — s)]ds
0 t
= o

ﬁz'ﬁ + 2515 + (042’71 + 2az5z) - kitQ) s

1
which implies that sup [ G;(¢, s)ds = —2
tel o 8k;

and we denote by M := max{Mj, My}.

Let ¢(up,u2)(t) = (A(uy,u2)(t), B(ui,uz)(t)). Then the system (4) is equivalent to the
fixed point equation ¢(ui,u2) = (u1,uz).

Now, we consider the following conditions:

(4ki (Bivi + 2Bi6:) + (aiyi + 20364)*) = M; # 0

(1) There exist a constant C' > 0 and K (A, ) a positive continuous function defined,
w.lo.g., for A > pu > C,

(2) There exists F' € C, 7 € Z and « € J satisfying one of the following
e F' € (C; and 7 is nondecreasing,

e FFeCrrand Teyup ~— T((xay)a (u,v),¢(w,y),qﬁ(u,v)) > a where (xay)a (u,v) €
X x X,
(3) ’UJ(Oé, ) < C+K()‘7:U“)>
o —C
1
- F _ I , ) — 2
) g7 (Flla =+ 1o = ¥]+ ) =) > |

for all a,a bt € R,
e — bl o’ — b < K(A, ),

Theorem 4.1 For a fixed ¢ > 0, suppose that conditions (1)-(5) holds. Then (1) has at
least one solution (u*,v*) in (C([0,1]) N C2%((0,1)))? such that |[u*|| + [[v*]| < K(\, p).
Moreover, if ¢ + 2K (A, ) € J then the solution is unique.

Proof. Let us define a sample set-valued mapping ¢ : X x X — CP(X x X) by

¢(u, v)(t) = (A(u, v)(t), B(u, v)(t))

1 1

= /Gl(t, $)[f(s,u(s), v(s)) —A]dsj/@(t, s)lg(s, u(s),v(s)) — plds

0 0

for all u,v € X.

Now, we check that ¢ satisfies all assumptions of Theorem 3.4 on the closed p-ball of
radius K (), u) centered at (0x,0x) which denotes by B,((0x,0x), K(\, 1)) where Ox
be the null function of X.
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First, the use of assumptions (1)-(4) give the following

p((0x,0x),¢(0x,0x))
= p((0x,0x), (A(0x,0x), B(0x,0x)))
= [[A(Ox, 0x)[| + | B(0x, 0x)[| + ¢

+ sup
tel

= sup
tel

1
< (sup/Gl(t, S)dS) 1£(-,0,0) = Al + (Sup/Gz (t,s) ) llg(-,0,0) — pll +c
tel 0 tel

/Gmawwmﬂ@mﬂ@wwws /Gﬂﬁmwﬁﬂ$ﬁﬂ$%wws+c

a—c
< E— =
M i +c=a

and w(a, ) < c+ K(A\, ) = p((0x,0x), (0x,0x)) + K (A, ). Thus the condition (b) of
Theorem 3.4 is satisfied.

Let (z,9), (u,v) € Bp((0x,0x), K(\, 1)) then we have two cases. The first one, if
o(z,y) ¢ Bp((0x,0x), K (A, p)) then according to convention (2) we have

0= dp(d(z,y) N Bp((0x,0x), K(\, ), $(u, v))
S F(M((z,y), (u,v)), 7((z,9), (u,v), ¢(x,y), p(u, v))).

So we assume that ¢(x,y) € Bp((0x,0x), K(\, 1)) and, from condition (5), we have

(5p((b(.%’7 y) N E((0X7 0X)7 K()‘v N))? (b(u? U))

= p(¢($7 y)? ¢(u7 'l)))
= [[A(z, y) = A(u, )| + | B(z,y) — B(u,v)[| + ¢

= sup /G1 (t,s)(f(s,2(s),y(s)) — f(s,u(s),v(s)))ds

tel

+c

1
+$mt/G2 $),5(5)) — g(s, u(s), v(s)))ds

tel

0

1
/Gltsvsx () — F(s,uls), v(s))| ds
0

+ sup / Ga(t,5) |g(s, 2(s), y(s)) — g(s,uls),v(s))| ds + ¢
0

tel
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by using the positivity of G;, the increasing of F' at the first variable and the condition
(5) we have

dp(p(2,y) N By((0x,0x), K (X, 1)), ¢(u,v))

My + M.
< =g Elle = ull +lly = oll + ¢, o) =) +e
< F(p((:n,y), (uvv))vT&",y,u,v) —c+c
< F(M((;E, y)a (Uav)>a7-z,y,u,v)-

Thus all conditions are satisfied and then A has a fixed point (u*,v*) in
B, ((0x,0x), K(A, p)) ie.,

p((u*,v), (0x,0x)) < p((0x,0x), (Ox,0x)) + KA, p) & [[u| + [[o7]] < K(X, ).

If e+ 2K (A p) € J,ie p((0x,0x),(0x,0x)) + 2K (A) € J and since ¢ is a single-valued

then (u*,v*) is unique. [ |
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