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We define a class of almost generalized cyclic (¢, ¢)-weak contractive mappings and discuss
the existence and uniqueness of fixed points for such mappings. We present some examples to
illustrate our results. Moreover, we state some applications of our main results in nonlinear integral
equations.

1. Introduction

Fixed point theory is a crucial tool in the analysis of nonlinear problems. Banach contraction
mapping principle [1] is the most known result in this direction: A self-mapping T : X — X
on a complete metric space (X,d) has a unique fixed point if there exists k € [0,1) such
that d(Tx,Ty) < kd(x,y) for all x,y € X. In this theorem, a self-mapping T is necessarily
continuous. Due to its importance to fixed point theory in nonlinear analysis, desired Banach
fixed point theorem have been heavily investigated by many authors (see, e.g., [2-15]). One
of the remarkable generalizations of the banach contraction mapping principle was reported
by Kirk et al. [16] via cyclic contraction. A mapping T : AUB — AU B is called cyclic if
T(A) CBand T(B) C A, where A, B are nonempty subsets of a metric space (X, d). Moreover,
T is called cyclic contraction if there exists k € (0,1) such that d(Tx,Ty) < kd(x,y) for all
x € A and y € B. Notice that although a contraction is continuous, cyclic contraction need
not to be. This is one of the important gains of this theorem. In this paper, the authors also
introduced the following notion.
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Definition 1.1 (see [16]). Let X be a nonempty set, p be a positive integer,and T : X — X be
amapping. X = [}, A; is said to be a cyclic representation of X with respect to T if

(i) A;,i=1,2,...,p are nonempty closed sets,

(11) T(Al) c AZ/ cee rT(Ap—l) c Apr T(Ap) c Al-

Following the paper in [16], a number of fixed point theorems on cyclic representation
of X with respect to a self-mapping T have appeared (see, e.g., [17-26]).

The concept of almost contractions were introduced by Berinde [27, 28]. It was shown
in [27] that any strict contraction, the Kannan [12] and Zamfirescu [29] mappings, as well
as a large class of quasicontractions, are all almost contractions. Almost contractions and
its generalizations were further considered in several works like [7, 30-37]. Recently, Ciri¢
et al. [7] proved some fixed point results in ordered metric spaces using almost generalized
contractive condition, which is given in the following definition.

Definition 1.2. Let T : X — X be a self-mapping on a metric space (X, d). It is said to satisfy
almost generalized contractive condition if there exists k € (0,1) and L > 0 such that

d(Tx,Ty) < kmax{d(x,y),d(x, Tx),d(y, Ty), d(x, Ty) ;d(y, Tx) }

(1.1)
+Lmin{d(x,Tx),d(y,Ty),d(x,Ty),d(y,Tx)},

forall x,y € X.

In this paper, we introduce a class of almost generalized cyclic (¢, ¢)-weak contractive
mappings and we investigate the existence and uniqueness of fixed points for almost
generalized cyclic (¢, )-weak contractive type mappings. Our main result generalizes and
improves some well-known theorems in the literature (see, e.g., [16, 18, 19, 24, 26]). We state
some examples to illustrate our results. Furthermore, we apply our main result to analyze the
existence and uniqueness of solutions for a class of nonlinear integral equations.

2. Main Result

We start this section by defining two classes of real valued functions. Let ®@ be the set of
functions ¢ : [0,00) — [0, o0) satisfying the following conditions:

(®1) ¢ is lower semicontinuous;
(@2) ¢7'({0}) = {0}.

We denote by ¥ the set of all continuous functions ¢ : [0, 0) — [0, o).
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Definition 2.1. Let (X, d) be a metric space. Let p be a positive integer and let Ay, A,,..., A,
be nonempty subsets of X and Y = U}, A;. Let T : Y — Y be a mapping such that

(1) Y =, A; is a cyclic representation of Y with respect to T,

(II) there exist L > 0, ¢ € ¥ and ¢ € @ such that

¢ (d(Tx,Ty)) < ¢(Mr(x,y)) —9(Mr(x,y))

@2.1)
+ Lmin{d(x,Tx),d(y,Ty),d(x,Ty),d(y,Tx)},
forall (x,y) € Ai x Aiy1,i=1,2,...,p (with Ay = Ap), where
d(x, Ty) +d(y,Tx
Mr(x,y) = max{d(x,y),d(Tx,x),d(Ty,y), (xTy) > (¥ )} (2.2)

Then T is called an almost generalized cyclic (¢, ¢)-weak contractive mapping.

Remark 2.2. Taking in the above definition, p = 1, A1 = X, ¢(t) = t, and ¢(t) = (1 - k)t,
where k € (0,1) is a constant, we obtain an almost generalized contractive condition. Then
any almost generalized contractive mapping is an almost generalized cyclic (¢, ¢)-weak
contractive mapping.

Our main result is the following.

Theorem 2.3. Let {A;}? | be nonempty closed subsets of a complete metric space (X,d) and Y =
I Ai.Let T :Y — Y bean almost generalized cyclic (¢, ¢)-weak contractive mapping. Then T has
a unique fixed point that belongs to (\}_, A;.

Proof. Let xo € A; (such a point exists since A; # (). Define the sequence {x,} in X by

Xps1=Tx,, n=012,.... (2.3)
We will prove that
lim d(xy, xp+1) = 0. (2.4)
n— oo

If for some k, we have xi.1 = xi, then (2.4) follows immediately. So, we can suppose that
d(x,, xp+1) > 0 for all n. From the condition (I), we observe that for all 7, there exists i =
i(n) € {1,2,...,p} such that (x,, X,+1) € Ai x Ajs1. Then, from the condition (II), we have

‘I’(d(xn/ Xns1)) < (P(MT(xn—lr Xn)) = ‘P(MT(xn—ll Xn)), n=12,.... (2.5)
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On the other hand, we have

MT (xn—lr xn)

_ max{d(xn,l,xn),d(Txn,l, Xt), d(Txn, Xn), A1, Txn) + d(Xn, Txn1) }

2

— max{ (1,20, 200), A ), HE2 ) ) 26)
- max{ 1, %), 4o, ), 220 |
= max{d(Xp-1,Xn), d(Xn+1, Xn) }-
Suppose that My (x,-1, x,) = d(x441, x,). Using (2.5), we obtain
¢ (d(xn, Xns1)) < ¢ (d(Xn, Xni1)) = @(d (X, Xni1)), (2.7)

which implies that ¢(d(x,, xn41)) = 0. From condition (@,), we get that d(x,, x,+1) = 0, a
contradiction with our assumption d(x,, x,+1) > 0 for all n. Thus, we have Mr(xp-1,x,) =
d(xp-1,x,), which implies that {d(x,, x,.+1)} is a decreasing sequence of positive numbers.
Then there exists r > 0 such that

lim d(x,, xp41) =1 (2.8)

n—oo

Letting n — oo in (2.5), using (2.8), the continuity of ¢ and the lower semicontinuity of ¢,
we obtain

@(r) <g(r)—o(r), (2.9)

which implies that ¢(r) = 0, that is, r = 0. Thus, we proved (2.4).

Now, we will prove that {x,} is a Cauchy sequence in (X, d). Suppose that {x,} is not
a Cauchy sequence. Then there exists € > 0 for which we can find two sequences of positive
integers {m(k)} and {n(k)} such that for all positive integers k,

n(k) > m(k) >k, d(xm(k),xn(k)) > &, d(xm(k),xn(k)_l) < €. (2.10)
Using (2.10) and the triangular inequality, we get

€ < d(Xn(ky, Xm(k))
< d(Xm(ky, Xn(k)-1) + d(Xn()-1, Xn(k)) (2.11)

<€+ d(xn(k),xn(k)_l).
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Thus, we have
€< d(x,,(k),xm(k)) <€e+ d(xn(k), xn(k)_1>. (2.12)
Letting k — oo in the above inequality and using (2.4), we obtain

Jim d (xn(r, X)) = €"- (2.13)

On the other hand, for all k, there exists j(k) € {1,...,p} such that n(k) — m(k) + j(k) = 1[p].
Then xu(k)-jk) (for k large enough, m(k) > j(k)) and x,) lie in different adjacently labelled
sets A; and A;,; for certaini € {1,...,p}. Using (II), we obtain

@ (A(TXmei)-j ), Toxn(k))) < ¢ (M (Xmio)—j(), Xn(k) ) ) = @ (M (Xm(i)-j ) Xn(i)) )
+ L min{d (Xm(k)-j(k), Xm(k)-jk)+1)  A(Xnik) Xn(iy+1) s (2.14)

A (Xm()-j(k)r Xnky+1), A(Xnk), Xm(k)-j(k)+1) }
for all k, that is,

¢ (d(Xm@o)-jt+1, Xn(y+1)) < ¢ (M (Xmk)-j(k), Xn(k))) = (M1 (Xmk)-j k), Xn(k)) )
+ L min{d (Xom(k)-j(k), Xim(k)-j(k)+1) A (Xn(k), Xn(ky+1), (2.15)

A(Xm(k)-j(k), Xn(iy 1), A (Xniky, Xmo-jo+1) }
for all k. Now, we have
Mr (Xm(k)-j(k)r Xn(k))

= max{d(xm(k)—j(k)/ Xn(k)) » A (Xm()-j (k) +1, Xm(k)-j(k) ) A(Xn)+1, Xn(k) ). (2.16)

d(Xm(o)-jk)r Xn(ky+1) + A(Xntk), Xm(x)-j(k)+1) }
2

for all k. Using the triangular inequality, we get

| (mm)-jck), Xntky) = A(Xnry, Xmx)) |

< d(Xm(w)-j(k), Xm(k))

jo-1

< Z A (X)) +1s Xm(k)=j(k)+1+1)
1=0

(2.17)

p-1
< D A (Xm-jk)+1, Xm(k)-jy+141) — 0, as k — oo (from (2.4)),
1=0
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which implies from (2.13) that
Jim d (X)) X)) = €-
Using (2.4), we have
Jim d (- +1, Xmi)—jk)) = 0,
Jim d(xue 1, X)) = 0-
Again, using the triangular inequality, we get
|dCem-jo0, Xno+1) = d(Fm-j, X)) | < d (X, Xnir+1)-
Letting k — oo in the above inequality, using (2.20) and (2.18), we get

klim d(xm(k)—j(k)/ xn(k)+1) =&

Similarly, we have

| (Xniiy, Xmi)-jcky 1) = AXmao-j ), Xneiy) | < Ak, Xmiy-jcry1)-

Letting k — oo, using (2.4) and (2.18), we obtain
Jim d (X, Xm(i-j 1) = -
Similarly, we have
Jim d (xmi)-j 1, Xn(i1) = €-
Now, it follows from (2.18)—(2.24) that
lim M (Xmx)-jk), Xn(k)) = max{s, 0,0, %} =g,

k— oo

Jim min{d (m(-k), Xm-jc0+1), A (Xn) Xn1) & (X)), Xty 1),

d(xn(k),xm(k)_j(k)+1)} = min{O, O, S,E} =0.

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

Letting k — oo in (2.15), using (2.25), (2.26), the continuity of ¢ and the lower semi-

continuity of ¢, we obtain

lp‘(S) < (P(S) - ()0(5)1

(2.27)
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which implies that ¢(¢) = 0, that is, ¢ = 0, a contradiction with £ > 0. Then we deduce that
{x,} is a Cauchy sequence in the metric space (X, d).
Since (X, d) is complete, there exists x* € X such that

lim x, = x*. (2.28)
We will prove that
4
x* €A (2.29)

From condition (I), and since xo € A1, we have {x,;},59 C A;. Since A; is closed, from (2.28),
we get that x* € A;. Again, from the condition (I), we have {x,ps1},50 C Az. Since A; is
closed, from (2.28), we get that x* € A,. Continuing this process, we obtain (2.29).

Now, we will prove that x* is a fixed point of T. Indeed, from (2.29), since for all n,
there exists i(n) € {1,2,...,p} such that x,, € Aj), Applying (II) with x = x* and vy = x,,, we
obtain

¢(d(Tx", xp41)) = ¢(d(Tx", Txy))
< ¢(Mr(x*, x2)) — (M1 (X", 1)) (2.30)
+ Lmin{d(x*, Tx"),d(xp, Xn1), (X", Xps1), d(x,, TX)},

for all n. On the other hand, we have

M (x*, %) = max{ A, ) d (', Tx), Ay, ), L K1) - A T } (2.31)
Using (2.28), we obtain that
Iim Mr(x*, x,) = d(x*, Tx"),
(2.32)

lim min{d(x*, Tx"), d(xu, Xns1), d(x*, xp11),d(x,,, Tx*)} = 0.

n— oo

Letting n — oo in (2.30), using (2.32), the continuity of ¢ and the lower semicontinuity of ¢,
we get

g(d(x", Tx")) < g(d(x, Tx")) — o(d(x*, Tx")), (2.33)

which implies that d(x*, Tx*) = 0, that is, x* is a fixed point of T

Finally, we prove that x* is the unique fixed point of T. Assume that y* is another fixed
point of T, that is, Ty* = y*. From the condition (I), this implies that y* € (_; A;. Then we
can apply (II) for x = x* and y = y*. We obtain

p(d(x"y")) <gMr(x",y")) —o(Mr(x", y"))- (2.34)
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Since x* and y* are fixed points of T, we can show easily that Mr(x*,y*) = d(x*,y*). Then
we get

p(d(x"y")) <g(d(x"y)) —ed(x",y")), (2.35)

which implies that d(x*, y*) = 0, that is, x* = y*. Thus, we proved the uniqueness of the fixed
point. 0

3. Consequences

In this section, we derive some fixed point theorems from our main result given by Theorem
2.3.

If we take p = 1 and A; = X in Theorem 2.3, then we get immediately the following
fixed point theorem.

Corollary 3.1. Let (X, d) be a complete metric spaceand T : X — X satisfies the following condition:
there exist L > 0, ¢ € W and ¢ € ® such that

¢(d(Tx,Ty)) < ¢(Mr(x,y)) —p(Mr(x,y))
+ Lmin{d(x,Tx),d(y,Ty),d(x,Ty),d(y,Tx)},

(3.1)
forall x,y € X. Then T has a unique fixed point.

An immediate consequence of Corollary 3.1 is the following fixed point theorem (see
Remark 2.2).

Corollary 3.2. Let (X, d) be a complete metric spaceand T : X — X satisfies the following condition:
there exist L > 0 and k € (0, 1) such that

d(Tx,Ty) < kMr(x,y) + Lmin{d(x,Tx),d(y,Ty),d(x,Ty),d(y,Tx)}, (32)

forall x,y € X. Then T has a unique fixed point.

Remark 3.3. Taking L = 0 in Corollary 3.1, we obtain Theorem 2.2 in [8]. Moreover, in
Corollary 3.1, it is not supposed that ¢ is nondecreasing and ¢! ({0}) = {0}, as in [8].

Taking ¢ (t) = t, p(t) = (1 - k)t, with k € (0, 1), in Theorem 2.3, we derive the following
result.
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Corollary 3.4. Let {A;}_, be nonempty closed subsets of a complete metric space (X, d) and suppose
that T : U}, Ai — UL, A; satisfies the following conditions (where Ap.q = Ay):

(i) T(Ai) CAi for1<i<p;

(ii) there exists a constant k € (0,1) such that

d(Tx,Ty) < kmax{d(x,y),d(Tx, x),d(Ty,y), d(x,Ty) ;d(y,Tx) }

(3.3)
+Lmin{d(x,Tx),d(y,Ty),d(x,Ty),d(y,Tx)},

forall (x,y) € (Ai, Ain), for 1 <i < p.

Then T has a unique fixed point that belongs to (\}_; A;.

The following fixed point theorems established in [16, 25] are immediate consequences
of the above result.

Corollary 3.5. Let {A;}}_, be nonempty closed subsets of a complete metric space (X, d) and suppose
that T : U}, Ai — UL, A; satisfies the following conditions (where Ap.q = A1):

(i) T(Ai)) C A for1<i<p;

(ii) there exists a constant k € (0, 1) such that

d(Tx,Ty) < kd(x,vy), (3.4)

forall (x,y) € (A, Ain), for 1 <i<p.

Then T has a unique fixed point that belongs to (\,_; A;.

Corollary 3.6. Let {A;}_, be nonempty closed subsets of a complete metric space (X, d) and suppose
that T : Ule A; — Ule A; satisfies the following conditions (where Apy1 = Aq):

(i) T(Ai)) C A for1<i<p;

(ii) there exists a constant k € (0,1) such that
d(Tx,Ty) < S[d(x,Ty) + d(y,T2)], (3.5)

forall (x,y) € (Ai, Aix1), for 1 <i<p.

Then T has a unique fixed point that belongs to (\,_; A;.
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Corollary 3.7. Let {A;}}_, be nonempty closed subsets of a complete metric space (X, d) and suppose
that T : U}, Ai — UL, A; satisfies the following conditions (where Ap.q = Ay):

(1) T(Ai) CApfor1<i<p;

(ii) there exists a constant k € (0,1) such that

d(Tx,Ty) < kmax{d(x,Tx),d(y,Ty)}, (3.6)

forall (x,y) € (Ai, Ain), for 1 <i < p.

Then T has a unique fixed point that belongs to (\,_; A;.

Corollary 3.8. Let {A;}_, be nonempty closed subsets of a complete metric space (X, d) and suppose
that T : Ule A; — Ule A; satisfies the following conditions (where Apy1 = Aq):

(i) T(A;) CAinfor1<i<p;

(ii) there exist ay, ap, as, as > 0 with ay + a, + az + a4 < 1 such that

d(x,Ty) +d(y,Tx)
2

d(Tx,Ty) < aid(x,y) + axd(Tx, x) + azd(Ty,y) + a4[ ], (3.7)

forall (x,y) € (A, Ain), for 1 <i<p.

Then T has a unique fixed point that belongs to (\}_; A;.

Remark 3.9. Taking p =1 and A; = X, we get

(i) from Corollary 3.5, the Banach contraction principle [1];

(ii) from Corollary 3.6, Kannan'’s fixed point theorem [12];
(iii) from Corollary 3.7, Bianchini’s fixed point theorem [2] (see also [3]);
(iv) from Corollary 3.8, Hardy and Rogers fixed point theorem [9].

Now, we derive a fixed point result for cyclic mappings satisfying a contractive
condition of integral type.

Denote by A the set of functions a : [0,00) — [0,00) satisfying the following hy-
potheses:

(A1) ais a Lebesgue integrable mapping on each compact subset of [0, o0);

(Az) for any € > 0, we have [j a(s) ds > 0.
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We have the following result.

Corollary 3.10. Let { A;}?_| be nonempty closed subsets of a complete metric space (X, d) and suppose
T: Ule A; — Ule A; satisfies the following conditions (where Apy1 = A1):

(i) T(A) CAj for1<i<p;
(ii) there exist L > 0, a, p € A such that

d(Tx,Ty) Mr(xy) Mr(xy)
j a(s)ds < f a(s) ds —f B(s) ds
0 0

0 (3.8)

+ Lmin{d(x,Tx),d(y,Ty),d(x,Ty),d(y,Tx)},

forall (x,y) € (Ai, Ais1), for 1 <i<p.
Then T has a unique fixed point that belongs to (Y[, A;.

Proof. It follows immediately from Theorem 2.3 by observing that the functions ¢(t) =
j’é a(s)ds and @(t) = fé p(s)ds belong to ¥. O

Taking L = 0 in Corollary 3.10, we obtain the following result.

Corollary 3.11. Let { A;}?_| be nonempty closed subsets of a complete metric space (X, d) and suppose
T: Uf;l A; — Ule A; satisfies the following conditions (where Ay = Aq):

(i) T(A;)) C Ay for1 <i<p;
(ii) there exist a, p € A such that

d(Tx,Ty) Mr(x,y) Mr(x,y)
[ awas< [ awds- [ pos (39)
0 0

0

forall (x,y) € (Ai, Ain), for 1 <i < p.
Then T has a unique fixed point that belongs to (Y, A;.

4. Some Examples
In this section, we give some examples to illustrate our obtained results.

Example 4.1. Let X = [0,1] be endowed with the standard metric d(x,y) = |x — y| for all
x,y € X. Consider the closed subsets A; and A, defined by A; = [0,1/4] and A, = [1/4,1].
Define the mapping T : X — X by

1
- ifx€[0,1),

4 (4.1)
0 ifx=1.

Tx

Clearly, we have T(A;) C Ay and T(Az) C A;.
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Now, let (x,y) € A; x Ay. We distinguish two cases.

Case 1. If y = 1. In this case, we have

d(Tx,Ty) = |Tx - Ty|

1
—'1‘0'

1]
e S
N —
N| —

(4.2)

IN

Ed(y, Ty)

1
< sMr(x,y)

1
= Mr(x,y) = 5Mr(x,y).
Define the functions ¢, ¢ : [0,00) — [0, 00) by
g =1, pt)=5, Vi20. (4.3)

Then we have
w(d(Tx,Ty)) < ¢(Mr(x,y)) —(Mr(x,y)). (4.4)

Case 2. If y #1. In this case, we have d(Tx, Ty) = 0, so inequality (4.4) is satisfied.

Similarly, if (x,y) € Az x Aj, we can show that (4.4) is satisfied.

Thus, we checked that all conditions of Theorem 2.3 are satisfied (with p = 2). We
deduce that T has a unique fixed point x* € A; N A, = {1/4}.

Example 4.2. Let X = [-ur, or] be endowed with the standard metric d(x,y) = |x — y| for all
x,y € X. Consider the closed subsets A; and A, defined by A; = [0,o] and Ay = [-,0].
Define the mapping T : X — X by

Tx o —%x cos(%)| ifx € [-a,0)U (0, ], (4.5)
0 ifx =0.

Clearly, we have T(A;) C Ay and T(Az) C A;.
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Now, let (x,y) € (A1 x Az) with x#0 and y #0. We have

d(Tx,Ty) = |Tx - Ty|
()

cos( —
x
(=)

cos( —
x

1
< §(|x|+ ly|)-

_ ‘_1x
13

(4.6)

=§|x|

On the other hand, we have

1

1
xXl=x<x+=Xx X+ =X
%] - 3 3

(-

cos(%) || =d(x,Tx),

=y <-y+x y608<1>‘ -y 1y COS<1>| <ly+ 1y COS<1>H =d(y,Ty).
IR y 3 y/I717 3 y '
4.7)
Then we have
d(Tx,Ty) < %max{d(x, Tx),d(y,Ty)} < %MT(x,y). (4.8)
Consider the functions ¢, ¢ : [0,00) — [0, o0) defined by
g =t g)=5, V20 (4.9)
We have
w(d(Tx,Ty)) < ¢ (M (x,9)) - 9(Mz (x,1)). (4.10)

Moreover, we can show that the above inequality holds if x = 0 or y = 0.
Now, all conditions of Theorem 2.3 are satisfied (with p = 2), we deduce that T has a
unique fixed point x* € A; N A, = {0}.

5. An Application

In this section, we apply the result given by Theorem 2.3 to study the existence and
uniqueness of solutions to a class of nonlinear integral equations.
We consider the nonlinear integral equation

1
u(t) = J;) k(t,s,u(s))ds, Vte[0,1], (5.1)

where k : [0,1] x [0,1] x R — R is a continuous function.
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Let X = C(][0,1]) be the set of real continuous functions on [0,1]. We endow X with
the following standard metric:

do(u,v) = ggﬁ|u(t) -o(t)|, Yu,veX (5.2)

It is well known that (X, d.,) is a complete metric space. Let (a, f) € X2, let (ap, fy) € R? such
that

a <a<p<fo. (5.3)

We suppose that for all t € [0, 1], we have

1
a(t) < f k(t,s,B(s))ds, (5.4)
0
1
pt) > I k(t, s, a(s))ds. (5.5)
0
We suppose that for all £, s € [0,1], k(t, s, ) is a decreasing function, that is,
x,yeR, x>y=k(ts,x)<k(ts,y). (5.6)

Finally, we suppose that for all t,s € [0,1], for all x,y € R with x < ffpand y > ap or x > ay
and v < o,

[k(t,5,%) ~ k(t,5,1)| <&(|]x -y

), (5.7)

where ¢ : [0,00) — [0, o) is continuous nondecreasing and ¢ : f — t — {(t) belongs to ®.
Now, define the set

W ={ueC(0,1]): a<u<p}. (5.8)

We have the following result.

Theorem 5.1. Under the assumptions (5.3)—(5.7), Problem (5.1) has one and only one solution u* €
.

Proof. Define the closed subsets of X, A;, and A; by

Ar={ueX:u<p},
(5.9)
Ay={ueX:u>aj.
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Define the mapping T : X — X by
1
Tu(t) = J‘o k(t,s,u(s))ds, Vte][0,1].
We will prove that
T(A1) C Ay, T(Ay) C Ay.
Letu € A, thatis,
u(s) <p(s), Vse[0,1].
Using condition (5.6), we obtain that
k(t,s,u(s)) > k(t,s,p(s)), Vt,sel0,1].

The above inequality with condition (5.4) imply that

Jl k(t,s,u(s))ds > J‘1 k(t,s,B(s))ds > a(t),

0 0

for all £ € [0,1]. Then we have Tu € A;.
Similarly, let u € Ay, that s,

u(s) > a(s), Vsel0,1].
Using condition (5.6), we obtain that
k(t,s,u(s)) <k(t, s, a(s)), Vt,se][0,1].

The above inequality with condition (5.5) imply that

1 1
f k(t,s,u(s))ds < f k(t, s, a(s))ds < (1),
0 0

forallt € [0,1]. Then we have Tu € A;. Finally, we deduce that (5.11) holds.

Now, let (1, v) € Ay x Ay, thatis, forall t € [0,1],
u(t) < (), v(t) > a(t).
This implies from condition (5.3) that for all ¢ € [0,1],

u(t) < o, v(t) > ap.
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(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)
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Now, using condition (5.7), we can write that for all t € [0, 1], we have
1
Tu=Tol() < [ [kG5,u(s) = K(t5,0(9)lds
0

1
< jo E(u(s) - v(s)])ds (5.20)

< ¢(de(u,v)) (since ¢ is nondecreasing)

< ¢(Mr(u,v)).

This implies that

de(Tu, Tv) < E(Mr1(u,v)) = Mr(u,v) — p(Mr(u,v)). (5.21)

Using the same technique, we can show that the above inequality holds also if we take (u,v) €
Az X A1.

Now;, all the conditions of Theorem 2.3 are satisfied (with ¢(t) = t and L = 0), we
deduce that T has a unique fixed point u* € A; N A, = %W, that is, u* € W is the unique
solution to (5.1). O
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