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We present some fixed point results for nondecreasing and weakly increasing operators in a
partially ordered metric space using implicit relations. Also we give an existence theorem for
common solution of two integral equations.

1. Introduction

Existence of fixed points in partially ordered sets has been considered recently in [1], and
some generalizations of the result of [1] are given in [2-6]. Also, in [1] some applications
to matrix equations are presented, in [3, 4] some applications to periodic boundary value
problem and to some particular problems are, respectively, given. Later, in [6] O’'Regan and
Petrusel gave some existence results for Fredholm and Volterra type integral equations. In
some of the above works, the fixed point results are given for nondecreasing mappings.

We can order the purposes of the paper as follows.

First, we give a slight generalization of some of the results of the above papers using
an implicit relation in the following way.

In [1, 3], the authors used the following contractive condition in their result, there
exists k € [0,1) such that

d(fx, fy) <kd(x,y) fory<x. (1.1)

Afterwards, in [2], the authors used the nonlinear contractive condition, that is,

d(fx, fy) <g(d(x,y)) fory=<x, (1.2)
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where ¢ : [0,00) — [0, o0) is anondecreasing function with lim,, _, .¢s" (t) = 0 for t > 0, instead
of (1.1). Also in [2], the authors proved a fixed point theorem using generalized nonlinear
contractive condition, that is,

a7 fy) < o (max{d(x,v),d(x, f2),d(w, fo), 510G ) +d(w o1 }) - a9)

for y < x, where ¢ is as above. In the Section 3, we generalized the above contractive
conditions using the implicit relation technique in such a way that

T(d(Fx,Fy),d(x,y),d(x,Fx),d(y,Fy),d(x,Fy),d(y,Fx)) <0 (1.4)

for y < x, where T : R — R is a function as given in Section 2. We can obtain various
contractive conditions from (1.4). For example, if we choose

1
Tt t6) = 1 o (max{ 1, 505+ 1]} ) (15)

in (1.4), then, we have (1.3). Similarly we can have the contractive conditions in [7-9] from
(1.4).

In some of the above mentioned theorems, the fixed point results are given for
nondecreasing mappings. Also in these theorems the following condition is used:

there exists xg € X such that xg < fxo. (1.6)

In Section 4, we give some examples such that two weakly increasing mappings need not be
nondecreasing. Therefore, we give a common fixed point theorem for two weakly increasing
operators in partially ordered metric spaces using implicit relation technique. Also we did
not use the condition (1.6) in this theorem. At the end, to see the applicability of our result,
we give an existence theorem for common solution of two integral equations using a result
of the Section 4.

2. Implicit Relation

Implicit relations on metric spaces have been used in many articles. See for examples, [10-15].
Let R, denote the nonnegative real numbers, and let T be the set of all continuous
functions T : R® — R satisfying the following conditions:

T1 : T(t,...,ts) is nonincreasing in variables t,, ..., ts;

T> : there exists a right continuous function f : R, — R,, f(0) =0, f(t) <tfort >0,
such that for u >0,

T(uw,v,u,v,0,u+v)<0 (2.1)
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or

T(u,v,0,0,0,v) <0 (2.2)

implies u < f(v);

T5:T(u,0,u,0,0,u) >0, for all u > 0.

Example2.1. T(ty,...,ts) = 1 —amax{ty, t3,ts} — (1—a)[ats +bts], where 0 < a <1,0<a < 1/2,
0<b<1/2.

Letu >0and T(u,v,u,v,0,u+7v) = u—-amax{u,v} - (1-a)b(u+v) <0.Ifu > v,
then (1 — b)u < bv which implies b > 1/2, a contradiction. Thus u < v and u < ((a + (1 -
a)b)/(1-(1-a)b))v = po. Similarly, let u > 0and T'(1,v,0,0,v,v) =u—-av—-(1-a)(a+b)v =
u—(a+(1-a)(a+b))v<0,thenu < (a+(1-a)(a+b))v =yv.lfu =0, then u < yv. Thus T is
satisfied with f () = max{p, y}t. AlsoT(1,0,1,0,0,u) =u—au—-(1-a)bu = (1-a)(1-b)u >0,
for all u > 0. Therefore, T € C.

Example 2.2. T(t1,...,ts) = t1 — kmax{ty, t3,ts, (1/2)(t5 + t5)}, where k € (0,1).

Letu>0and T(u,v,u,v,0,u+v) = u—-kmax{u,v} <0.If u > v, then u < ku, which
is a contradiction. Thus # < v and u < kv. Similarly, let # > 0 and T(u,v,0,0,v,v) = u — kv <
0, then we have u < kov. If u = 0, then u < kv. Thus T, is satisfied with f(t) = kt. Also
T(u,0,u,0,0,u) =u—ku >0, for all u > 0. Therefore, T € T.

Example 2.3. T(t1,...,ts) = t1 — p(max{ty, t3,t4, (1/2)(t5 + ts)}), where ¢ : R, — R, is right
continuous and ¢(0) =0, ¢(t) <t fort > 0.

Letu>0and T(u,v,u,v,0,u+v) =u— d(max{u,v}) <0.Ifu > v, then u — p(u) <0,
which is a contradiction. Thus u < v and u < ¢(v). Similarly, let u > 0 and T(u,v,0,0,v,v) =
u—¢(v) <0, then we have u < ¢(v). If u = 0, then u < ¢(v). Thus T is satisfied with f = ¢.
Also T'(1,0,u,0,0,u) = u—¢(u) >0, for all u > 0. Therefore, T € T.

Example 2.4. T(ty,...,te) = 1§ — ty(at, + bt + cty) — diste, where a > 0,b,c,d >0,a+b+c<1
anda+d < 1.

Letu > 0and T(u,v,u,v,0,u+v) = u> —u(av +bu+cv) <0.Thenu < ((a+c)/(1 -
b))v = hyv. Similarly, let u > 0 and T(u,v,0,0,v,v) = u? — auv — dv?* < 0, then we have u <
((a+V4d + a?)/2)v = hpv. If u = 0, then u < hyv. Thus T, is satisfied with f(t) = max{hy, hy}t.
Also T(1,0,u,0,0,u) = (1 - b)u? > 0, for all u > 0. Therefore, T € T.

3. Fixed Point Theorem for Nondecreasing Mappings
We need the following lemma for the proof of our theorems.

Lemma 3.1 (see [16]). Let f : R, — R be a right continuous function such that f(t) <t for every
t >0, then lim,, _, o, f"(t) = 0, where f™ denotes the n-times repeated composition of f with itself.
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Theorem 3.2. Let (X, <) be a partially ordered set and suppose that there is a metric d on X such that
(X, d) is a complete metric space. Suppose F : X — X is a nondecreasing mapping such that for all
x,y € Xwithy L x,

T(d(Fx,Fy),d(x,y),d(x,Fx),d(y,Fy),d(x,Fy),d(y,Fx)) <0, (3.1)
where T € CT. Also

F is continuous, (3.2)

or

if {x,} C X is a nondecreasing sequence with x, — x in X,
(3.3)
then x, <x Vn

hold. If there exists an xo € X with xq < F(xo), then F has a fixed point.

Proof. If Fxy = xp, then the proof is finished; so suppose x # Fxo. Now let x,, = Fx,_; for
n € {1,2,...}. Notice that, since xg < Fxg and F is nondecreasing, we have

X0 xS X <KXy KXy Lo (3.4)

Now since x,_1 < x,, we can use the inequality (3.1) for these points, then we have

T(d(Fxn/ Fxnfl)/ d(xn/ xnfl)/ d(xn/ Fxn)r d(xn—lr Fxn71), d(xn/ Fxnfl)/ d(xnflr Fxn)) < 0
(3.5)

and so
T (d(xns1,%n), A(Xn, Xn-1), d(Xn, Xns1), d(Xn-1,%4), 0, d(Xn-1, Xns1)) < 0. (3.6)
Now using T;, we have
T(d(xXns1,%n), (X0, Xn-1), A(Xn, Xns1), A(Xn-1, Xn),0,d(Xn-1, %n) + d(%n, Xp1)) <0, (3.7)

and from T, there exists a right continuous function f : R, — R,, f(0) =0, f(t) < t, for
t>0,such thatforalln e {1,2,...},

d(xn+1/ xn) < f(d(xn/ xn—l))- (38)
If we continue this procedure, we can have

d(xps1, xn) < f(d(x1,%0)), (3.9)
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and so from Lemma 3.1,

Iim d(x,41,x,) = 0. (3.10)

n

Next we show that {x,} is a Cauchy sequence. Suppose it is not true. Then we can find a 6 > 0
and two sequence of integers {m(k)}, {n(k)}, m(k) > n(k) > k with

Tk = d(xn(k),xm(k)) >6 forke{l,2,...}. (3.11)
We may also assume
A(Xm(k)-1, Xn)) <O (3.12)

by choosing m(k) to be the smallest number exceeding n(k) for which (3.11) holds. Now
(3.9), (3.11), and (3.12) imply

6 < 1 < d(Xm@k), Xm)-1) + A(Xm()-1, X)) < O (d(x0, 1)) + 6 (3.13)
and so
lim 1y = . (3.14)
Also since
6 <1 < d(Xngiy, Xngiyr1) + A(Ximy, Xmiy+1) + A(Xn()+1, Xm(iey+1) (3.15)

we have from (3.9) that
6 <1 < f"®(d(xg, x1)) + F0) (d(x0,%1)) + A(Xm(k) 1, Xn(kys1)- (3.16)

On the other hand, since x,k) =< Xmrk), we can use the condition (3.1) for these points.
Therefore, we have
T(d(Fxm), Fxnw)), d(Xmeky, Xn(e) ), d(Xmiy, FXm(iy )

(3.17)
d (xny, Fxnw)), d(mky, FXn(ky), A (Xnik), FXm())) <0

and so

T (d(Ftmgo, Fxu), 1 £ (d (0, 20)), £ (d (0, 1)),
(3.18)
rie + "0 (d(x0, x1)), 7 + f'"(">(d(x0,x1))> <0.



6 Fixed Point Theory and Applications

Now letting k — oo and using (3.14), we have, by continuity of T, that
T (klim d (xm(k)+1, xn(k)+1), 6,0,0,6, 6) <0. (3.19)

From T, we have lim _, oo d(Xm(x)+1, Xn(k)+1) < f(6). Therefore, letting k — oo in (3.16), we
have 6 < f(6). This is a contradiction since f(t) <t for t > 0. Thus {x,} is a Cauchy sequence
in X, so there exists an x € X with lim,,_, . x,, = x.

If (3.2) holds, then clearly x = Fx. Now suppose (3.3) holds. Suppose d(x, Fx) > 0.
Now since lim,—,,x, = x, then from (3.3), x,, < x for all n. Using the inequality (3.1), we
have

T(d(Fx, Fxn),d(x, xy), d(x, Fx),d(xy, FXy),d(x, Fxn), d(xa, Fx)) <0, (3.20)

so letting n — oo from the last inequality, we have

T(d(Fx,x),0,d(x,Fx),0,0,d(x,Fx)) <0, (3.21)

which is a contradiction to T3. Thus d(x, Fx) = 0 and so x = Fx. O

Remark 3.3. Note that if we take that

Ty: there exists a nondecreasing function f : R, — R, with lim,_ . f"(¢) = 0 for each
t > 0, such that for u > 0,

T(u,v,u,v,0,u+v)<0 (3.22)

or

T(u,v,0,0,0,v) <0 (3.23)
implies u < f(v),
Instead of T, in Theorem 3.2, again we can have the same result.

If we combine Theorem 3.2 with Example 2.1, we obtain the following result.

Corollary 3.4. Let (X, <) be a partially ordered set and suppose that there is a metric d on X such
that (X, d) is a complete metric space. Suppose F : X — X is a nondecreasing mapping such that for
all x,y € X withy L x,

d(Fx,Fy) <amax{d(x,y),d(x,Fx),d(y,Fy)} + (1 -a)[ad(x, Fy) + bd(y,Fx)], (3.24)

where0<a<1,0<a<1/2,0<b<1/2. Also

F is continuous (3.25)
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or

if {x,} C X is a nondecreasing sequence with x, — x in X,
(3.26)
then x, <x Vn

hold. If there exists an xo € X with xo < F(xg), then F has a fixed point.
Remark 3.5. Theorem 2.2 of [2] follows from Example 2.3, Remark 3.3, and Theorem 3.2.
Remark 3.6. We can have some new results from other examples and Theorem 3.2.

Remark 3.7. In Theorem 1 [1], it is proved that if

every pair of elements has a lower bound and an upper bound, (3.27)

then for every x € X,

lim F"(x) = y, (3.28)

where vy is the fixed point of F such that

y = lim F"(xo) (3.29)

and hence F has a unique fixed point. If condition (3.27) fails, it is possible to find examples
of functions F with more than one fixed point. There exist some examples to illustrate this
factin [3].

4. Fixed Point Theorem for Weakly Increasing Mappings

Now we give a fixed point theorem for two weakly increasing mappings in ordered metric
spaces using an implicit relation. Before this, we will define an implicit relation for the
contractive condition of the theorem.

Let T’ be the set of all continuous functions T : R® — R satisfying Ty and the following
conditions:

Té: there exists a right continuous function f : R, — R, f(0) =0, f(t) < tfort >0,
such that foru >0,

T(u,v,u,v,0,u+v)<0 (4.1)
or

T(u,v,v,u,u+v,0)<0 (4.2)
or

T(u,v,0,0,0,v) <0 (4.3)
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implies u < f(v);

T;: T(u,0,u,0,0,u) > 0and T(u,0,0,u,u,0) >0, for all u > 0.

We can easily show that, all functions in the Examples in Section 2 are in T'.

Definition 4.1 (see [17,18]). Let (X, <) be a partially ordered set. Two mappings F,G : X — X
are said to be weakly increasing if Fx < GFx and Gx < FGx for all x € X.

Note that, two weakly increasing mappings need not be nondecreasing.

Example 4.2. Let X = R, endowed with usual ordering. Let F,G : X — X defined by

0 ifl<x<oo, 0 ifl<x<oo,

x if0<x<1 Vx if0<x<1
Fx = Gx = (4.4)

then it is obvious that Fx < GFx and Gx < FGx for all x € X. Thus F and G are weakly
increasing mappings. Note that both F and G are not nondecreasing.

Example 4.3. Let X = [1,00) x[1, o0) be endowed with the coordinate ordering, thatis, (x, y) <
(zzw) ©x<zandy <w. Let F,G : X — X be defined by F(x,y) = (2x,3y) and G(x, y) =
(x?,y?), then F(x,y) = (2x,3y) < GF(x,y) = G(2x,3y) = (4x%,9y?) and G(x,y) = (x*,y?) <
FG(x,y) = F(x?,y*) = (2x%,3y?). Thus F and G are weakly increasing mappings.

Example 4.4. Let X = R? be endowed with the lexicographical ordering, that is, (x,y) <
(z,w) © (x <z)or (if x =z, theny <w). Let F,G : X — X be defined by

F(x,y) = (max{x,y}, min{x, y}),

(4.5)
G(x,y) = (max{x,y}, X ; y),

then

F(x,y) = (max{x,y}, min{x,y})
<GF(x,y)

= G(max{x,y}, min{x, y})

) <max{max{x’y},mm{x’y}}’max{x,y};—min{x,y}>

= <max{x,y}, x;y)l
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G(x,y) = (max{x,y}, * ; y)

<FG(x,y)

- F<max{x,y}, X er y>

X+

- (max{max{x, ), 32 ) min{ max{ ), “32 1)

_ (max{x,y}, x;y)

(4.6)

Thus F and G are weakly increasing mappings. Note that (1,4) < (2,3) but F(1,4) =
(4,1)(3,2) = F(2,3), then F is not nondecreasing. Similarly, G is not nondecreasing.

Theorem 4.5. Let (X, X) be a partially ordered set and suppose that there is a metric d on X such that
(X, d) is a complete metric space. Suppose F,G : X — X are two weakly increasing mappings such
that for all comparable x,y € X,

T(d(Fx,Gy),d(x,y),d(x,Fx),d(y,Gy),d(x,Gy),d(y,Fx)) <0, (4.7)
where T € T'. Also

F is continuous (4.8)

or

G is continuous (4.9)

or

if {x,} C X is a nondecreasing sequence with x, — x in X,
(4.10)
then x, <x Vn

hold, then F and G have a common fixed point.

Remark 4.6. Note that, in this theorem we remove the condition “there exists an xy € X with
xo < F(xp)” of Theorem 3.2. Again we can consider the result of Remark 3.7 for this theorem.

Proof of Theorem 4.5. First of all we show that if F or G has a fixed point, then it is a common
fixed point of F and G. Indeed, let z be a fixed point of F. Now assume d(z, Gz) > 0. If we
use the inequality (4.7), for x = y = z, we have

T(d(z,Gz),0,0,d(z,Gz),d(z,Gz),0) <0, (4.11)
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which is a contradiction to T;. Thus d(z, Gz) = 0 and so z is a common fixed point of F and G.
Similarly, if z is a fixed point of G, then it is also a fixed point of F. Now let x( be an arbitrary

point of X. If xy = Fxy, the proof is finished, so assume x( # Fxyg. We can define a sequence
{x,} in X as follows:

Xoni1 = Fxoy, Xons2 = GXons1 forn € {O, 1,.. } (412)

Without loss of generality, we can suppose that the successive terms of {x,} are different.
Otherwise, we are again finished. Note that since F and G are weakly increasing, we have

X1 = F.X'Q < GF.X'Q = G.X'1 = X,

(4.13)
Xo = G.X'1 < FGJC1 = FXZ = X3
and continuing this process, we have
X1 XX 2 XXy XXy X0 (4.14)

Now since x,,,-1 and x,, are comparable then, we can use the inequality (4.7) for these points
then we have

T (d(Fx2n, Gxon-1),d(X2n, X2n-1), A(X2n, FX2,), d(x2n-1, GX2p-1), 415)
d(x2n, Gxoy-1), d(x2n-1, Fx2,,)) <0

and so
T (d(x2n+1, X2n), A(X2n, Xon-1), A(X2n, X2n41), d(X2n-1, X2n), 0, d(X24-1, X2n41)) < 0. (4.16)
Now using T;, we have

T(d(x2n+1, X2n), A(X2n, X2n-1), A(X2n, Xon+1), A(X2n-1, X21), 0, d(X2p-1, X2n) + A(X20, X2n41)) < 0,
(4.17)

and form T, there exists a right continuous function f : R, — R,, f(0) =0, f(t) <t, fort >0,
we have foralln € {1,2,...}

d(xXon41, X2n) < f(d(X2n, X2n-1)). (4.18)

Similarly, since x,, and x,,.+1 are comparable, then we can use the inequality (4.7) for these
points then we have

T (d(Fx2n, Gxons1), d(X2n, X2n+1), A(X2n, FX24), d(X2n41, GX2ns1), (419)
d(x2n, GXons1), d(X2n+1, Fx2,)) <0
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and so
T(d (X241, X2n+2), d(Xon, X2n41), A(X20, Xon41), A(X2n41, X2n42), A(X20, X2n42),0) < 0. (4.20)
Now again using T, we have

T (d(x2n+1, X2n+2), A(X2n, Xon41), A(Xon, Xon+1), A(X2n+1, Xon+2),

(4.21)
d(x2n, Xon+1) + d(X2n+1, X2n42),0) <0,
and form T, we have for alln € {1,2,...},
d(x2n41, X2ns2) < f(d(X2n, X2041))- (4.22)
Therefore, from (4.18) and (4.22), we can have, for all n € {2,3,...}
A(xXns1,%n) < f(A(Xn, Xp-1)) (4.23)
and so
Ad(xps1, xn) < f”_l(d(xz, x1)). (4.24)
Thus from Lemma 3.1, we have, since d(x;,x1) >0,
lim d (o1, x0) = 0. (4.25)

Next we show that {x,} is a Cauchy sequence. For this it is sufficient to show that {x,} is a
Cauchy sequence. Suppose it is not true. Then we can find an 6 > 0 such that for each even
integer 2k, there exist even integers 2m(k) > 2n(k) > 2k such that

d(JCzn(k),JQm(k)) >6 forke{l,?2,...}. (4.26)
We may also assumethat
d(Xom(k)-2, Xon(k)) < 6 (4.27)

by choosing 2m(k) to be the smallest number exceeding 2n(k) for which (4.26) holds. Now
(4.24), (4.26), and (4.27) imply

0 < 6 < d(X2n(k), X2m(k))
< d(X2n(k), X2m()-2) + A (X2m(o-2, Xom(i-1) + A (X2m(k)-1, X2m(k)) (4.28)

<6 +f2m(k)—3(d(x2/x1)) +f2m(k)_2(d(x2, x1))
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and so

klgrlod(XZn(k)r Xom(k)) = O. (4.29)

Also, by the triangular inequality,

|d (x2n(k), Xam(e)-1) = A (X2ney, X2m(io)) | < A (X2mio)-1, X2m(iy) < f2"O2(d(x2, x1)),
|d (X201, X2m@i0)-1) = A(X2nk), Xami) ) | < A(X2m()-1, Xom(k) ) + A(X2n(k), X2n(k)+1) (4.30)

< O (d(xy, 20)) + 21O (A (2, 30)).
Therefore, we get

lim d(in(k),XZm(k)—l) =0,
k— o0

(4.31)
klgn d(X2n()+1, X2m(k)-1) = 6.
Also we have
6 < d(xan(k), Xam(k))
S d(x2n(k)l xzn(k)Jrl) + d(XZn(k)+1, x2m(k)) (432)

< f"0O02(d(xz, 1)) + d(FXon), GXamiky-1)-

On the other hand, since x2,() and xpu,k)-1 are comparable, we can use the condition (4.7)
for these points. Therefore, we have

T (d(Fxonk), GXom(ic)-1), A(X2n(k), X2m(ie)-1) » A(X2n(k), FXon(ic) ), 439)
d(x2m)-1, GXam(-1) , A(X2n(k), GXom(i)-1) , A(Xom(k)-1, Fxon(iy)) <0 .

and so

T (d(X2n(k)+1, X2m(k) ) » A(X2n (i), X2m()-1) » A(X2n(k), X2n(k)+1 ), 434)

A (Xom(i)-1, X2m(k) ) » A (X2n(k), Xom(k) ) » A(X2m()-1, X2n(ic)+1) ) < 0.

Now, considering (4.29) and (4.31) and letting k — oo in the last inequality, we have, by
continuity of T, that

T (khm d(xz,z(k)+1, X2m(k) ), 6,0,0,6, 6> <0. (4.35)
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From T}, we have limy _, o d(x2n(k)+1, X2m(x)) < f(6). Therefore, letting k — oo in (4.32), we
have 6 < f(6). This is a contradiction since f(t) < t for t > 0. Thus {x,} is a Cauchy sequence
in X, so {x,} is a Cauchy sequence. Therefore, there exists an x € X with lim,_, ,x, = x.

If (4.8) or (4.9) hold then clearly x = Fx = Gx. Now suppose (4.10) holds. Suppose
d(x,Fx) > 0. Now since lim, X, = x, then from (4.10), xo,-1 X x for all n. Using the
inequality (4.7), we have

T(d(Fx,Gxoy-1),d(x, Xou-1),d(x, Fx),d(xon-1, GXon-1), d(x, GX2y-1), d(x24-1, Fx)) < 0.

(4.36)

So letting n — oo from the last inequality, we have
T(d(Fx,x),0,d(x,Fx),0,0,d(x, Fx)) <0 (4.37)
which is a contradiction to T;. Thus d(x, Fx) = 0 and so x = Fx = Gx. O

Remark 4.7. We can have some new results from Theorem 4.5 with some examples for T.
For example, we can have the following corollary.

Corollary 4.8. Let (X, X) be a partially ordered set and suppose that there is a metric d on X such
that (X, d) is a complete metric space. Suppose F,G : X — X are two weakly increasing mappings
such that for all comparable x,y € X,

d(Fx,Gy) < ¢(d(x,v)), (4.38)

where ¢ : R, — R, is a right continuous function such that ¢(0) =0, ¢(t) <t fort > 0. Also

F or G is continuous (4.39)

or

if {x,} C X is a nondecreasing sequence with x, — x in X,
(4.40)
then x, <x Vn

hold, then F and G have a common fixed point.

Proof. Let T(t1,...,t6) = t1 — ¢(t2), then it is obvious that T € T'. Therefore, the proof is
complete from Theorem 4.5. O
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5. Application

Consider the integral equations

b
x(t) = f Ki(t s, x(s))ds + g(t), te[ab],
¢ (5.1)

b
x(t) = J Ky(t,s,x(s))ds + g(t), te€][ab].

The purpose of this section is to give an existence theorem for common solution of
(5.1) using Corollary 4.8. This section is related to those [19-22].
Let « be a partial order relation on R”.

Theorem 5.1. Consider the integral equations (5.1).

(i) Ki, Kz : [a,b] x [a,b] xR" — R"and g : R" — R" are continuous;
(ii) for each t,s € [a, b],

b
Ki(t,s,x(s)) < Kz <t, s,f Ki(s, 7, x(7))dt + g(s)>,
(5.2)

b
Ks(t,s,x(s)) <« Ky <t, s,f Ky (s, 7, x(1))dr + g(s)>;

(iii) there exist a continuous function p : [a,b] x [a,b] — R, and a right continuous and
nondecreasing function ¢ : R, — R, such that ¢(0) = 0 and ¢(t) <t for t >0, such that

Ky (t,'5,1) - Ka(t,5,0)| < p(t, s)p(|ue — 0]) (5.3)

foreach t,s € [a,b] and comparable u,v € R";
. b
(iv) supte[arb]fap(t,s)ds <1
Then the integral equations (5.1) have a unique common solution x* in C([a, b], R").

Proof. Let X := C([a, b], R") with the usual supremum norm, that is, ||x|| = max;e[q)|x(t)], for
x € C([a,b],R"). Consider on X the partial order defined by

x,y € C([a,b],R"), x<y iff x(t) <y(t) foranytEe€[a,b]. (5.4)

Then (X, <) is a partially ordered set. Also (X, || - ||) is a complete metric space. Moreover,
for any increasing sequence {x,} in X converging to x* € X, we have x,(t) < x*(t) for any
t € [a,b]. Also for every x, y € X, there exists c(x, y) € X which is comparable to x and v [6].
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Define F,G : X — X, by

b
Fx(t) = f Ki(t,s,x(s))ds+ g(t), te]lab],
¢ (5.5)

b
Gx(t) = f Ky (t,s,x(s))ds + g(t), te€][ab].
Now from (ii), we have, for all t € [a, b],

b
Fx(t) = I Ki(t,s,x(s))ds + g(t)

b b
< f K> <t, s,f Ki(s, T, x(7))dt + g(s)>ds +g(t)
b
= f Ky (t, s, Fx(s))ds + g(t)
= GFx(t),
(5.6)
b
Gx(t) = f Ky (t,s,x(s))ds + g(t)

b b

< j K <t, s,’[ Ky (s, 7, x(1))dr + g(s)>ds +g(t)
b

= f Ki(t,s,Gx(s))ds + g(t)

= FGx(t).

Thus, we have Fx < GFx and Gx < FGx for all x € X. This shows that F and G are weakly
increasing. Also for each comparable x, y € X, we have

b b
|Fx(t) - Gy(t)| = f Kl(t,s,x(s))ds—f Ky (t,s,y(s))ds

b

S J‘ |K1(t,S,X(S)) - Kz(t,S,y(S))ldS
b

< j p(t,5)$(|x(s) - y(5)|)ds

b
<p(lx=yl) [ pies)ds

<¢(lx-yll), forany tela,b]
(5.7)
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Hence ||Fx - Gy|| < ¢(|lx — y||) for each comparable x,y € X. Therefore, all conditions of
Corollary 4.8 are satisfied. Thus the conclusion follows. O
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