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Fixed point results with the concept of generalized weakly contractive conditions in complete
ordered metric spaces are derived. These results generalize the existing fixed point results in the
literature.

1. Introduction and Preliminaries

There are a lot of generalizations of the Banach contraction mapping principle in the
literature. One of the most interesting of them is the result of Khan et al. [1]. They addressed a
new category of fixed point problems for a single self-map with the help of a control function
which they called an altering distance function.

A function ¢ : [0,00) — [0, o0) is called an altering distance function if ¢ is continuous,
nondecreasing, and ¢(0) = 0 holds.

Khan et al. [1] given the following result.

Theorem 1.1. Let (X, d) be a complete metric space, let ¢ be an altering distance function, and let
T: X — X bea self-mapping which satisfies the following inequality:

¢(d(Tx, Ty)) < cop(d(x,y)), (1.1)

forall x,y € X and for some 0 < ¢ < 1. Then T has a unique fixed point.
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In fact, Khan et al. [1] proved a more general theorem of which the above result is
a corollary. Another generalization of the contraction principle was suggested by Alber and
Guerre-Delabriere [2] in Hilbert Spaces by introducing the concept of weakly contractive
mappings.

A self-mapping T on a metric space X is called weakly contractive if for each x, y € X,

d(Tx, Ty) <d(x,y) - $(d(x,y)), (12)

where ¢ : [0,00) — [0, 00) is positive on (0, o0) and ¢(0) = 0.

Rhoades [3] showed that most results of [2] are still valid for any Banach space.
Also, Rhoades [3] proved the following very interesting fixed point theorem which contains
contractions as special case ¢(t) = (1 - k)t.

Theorem 1.2. Let (X, d) be a complete metric space. If T : X — X is a weakly contractive mapping,
and in addition, ¢ is continuous and nondecreasing function, then T has a unique fixed point.

In fact, Alber and Guerre-Delabriere [2] assumed an additional condition on ¢ which
is lim; _, ,@(t) = oo. But Rhoades [3] obtained the result noted in Theorem 1.2 without using
this particular assumption. Also, the weak contractions are closely related to maps of Boyd
and Wong [4] and Reich type [5]. Namely, if ¢ is a lower semicontinuous function from the
right, then ¢ (¢) = t — ¢(t) is an upper semicontinuous function from the right, and moreover,
(1.2) turns into d(CTx, Ty) < ¢s(d(x,y)). Therefore, the weak contraction is of Boyd and Wong
type. And if we define f(t) = 1 - ¢(t)/t for t > 0 and p(0) = 0, then (1.2) is replaced by
d(CTx,Ty) < p(d(x,y))d(x,y). Therefore, the weak contraction becomes a Reich-type one.

Recently, the following generalized result was given by Dutta and Choudhury [6]
combining Theorem 1.1 and Theorem 1.2.

Theorem 1.3. Let (X, d) be a complete metric space, and let T : X — X be a self~mapping satisfying
the inequality

9(d(Tx, Ty)) < p(d(x,y)) - P(d(x,y)), (1.3)

forall x,y € X, where ¢, ¢ : [0,00) — [0, 0) are both continuous and nondecreasing functions
with ¢(t) = 0 = ¢(t) ifand only if t = 0. Then, T has a unique fixed point.

Also, Zhang and Song [7] given the following generalized version of Theorem 1.2.

Theorem 1.4. Let (X, d) be a complete metric space, and let T, S : X — X be two mappings such
that for each x,y € X,

d(Tx, Sy) <D (x,) - p(@(x,)), (14)

where ¢ : [0,00) — [0, 00) is a lower semicontinuous function with ¢(t) > 0 for t > 0 and ¢(0) =0,
O(x,y) = max{d(x,y),d(x, Tx),d(y, Sy), % [d(y, Tx) +d(x,Sy)] } (1.5)

Then, there exists a unique point z € X such that z = Tz = Sz.
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Very recently, Abbas and Doric [8] and Abbas and Ali Khan [9] have obtained
common fixed points of four and two mappings, respectively, which satisfy generalized weak
contractive condition.

In recent years, many results appeared related to fixed point theorem in complete
metric spaces endowed with a partial ordering < in the literature [10-25]. Most of them are a
hybrid of two fundamental principle: Banach contraction theorem and the weakly contractive
condition. Indeed, they deal with a monotone (either order-preserving or order-reversing)
mapping satisfying, with some restriction, a classical contractive condition, and such that for
some xg € X, either xy < Txg or Txy < x9, where T is a self-map on metric space. The first
result in this direction was given by Ran and Reurings [22, Theorem 2.1] who presented its
applications to matrix equation. Subsequently, Nieto and Rodfiguez-Lopez [18] extended the
result of Ran and Reurings [22] for nondecreasing mappings and applied to obtain a unique
solution for a first-order ordinary differential equation with periodic boundary conditions.

Further, Harjani and Sadarangani [26] proved the ordered version of Theorem 1.2,
Amini-Harandi and Emami [12] proved the ordered version of Rich type fixed point theorem,
and Harjani and Sadarangani [27] proved ordered version of Theorem 1.3.

The aim of this paper is to give a generalized ordered version of Theorem 1.4. We will
do this using the concept of weakly increasing mapping mentioned by Altun and Simsek [11]
(also see [28, 29]).

2. Main Results

We will begin with a single map. The following theorem is a generalized version of Theorems
2.1 and 2.2 of Harjani and Sadarangani [27].

Theorem 2.1. Let (X, <) be a partially ordered set, and suppose that there exists a metric d in X such
that (X, d) is a complete metric space. Let T : X — X be a nondecreasing mapping such that

9(d(Tx, Ty)) <9p(O©(x,y)) - Pp(O(x,y)) fory<x, (2.1)
where

O(x,y) = ad(x,y) +bd(x,Tx) + cd(y,Ty) + e[d(y, Tx) +d(x, Ty)], (2.2)

a>0,bce>0, a+b+c+2e<1,¢,¢:[0,00) — [0,00), ¢ is continuous, nondecreasing, ¢
is lower semicontinuous functions, and ¢(t) = 0 = ¢(t) if and only if t = 0. Also, suppose that there
exists xg € X with xo < Txy. If

C is continuous, (2.3)

or

{xn} C X is a nondecreasing sequence with x, — z in X, then x, <z Vn (2.4)

holds. Then, T has a fixed point.
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Proof. If Txy = x, then the proof is completed. Suppose that Txg # x9. Now, since xg < Txy,
and C is nondecreasing, we have

xp X Cxo < tsz <. < tn.’X'() < C"”xo et (25)

Put x,, = T"xp, and so x,41 = Cx,. If there exists ny € {1,2,...} such that ©(x,,, xy,-1) =0,
then it is clear that x,,-1 = x;,, = Cxy,—1, and so we are finished. Now, we can suppose that

@(xn/ xn—l) > 0/ (26)

foralln > 1.
First, we will prove that lim,, _, o.d (xp+1, x») = 0.
From (2.2), we have forn > 1

O(xy, xp-1) = ad(x,, xp-1) + bd(x,, Txy) + cd(x,-1, Txy-1)
+el[d(xy-1, Txy) + d(x,, Txp-1)]

(2.7)
= (a+c)d(xy, xp-1) + bd(x,, xp41) + ed(xp-1, Xn41)
< (a+c+e)d(xn, xn1) + (b+e)d(xn, Xpi1).
Now, we claim that
d(xT‘H—l/ xn) S d(xn/ xn—l)/ (28)

for all n > 1. Suppose that this is not true; that is, there exists np > 1 such that d(x11, X,) >
d(xy,, Xny-1). Now, since x,,, < x,,+1, we can use the (2.1) for these elements, then we have

P(d(Xny+1, Xny)) = (A (Txng, Tony-1))
S PO©(Xng, Xnp-1)) = P(O (X, Xny-1))
<p((a+c+e)d(xny, Xn-1) + (b + e)d(Xny, Xny+1))
— P(O(xny, Xny-1))
<p((a+b+c+2e)d(xny, Xn+1)) = P(O(Xny, Xnp-1))
< @(d(Xny, Xnyi1)) = P(O(Xny, Xnp-1))-

(2.9)

This implies ¢p(O(xy,, xn,-1)) = 0, by the property of ¢, we have ©(x,, x,,-1) = 0, which this
contradict to (2.6). Therefore, (2.8) is true, and so the sequence {d(x,+1, x,)} is nonincreasing
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and bounded below. Thus there exists p > 0 such that lim,, _, .d(x11, X,) = p. Now suppose
that p > 0. Therefore from (2.2)

lim ad(xy,, x,-1) < limsup ©(x,, xp-1)

= lim sup [(a + C)d(xn/ xn—l) + bd(xn/ xn+l) + Ed(xn—ll xn+1)] (210)

n— oo

<limsup [(a+c+e)d(xy, xp-1) + (b + e)d(xn, xp41)].

n— oo
This implies

0 <ap <limsupO(x,, x,-1) < (a+b+c+2e)p<p (2.11)

n— oo
and so there exist p; > 0 and a subsequence {x, )} of {x,} such that lim _, ,© (X (x), Xn@i)-1) =

p1<p.
By the lower semicontinuity of ¢ we have

P(pr) < hir:g}lf(i)(@(xn(k),xn(k)+1))‘ (2.12)

From (2.1), we have

@ (d(Xnw)+1, Xn(k))) = ¢(d(TXn(ky, TXnio-1))
< (O (xXn(k), Xn(k)-1)) = P(© (Xn(ky, Xn(iy-1)),

(2.13)

and taking upper limit as k — oo, we have
¢(p) < ¢(p1) ~lim inf (O (xn(r, Xn(ry+1))

<o(pr) = (1) (2.14)
<o(p) - d(p),

that is, ¢(p1) = 0. Thus, by the property of ¢, we have p; = 0, which is a contradiction.
Therefore, we have p = 0.

Next, we show that {x,} is Cauchy.

Suppose that this is not true. Then, there is an € > 0 such that for an integer k, there
exist integers m(k) > n(k) > k such that

A(Xn(k), Xm()) > €. (2.15)

For every integer k, let m(k) be the least positive integer exceeding n(k) satisfying (2.15) and
such that

A(Xnk), Xm()-1) < €. (2.16)
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Now,

€ < d(Xn(k), Xm(k)) (2.17)

< d(Xn(y, Xm()-1) + A(Xmi-1, Xm(k) )-
Then, by (2.15) and (2.16), it follows that

Jim d (), Xm() = - (2.18)

Also, by the triangle inequality, we have
| (Xn(k), Xmiy-1) = A( Xy, Xm) | < A (Xmio)-1, Xmek) ) - (2.19)
By using (2.18), we get

kli_r)r;o A(Xn(k), Xm(k)-1) = €. (2.20)

Now, by (2.2), we get

ad (Xn(k), Xm)-1) < O (Xn(k), Xm(k)-1)
= ad (Xu(k), Xm)-1) +bd(Xngo, Txn) + d (Xm(-1, Txm(ky-1),
e [d(xXmu-1, Txniiy) + d (Xnry, TXm@-1) ]
= ad (Xn(k), Xm(o-1) +bd (Xn(k), Xno+1) + €A (Xm)-1, Xm(k) ) (2.21)
e [d(Xm(k)-1, Xn(e)+1) + d(Xn(k), Xmii))|
< ad (Xn(k), Xm(k)-1) + bd (Xn(e), Xn)+1) + €d(Xm(o-1, Xm(k) ).

e[d(Xmu-1, Xnw)) + A(Xno), Xno+1) +A(Xn), Xmi))],
and taking upper limit as k — oo and using (2.18) and (2.20), we have

0 < ae < limsup O (Xn(k), Xmx)-1) < (a+2e)e <e. (2.22)

k— oo

This implies that there exist £; > 0 and a subsequence {x,x(y))} of {x,x)} such that

;}i_r};o O (Xn(k(p)) Xm(k(p))-1) = €1 < €. (2.23)

By the lower semicontinuity of ¢, we have

¢(e) < lim inf ¢ (O (xu(y, Xm()-1))- (2.24)
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Now, by (2.1), we get

() = limsup (P(d(xn(k(p))l Xm(k(p)) ))

p—o»

< limsup @ (d (Xn(k(p)), Xnck(p)+1) + A (Txnik(p)), TXm(k(p))-1))

p—o»

= lim sup ¢ (d(Txn(k(p)), TXm(k(p))-1))

p—o»

. 225
<limsup [p(© (Xn(k(p)), Xmkp)-1)) = P(O(Xntk(p))s Xmik(p)-1))] (25)

p—®

= p(e1) = im inf ¢ (O (Xuk(p), Xm(k(p)-1))

< (e1) - P(e1)

< ¢(e) - ler),
which is a contradiction. Thus, {x,} is a Cauchy sequence. From the completeness of X, there
exists z € A such that x, — zasn — oo. If Tis continuous, then it is clear that Tz = z. If

(2.4) holds, then we have x,, < z for all n. Therefore, for all n, we can use (2.1) for x,, and z.
Since

O(z,x,) = ad(z,x,) + bd(z, Tz) + cd(x,, Txy) + e[d(x,, Tz) + d(z, Txy)]
(2.26)
=ad(z,x,) + bd(z,Tz) + cd(x,, xp41) + e[d(x,, Tz) + d(z, xp41)],

and so lim,,_, ,O(z, x,,) = (b + e)d(z, Tz), we have

p(d(Tz,z)) = limsup ¢(d(Tz, xp+1))

n—oo

= lim sup ¢(d(Tz, Tx,))

n— oo

<limsup [p(O(z, X)) — P(O(z, xn))] (2.27)

<p((b+e)d(Tz,z)) - p((b+e)d(Tz, z))
<9(d(Tz,z)) - d((b+e)d(Tz, z)).

By the property of ¢, we have Tz = z. Thus, the proof is complete. O

The following corollary is a generalized version of Theorems 1.2 and 1.3 of Harjani
and Sadarangani [26].

Corollary 2.2. Let (X, <) be a partially ordered set, and suppose that there exists a metric d in X
such that (X, d) is a complete metric space. Let T: X — X be a nondecreasing mapping such that

d(Tx,Ty) <O(x,y) - 9(O(x,y)) fory=<x, (2.28)
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where
O(x,y) = ad(x,y) + bd(x,Tx) + cd(y, Ty) + e[d(y, Tx) +d(x,Ty)], (2.29)

a>0, bce>0, a+tb+c+2e<1,¢:[0,00) — [0,00) is a lower semicontinuous functions, and
¢(t) = 0ifand only if t = 0. Also, suppose that there exists xog € X with xo < Txy. If

T is continuous, (2.30)

or
{xn} C X is a nondecreasing sequence with x, — z in X, then x, <z Vn (2.31)
holds. Then, T has a fixed point.

Remark 2.3. In Theorem 1.1 [22], it is proved that if

every pair of elements has a lower bound and upper bound, (2.32)

then for every x € X,

lim T'x =y, (2.33)

where v is the fixed point of T such that

y = lim T'x, (2.34)

n—oo

and hence, T has a unique fixed point. If condition (2.32) fails, it is possible to find examples
of functions C with more than one fixed point. There exist some examples to illustrate this
factin [18].

Example 2.4. Let X = R, and consider a relation on X as follows:
x<y<={(x=y)or (x,y €[0,1] with x <y). (2.35)

It is easy to see that < is a partial order on X. Let d be Euclidean metric on X. Now, define a
self map of A as follows:

3
2x—§, x>1,
Tx = z' 0<x<1, (2.36)
0, x<0
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Now, we claim that the condition (2.1) of Theorem 2.1 is satisfied with ¢(t) = t, ¢(t) = t/2.
Indeed, if x, y ¢ [0, 1], then x < y © x = y. Therefore, since d(Tx, CTy) = 0, then the condition
(2.1) is satisfied. Again, if x € [0,1] and y ¢ [0, 1], then x and y are not comparative. Now, if
x,y€[0,1], thenx <y & x <y and

_a(*Y
d(Tx, Ty) —d<4,4>
1
= Zd(x,y)

_1 I (2.37)
—ze(x,y), (a—z,b—c—e—O)

1
=0(x,y) - 50(xy)
=0(x,y) - $(O(x,y)).
Also, it is easy to see that the other conditions of Theorem 2.1 are satisfied, and so T has a

fixed point in X. Also, note that the weak contractive condition of Theorem 1.3 of this paper
and Corollary 2.2 of [7] is not satisfied.

Now, we will give a common fixed point theorem for two maps. For this, we need the
following definition, which is given in [28].

Definition 2.5. Let (X, X) be a partially ordered set. Two mappings .S, T : X — X are said to
be weakly increasing if Sx < CTSx and Tx < STx for all x € X.

Note that two weakly increasing mappings need not be nondecreasing. There exist
some examples to illustrate this fact in [11].

Theorem 2.6. Let (X, <) be a partially ordered set, and suppose that there exists a metric d in X such
that (X, d) is a complete metric space. Let S,C : X — X are two weakly increasing mappings such
that

9(d(Tx, 5y)) < 9p(D(x,y)) - (D (x,v)), (2.38)
for all comparable x,y € X, where
@(x,y) = ad(x,y) +bd(x, Tx) + cd(y, Sy) + e[d(y, Tx) + d(x, Sy)], (2.39)

a>0,bce>0, a+b+c+2e<Ly, ¢:[0,00) = [0,00), ¢ is continuous, nondecreasing, ¢ is
lower semicontinuous functions, and ¢(t) = 0 = ¢(t) if and only if t = 0. If

S is continuous, (2.40)
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or

C is continuous, (2.41)

or

{xn} C X is a nondecreasing sequence with x, — z in X, then x, <z Vn (2.42)

holds. Then, S and T have a common fixed point.

Remark 2.7. Note that in this theorem, we remove the condition “there exists an xg € X with
xo X Tx” of Theorem 2.1. Again, we can consider the result of Remark 2.3 for this theorem.

Proof of Theorem 2.6. First of all we show that if S or T has a fixed point, then it is a common
fixed point of S and T. Indeed, let z be a fixed point of S. Now, assume d(z, Tz) > 0. If we
use (2.38) for x = y = z, we have
¢(d(Tz, z)) = ¢(d(Tz, 5z))

<p(D(z,2)) - P(D(z,2)) (2.43)

<¢(d(Tz, z)) - ¢((b+e)d(Tz, z2)),
which is a contradiction. Thus, d(z, Tz) = 0, and so z is a common fixed point of S and T.
Similarly, if z is a fixed point of T, then it is also fixed point of .S. Now, let x( be an arbitrary

point of X. If xg = Sxy, the proof is finished, so assume that x( # Sxy. We can define a sequence
{x,} in A as follows:

Xons1 = SXop, X2 = CXopal forn € {0, 1,.. } (24:4)

Without lost of generality, we can suppose that the successive term of {x,} are different.
Otherwise, we are again finished. Note that since .S and T are weakly increasing, we have

X1 = .SXO < Z.Sxo = Cxl = X,

(2.45)
Xy = le < .Stxl = sz = X3,
and continuing this process, we have
x2S X S X (2.46)

Now, since x7,-1 and x,, are comparable, then we can use (2.38) for these points, then we
have

@(d(Txon-1,8%21)) < (P (x21-1, X21)) — P(D(X20-1, X21)), (2.47)
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where

D(x2p-1, X2n) = ad(X2p-1, X2n) + bd(x2n-1, Cxop-1) + cd(X2n, Sx24)
+e[d(x2n, Txan-1) + d(x2n-1, Sx20)] (2.48)

< (a+b+e)d(xn-1,x2) + (¢ +e)d(Xon, X2n41)-
NOW/ lf d(x2n+1/ xZH) > d(xZn/ xzn—l) fOr somen € {1/ 2/ e }/ then

D(x2-1, X20) < (a+ b+ c+2e)d(Xons1, X2) < A(X2n41, X2n), (2.49)

and so, from (2.47) we have
0 (d(x2n, X2n41)) < (A (X041, Xon)) — P(DP(X20-1, X21)), (2.50)

which is a contradiction. So, we have d(x2,41, X2,) < d(x2n, X2,4-1) for all n € {1,2,...}.
Similarly, we have d(x2,+1, Xons2) < d(X24, X2n41) for all n € {0,1,...}. Therefore, we have
foralln e {1,2,...}

d(xn+1/ xn) S d(xn/ xn—l)/ (251)

and so the sequence {d(x,.1,x,)} is nonincreasing and bounded below. Thus, there
exists p > 0 such that lim,_, d(xu1,%x,) = p. This implies that lim, . d(x2n, X2n+1) =
limy, -, oo d(x24-1, X2n) = p. Suppose that p > 0. Therefore, from (2.39),

lim sup ad(x2n-1, X2,) < lim sup D(x2,-1, X2,)
n—aoo n—oo

(2.52)
<limsup {(a + b+ e)d(xzu-1, X2n) + (¢ + €)d(X2n, X2141) }-
n—oo

This implies 0 < ap < limsup,_ ®(x2,-1,%22) < (@ +b+c+2e)p < p, and so
there exist py > 0 and a subsequence {D(x24(k)-1,X2n(k))} Of {D(x24-1,%24)} such that
limy oo @ (X2n(k)-1, X2n(k)) = p1 < p.

By the lower semicontinuity of ¢, we have

P(p1) < lilglglfgb((b(x%(k)—l/x2n(k)))- (2.53)

Now, from (2.38), we have

@ (d(xX2n(k), X2n10+1)) = (A (Tx2n1)-1, SX2n(k)) ) 250
< (@ (x2n(0)-1, X2n(k)) ) = P(P(X2n(0)-1, X2n(k)) )
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and taking upper limit as k — oo, we have

o(p) <p(p1) - liillgﬁ(i)((b(xzn(k)—lern(k)))

<o(p1) —P(p1) (2.55)
<o(p) - ¢(p),

which is a contradiction. Therefore, we have

p=0= nlgr;o A(xp41, Xn)- (2.56)

Next, we show that {x,} is a Cauchy sequence. For this, it is sufficient to show that
{x2,} 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(xzn(k),xz,n(k)) >6 forkelil,2,...}. (2.57)

We may also assume that
A(X2m(k)-2, Xon(k)) < 6, (2.58)

by choosing 2m(k) to be smallest number exceeding 2n(k) for which (2.57) holds. Now,
(2.56), (2.57), and (2.58) imply

0 < 6 < d(Xan(r), X2m(k))
< d(x2n(k), Xom(r)-2) + A(Xom()-2, X2m(ie)-1) + A(X2m(ic)-1, X2m(k) ) (2.59)
S 6 + d(me(k)le me(k)*l) + d(x2m(k)*1/ x2m(k)>/
and so

Jim d (X2n(k), X2m(k)) = O. (2.60)

Also, by the triangular inequality,

|d(x2n(k)/x2m(k)71) - d(xZn(k)rXZm(k))l < d(x2m(k)—1/x2m(k))r (2.61)

| (x2n(i)e1, X2m(o-1) = A(X2n(i), Xome)) | < A (X2mii)-1, Xam(i)) + A(X2n(k), Xon(r)+1)-
Therefore, we get
lim d(x2n(k), X2m()-1) = 6,
k— oo

(2.62)
klgr;o d(X2n(k)+1/x2m(k)—1) =0.
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On the other hand, since x2,(x) and x,,(x)-1 are comparable, we can use the condition (2.38)
for these points. Since

klif;oq)(me(kH,xzn(kQ - klijr;o {ad (x2m(-1,%2nk)) + b (¥2m(9-1, TH2m(r9-1)

+cd (xZn(k)/ -Sx2n(k))
+e[d (xXan(k), Txam-1) + A (X2m(k)-1, SX2n(i))] }

= lim {ad(xom(k)-1, Xonk)) + bA(X2m()-1, X2m(k)) (2.63)

k— oo
+cd (x2n(k)/ Xon(k)+1)
+e [d (xZn(k)l me(k)) + d(x2m(k)—1/ x2n(k)+1 )] }

= (a+2e)o,

we have
@(6) < limsup @(d(X2n(k), X2m(k)))
k— oo

< lim sup ¢(d (X2n(k), X2n(k)+1) + A (X2nm)+1, X2m(k)))

k— o0

< lim sup ¢(d (xX2n(k), X2n(k)+1) + A (SX2n(k), TxX2m(k)-1))

k— o0

= lim sup ¢ (d(Sx2nk), TXomk)-
m sup ¢(d (Sxauk), Ty 1)) (2.64)

< limsup [p(D(X2mm)-1, X2n(k)) ) = P(P(X2m(k)-1, X2n(x)) )]

k— o0

=¢((a+2e)6) - lil?lglf¢(®(x2m(k)—1/x2n(k)))
< ¢((a+2e)6) - p((a+2e)5)
< 9(6) - P((a+20)5).

This is a contradiction. Thus, {x3,} is a Cauchy sequence in X, so {x,} is a Cauchy sequence.
Therefore, there exists a z € X with lim,, _, ,x,, = z.

If S or Tis continuous hold, then clearly, z = Sz = Tz. Now, suppose that (2.42) holds
and d(Sz,z) > 0. Since lim,, ., x,, = z, then from (2.42), x,,-1 < z for all n. Using (2.38), we
have

@(d(Txan-1,32)) < P(D (X251, 2)) = P(D (X211, 2)), (2.65)
or

¢(d(x20, 52)) < (D@ (x20-1,2)) ~ P(D(x21-1,2)), (2.66)
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so taking upper limit from the last inequality, we have
p(d(z,32)) < p((c +e)d(z,32)) - p((c + e)d(z, 52)), (2.67)

which is a contradiction. Thus, d(z, Sz) =0, and so z = Sz = Cz. ]

Corollary 2.8. Let (X, <) be a partially ordered set, and suppose that there exists a metric d in X
such that (X, d) is a complete metric space. Let S,C : X — X be two weakly increasing mappings
such that

p(d(Tx, Sy)) < ¢(d(x,y)) - ¢(d(x,v)), (2.68)

for all comparable x,y € X, where ¢, ¢ : [0,00) — [0,00), @ is a continuous, nondecreasing, ¢ is
lower semicontinuous functions, and ¢(t) = 0 = ¢(t) if and only if t = 0. If

S is continuous, (2.69)

or
T is continuous, (2.70)

or
{xn} C X is a nondecreasing sequence with x, — z in X, then x, <z Vn (2.71)

holds. Then, S and T have a common fixed point.

Corollary 2.9. Let (X, <) be a partially ordered set, and suppose that there exists a metric d in X
such that (X,d) is a complete metric space. Let S, T : X — X be two weakly increasing mappings
such that

d(Tx, Sy) < O(x,y) - p(O(x,y)), @72)
for all comparable x,y € X, where
®(x,y) = ad(x,y) + bd(x,Tx) + cd(y, Sy) + e[d(y, Tx) + d(x, Sy)], (2.73)

a>0,bce>0, a+tb+c+2e<1,¢:[0,00) — [0,00) isalower semicontinuous functions, and
¢(t) =0ifand only if t = 0. If

S is continuous, (2.74)

or

C is continuous, (2.75)
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or

{xn} C X is a nondecreasing sequence with x, — z in X, then x, <z Vn (2.76)

holds. Then, S and T have a common fixed point.

3. Some Applications

In this section, we present some applications of previous sections, first we obtain some fixed
point theorems for single mapping and pair of mappings satisfying a general contractive
condition of integral type in complete partially ordered metric spaces. Second, we give an
existence theorem for common solution of two integral equations.

SetY = {¥:R" — R*:W¥isa Lebesgue integrable mapping which is summable and
nonnegative and satisfies fg W(t)dt > 0, for each ¢ > 0}.

Theorem 3.1. Let (X, <) be a partially ordered set and suppose that there exists a metric d in X such
that (X, d) is a complete metric space. Let T : X — X be a nondecreasing mapping such that

¢(d(Tx,Ty)) P(©(xy)) $(O(x,y))
I W(t)dt < f W(t)dt —f Y(t)dt fory=<x (3.1)
0 0 0

where

O(x,y) = ad(x,y) + bd(x,Tx) + cd(y, Ty) +e[d(y, Tx) + d(x, Ty)] (3.2)

a>0,bce>0, a+b+c+2e<1,¢,¢:[0,00) — [0,00), ¢ is continuous, nondecreasing, ¢
is lower semicontinuous functions, and ¢(t) = 0 = ¢(t) if and only if t = 0. Also, suppose that there
exists xg € X with xg < Txy. If

T is continuous, (3.3)

or

{xn} C X is a nondecreasing sequence with x, — z in X, then x, <z Vn (3.4)

holds. Then, T has a fixed point.

Proof. Define A : R* — R* by A(x) = fg Y(t)dt, then A is continuous and nondecreasing
with A(0) = 0. Thus, (3.1) becomes

Alp(d(Tx, Ty))) < A9(O(x,y))) - A9 (O(x,v))), (3.5)
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which further can be written as
p1(d(Tx, Ty)) <p1(O(x,y)) - p1(O(x,y)), (3-6)

where 1 = Ao g and ¢ = A o ¢. Hence by Theorem 2.1 has unique fixed fixed point. O

Theorem 3.2. Let (X, <) be a partially ordered set, and suppose that there exists a metric d in X such
that (X, d) is a complete metric space. Let S, T: X — X be two weakly increasing mappings such
that

¢(d(Tx,Sy)) ¢ (©(x,y)) PO(xy))
J W(t)dt < f Y(t)dt - f Y(t)dt fory<x, (3.7)
0 0 0

for all comparable x,y € X, where

@(x,y) = ad(x,y) +bd(x,Tx) + cd(y, Sy) + e[d(y, Tx) + d(x, Sy)], (3.8)

a>0,bce>0, a+tb+c+2e<1,¢p, ¢:[0,00) — [0,00), ¢ is continuous, nondecreasing, ¢ is
lower semicontinuous functions, and ¢(t) = 0 = ¢(t) if and only if t = 0. If

S is continuous, (3.9)

or
T is continuous, (3.10)

or
{x,} C X is a nondecreasing sequence with x, — z in X, then x, <z Vn (3.11)

holds. Then, S and T have a common fixed point.

Proof. Define A : R* — R* by A(x) = fg Y(t)dt, then A is continuous and nondecreasing
with A(0) = 0. Thus, (3.7) becomes

Ap(d(Tx,3y))) < Ap(©(x,¥))) - AO(x, 1)), (312)
which further can be written as
¢1(d(Tx, 3y)) <¢1(O(x,y)) - 91(O(x, ¥)), (3.13)

where ¢; = Ao ¢ and ¢; = A o ¢p. Hence, Theorem 2.6 has unique fixed fixed point. O
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Now, consider the integral equations

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

, (3.14)
x(t) = f Ky (t,s,x(s))ds + g(t), te€[a,b].
Let « be a partial order relation on R".
Theorem 3.3. Consider the integral equations (3.14).
(i) Ky, 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)) < Ky ¢, S,I Ki(s, 7, x(1))dr + g(s)>,
(3.15)
b
Ka(t,s,x(s)) < Ky (t, s,f Ka(s, 7, x(7))dT + g(S)>,
(iii) there exist a continuous function p : [a,b] x [a,b] — R, such that
IK1(t,s,u) — Ka(t,5,0)| < p(t, s) ln<|u — o+ 1) (3.16)

foreacht,s € [a,b] and comparable u,v € R",
(iV) SUPe(qy) fs p(t,s)’ds <1/(b-a).
Then, the integral equations (3.14) 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|| = maxe[q)|x(t)|, for
x € C([a, b],R"). Consider on X the partial order defined by

x,y € C([a,b],R"), x<yiff x(t) < y(t) for any ¢ € [a, b]. (3.17)

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,(tf) < 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 y
[21].
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Define C,S: X — X, by

b
Tx(t) = j Ki(t s, x(s))ds + g(t), te][ab],

”; (3.18)
Sx(t) = f Ky(t,s,x(s))ds + g(t), te[a,b].

Now, from (ii), we have for all t € [a, b],
b
Ta(t) = [ Kt x(9)ds + g0

b b
< f K; <t, S,J‘ Ki(s, 7, x(1))dr + g(s)>ds +g(t)

a

b
_ f Ka(t,s, Tx(s))ds + g(t)

= STx(t),

b (3.19)
Sx(t) = f Ky(t,s,x(s))ds + g(t)

b b
< J K; <t, s,f Ky (s, 7, x(T))dr + g(s)>ds +g(t)

b
= .[Kl(t, s,5x(s))ds + g(t)
= TSx(b).

Thus, we have CTx < STx and Sx < TSx for all x € X. This shows that T and .S are weakly
increasing. Also, for each comparable x, y € X, we have

b b
|Tx(t) - Sy(t)| = J‘ Ki(t, s,x(s))ds—f Ky (t,s,y(s))ds

b
SI |K1(t,s,x(s))—Kz(t,s,y(S))lds
a (3.20)

< jbp(t,s)\/ln<|x(s) - y(s) |2 + 1>ds

b V2 s p
< <f p(t,s)zds> <’[ ln<|x(s)—y(s)|2+1>ds>

1/2



Fixed Point Theory and Applications 19

Hence,

b b
ITx - Sy|” < sup p(t,s>2ds<f In(|x(s) - y(s)|* + 1)d5>

telab] Y a
<In(lx-y|+1) o2
= =y = (=l = inflx -yl 1)),
Put ¢(x) = x2, ¢(x) = x2 - In(x? + 1). Therefore,
o(1Tx = Syl) < ollx=yl) - ¢(llx -yl (3.22)

for each comparable x,y € X. Therefore, all conditions of Corollary 2.8 are satisfied. Thus,
the conclusion follows. O
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