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Abstract. The purpose of this paper is to establish some common fixed point theorems for
f-nondecreasing self-mapping satisfying a certain rational type contraction condition in the frame of
a metric spaces endowed with partial order. Also, some consequences of the results in terms of an inte-
gral type contractions are presented in the space. Further, the monotone iterative technique has been
used to find a unique solution of an integral equation.
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Introduction

Ever since in fixed point theory and approximation theory, the classical Banach contraction
principle [1] plays a vital role to acquire the unique solution of many known results. It is very
important and popular tool in various disciplines of mathematics to solve the existing problems in
nonlinear analysis. Later, a lot of variety of generalizations of this Banach contraction principle [1]
have been taken place in a metrical fixed point theory by improving the underlying contraction
condition, some of which are in [2-11]. Thereafter, vigorous research work has been noticed by
weakening its hypotheses in various spaces with topological properties such as rectangular metric
spaces, pseudo metric spaces, fuzzy metric spaces, quasi metric spaces, quasi semi-metric spaces,
probabilistic metric spaces, D-metric spaces, G-metric spaces, F-metric spaces, cone metric
spaces etc. Prominent works on the existence and uniqueness of a fixed point in partially ordered
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metric spaces with different contractive conditions have been acquired by several researchers,
the readers may refer to [12-21] and the references therein, which generate natural interest to
establish usable fixed point theorems.

The concept of coupled fixed point for a certain mapping in ordered metric space was first
introduced by Bhaskar and Lakshmikantham [22] and then applied their results to a periodic
boundary value problem to obtain the unique solution. While, the theory of coupled coincidence
point and common fixed point results was first initiated by Lakshmikantham and Ciri¢ [23]
which generalized and extended the results of [22] by considering the monotone property of a
mapping in ordered metric spaces. Some generalized results on fixed point, coupled fixed point
and common fixed point under various contractive conditions in different spaces can be found
from [24-37]. Recently, Seshagiri Rao et al. [38-42] and Kalyani et al. [43] have investigated some
coupled fixed point theorems for the self mappings satisfying generalized rational contractions in
partially ordered metric spaces.

The aim of this paper is to present some common fixed point results for a pair of self-mappings
satisfying a generalized rational contraction condition in the context of complete partially or-
dered metric space. These results generalized and extended the results of Harjani et al. [15] and
Chandok [30] in the literature. Some consequences of the main result in terms of integral con-
tractions are presented. A numerical example has been provided to support the result obtained.
Moreover, an application of the result has been given by taking the integral equation using the
monotone iterative technique.

1. Mathematical preliminaries

Definition 1 ([38]). The triple (X,d, <) is called a partially ordered metric space, if (X, <) is
a partially ordered set together with (X,d) is a metric space.

Definition 2 ([38]). If (X,d) is a complete metric space, then the triple (X,d, =) is called
complete partially ordered metric space.

Definition 3 ([38]). Let (X, <) be a partially ordered set. A mapping f: X — X is said to be
strictly increasing (or strictly decreasing), if f(x) < f(y) (or f(z) > f(y)), for all z,y € X with
T =<y.

Definition 4 ([42]). Let f,T: A — A be two mappings, where A # () subset of X. Then
(a) f and T are commutative, if fTx =T fx for all = € A.
(b) f and T are compatible, if for very sequence {x,} with lim fx, = ET Tx, = pn for
n n oo

—+00
some u € A, then EIE d(Tfxy, fTx,) =0.

(c) f and T are said to be weakly compatible if they commute only at their coincidence points
(i.e., if fx =Tx then fTx=Tfx).

(d) T is called monotone f-nondecreasing, if

fr =2 fy=Tx Ty forall z,y € X.

(e) A is a well ordered set, if every two elements of it are comparable.

(f) a point x € A is a common fized (or coincidence) point of f and T, if fr= Tz =z
(orfx=Tux).
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2. Main results

We begin this section with the following coincidence point theorem.

Theorem 1. Let (X, d, =) be a complete partially ordered metric space. Suppose that the map-
pings T, f : X — X are continuous, T is monotone f-nondecreasing, T(X) C f(X) and satisfying
the following contraction condition

d(fz,Tx) d(fy, Ty)
d(fz, fy)
for all x,y € X for which the distinct fx and fy are comparable and for some «, B,y € [0,1)

with 0 < a+ 28+~ < 1. If there exists certain xg € X such that fxg <X Txzo and the mappings
T and f are compatible, then T and f have a coincidence point in X.

d(Tz,Ty) < «

+ Bld(fz, Ty) + d(fy, Tx)] + vd(fz, fy), (1)

Proof. Let zy € X such that fxg = Txo. Since, T(X) C f(X) then we can choose a point
x1 € X such that fzq = Txo. But Tx; € f(X), then there exists another point xo € X such
that fxe = Ta;. Similarly by continuing the same procedure, we construct a sequence {z,,} C X
such that fx,y; = Tz, for all n > 0.

Again from the hypothesis, we have frg <X Txo = fx1. Since T is monotone f-nondecreasing
then we obtain that Txg =< Tx;. As by the similar argument, we get Tx1 < Txs, since fz1 < fzo.
Continuing the process, we acquire that

Txoijljijananrlj

Case 1. Suppose that d(Tz,,Tz,r1) = 0 for some n € N, then we have Tx,1 = Tx,.
Therefore, Txp+1 = Tz, = frny1. Hence, x,41 is a coincidence point of T and f in X and we
have the result.

Case 2. Suppose d(Tzp, Txp11) > 0 for all n > 0, then from (1), we have

d(frnt1, Txpns1) d(fan, Tay)
d(fanrla fxn>

+ ’7d(fxn+1> fZL'n),

d(Tzpy1,Tx,) < @

+ Bld(frny1, Ton) +d(fon, Teni)] +

which intern implies that
A(Txps1,Tay) < ad(Txp, Txny1) + Bd(Tan, Txy) + d(Txn—1, Txpi1)] + Yd(T 20, Txp_1).

Finally, we arrive at

B+~
dTzpi1,Tan) < | —— | d(Txn, Tap—1).
(Tni1, Tay) (1—a—5 (Tan, Tan—1)
Inductively, we get
B+y \"
d(T$n+1,Txn) < (1_0[_5 d(T$17T$O).
Let k = 15% < 1, then from the triangular inequality of a metric d for m > n, we have
o —

d(Txmv Txn) < d(TﬂL‘m, Txm—l) + d(Txm—lv Txm—Q) + -+ d(Txn—&-la Txn) <

n

k
1— kd(Txl, T.Io),

< (B™ P+ B2 4 4+ K d(Ta, Tag) <

- 400 -



N. Seshagiri Rao, K. Kalyani, Tekle Gemechu Coincidence Point Results and its Applications. ..

as m,n — 400, d(Tx,, Tx,) — 0, which shows that the sequence {Tz,} is a Cauchy sequence
in X. Therefore from the completeness of X, there exists a point y € X such that Tx, — u as
n — 4o0. Further the continuity of 7" implies that

lim T(Txz,)=T ( lim Ta:n> =Tu.
n—-4o0o n—-4o0o

Since fx,y1 = Tz, and then fz,41 — p as n — +o0o. Furthermore, from the compatibility of
the mappings T and f, we have

lim d(Tfxn, fTx,) =0.

n—-+oo

By the triangular inequality, we have

d(Tu, fp) = d(Tu, T frn) + d(T frn, fTe,) + d(fTTy,, fu),

on taking n — 400 and from the fact that T and f are continuous, we obtain that d(Tu, fu) = 0.
Thus, T = fu. Hence, p is a coincidence point of T" and f in X. O

We have the following consequences from Theorem 1.

Corollary 1. Suppose (X,d, <) be a complete partially ordered metric space. Let the mappings
T,f: X — X are continuous, T is monotone f-nondecreasing, T(X) C f(X) and satisfies

fz,Tx) d(fy, Ty)
d(fx, fy)
for all z,y € X for which the distinct fx and fy are comparable and where a, 8 € [0,1) such

that 0 < a+ 28 < 1. If fxg 2 Txg for some xg € X and the mappings T and f are compatible,
then T and f have a coincidence point in X.

d(Tz, Ty) < a2 + Bld(fa, Ty) +d(fy, Tx)],

Proof. The required proof can be obtained by setting v = 0 in Theorem 1. O

Corollary 2. Let (X,d, =) be a complete partially ordered metric space. Assume that the map-
pings T, f : X — X are continuous, T is monotone f-nondecreasing, T(X) C f(X) and satisfies

d(Tz,Ty) < Bld(fz, Ty) + d(fy, Tx)] +vd(fz, fy),

for all x,y € X for which fz, fy are comparable and B,y € [0,1) such that 0 < 28+~ < 1. If
for some xg € X such that fxg = Txg and the mappings T and f are compatible, then T and f
have a coincidence point in X.

Proof. Set & =0 in Theorem 1. O

We extract the continuity criteria of 7" in Theorem 1 is still valid by assuming the following
hypotheses in X:
If {«,,} is a non-decreasing sequence in X such that x,, — z, then z,, <z for all n € N.

Theorem 2. Let (X, d, X) be a complete partially ordered metric space. Suppose the mappings
T, f: X — X are continuous, T is monotone f-nondecreasing, T(X) C f(X) and satisfies

d(fz,Tx) d(fy, Ty)
d(fz, fy)

for all z,y € X for which fx # fy are comparable and where o, 3,7 € [0,1) such that
O0<a+28+vy<1. If for some xg € X such that fxg <X Txo and {x,} is a nondecreasing

d(Tz,Ty) < «

+ Bld(fz, Ty) + d(fy, Tx)] + ~d(fz, fy), (2)

—401 —



N. Seshagiri Rao, K. Kalyani, Tekle Gemechu Coincidence Point Results and its Applications. ..

sequence in X such that x, — x, then x, <z for alln € N. If f(X) is a complete subset of X,
then T and f have a coincidence point in X. Further, if T and f are weakly compatible, then T
and f have a common fized point in X.

Moreover, the set of common fized points of T and f is well ordered if and only if T and f
have one and only one common fized point in X.

Proof. Suppose f(X) is a complete subset of X. From Theorem 1, the sequence {Tz,} is a
Cauchy sequence and hence, {fxz,} is also a Cauchy sequence in (f(X),d) as fxp41 = Tz, and
T(X) C f(X). Since f(X) is complete, then there exists fu € f(X) such that

lim Tz, = lim fz,= fu.
n—-4oo n—+o0o

Notice that the sequences {T'z,} and {fz,} are nondecreasing. Then from the hypothesis, we
have Tz, < fu and fz, =< fu for all n € N. But T is monotone f-nondecreasing, then we get
Tx, <X Tu for all n. Letting n — 400, we obtain that fu < Twu.

Assume that fu < Tu. Define a sequence {u,} by ug = u and fun41 = Tu, for all n € N.
An argument similar to that in the proof of Theorem 1 yields that {fw,} is a nondecreasing

sequence and lim fu, = lim Twu, = fv for some v € X. Now, from the hypothesis, we have
n—-+4oo n—-+oo

sup fu, = fv and sup Tu,, = fuv, for all n € N. Notice that
Jon 2 fu =X fur < fug < 2 fup, < < fo
Case 1. If fz,, = fup, for some ng > 1 then we have
fan, = fu= fuy, = fur =Tu.

Thus, u is a coincidence point of T and f in X.

Case 2. If fx,, # fun, for all n, then from (2), we have

Ad(fxni1, funsr) = d(Txp, Tuy) <
d(fan, Tey) d(fun, Tuy)
SO (e fun)

On taking limit as n — +o0o in the above inequality, we obtain that

d(fu, fv) < (28 +7)d(fu, fo) < d(fu, fv), since 26+ < 1.

Therefore, we have

+p [d(fxm Tun) + d(funv Txn)] + 'Vd(fxna fun)

fu= fuv= fu; =Tu.

Hence, we conclude that u is a coincidence point of 7" and f in X.
Assume that T and f are weakly compatible. Let w be the coincidence point of T" and f,
then we have

Tw=Tfz= fTz= fw, since w="Tz = fz for some z € X.
From (2), we have
d(fz,Tz) d(fw, Tw)
d(fz, fw)
< (28 +7)d(Tz,Tw),

d(Tz,Tw) < « + Bld(fz, Tw) +d(fw,Tz)] +~vd(fz, fw) <

as 20+~ < 1, we obtain that d(Tz, Tw) = 0. Thus, Tz = Tw = fw = w. Hence, w is a common
fixed point of T' and f in X.
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Suppose that the set of common fixed points of T" and f is well ordered. It is enough to
prove that the common fixed point of T" and f is unique. Assume in contrary that, u #* v be two
common fixed points of 7" and f. Then from (2), we have
d(fu,Tu) d(fv,Tv)

d(fu, fv)
< (28 4+ 7) d(u,v) < d(u,v), since 26 4+ v < 1,

d(u,v) < a + Bld(fu, Tv) + d(fv, Tu)] + vd(fu, fv) <

which is a contradiction. Hence, u = v. Conversely, suppose T" and f have only one common
fixed point then the set of common fixed points of T and f being a singleton is well ordered.
This completes the proof. O

We have the following results as a consequence of Theorem 2.

Corollary 3. Let (X,d, =) be a complete partially ordered metric space. Suppose the mappings
T,f: X — X are continuous, T is monotone f-nondecreasing, T(X) C f(X) and satisfies the
following contraction conditions for all x,y € X for which fx # fy are comparable

d(fz,Tx) d(fy,Ty)

(1) d(Tz,Ty) < a ey + Bld(fz,Ty) +d(fy, Tx)],
for some a, B € [0,1) with0 < a+28 < 1,
(1) d(Tz,Ty) < Bld(fz, Ty) + d(fy, Tx)| + ~vd(fz, fy),

where 3,y € [0,1) such that 0 < 264+ v < 1.

If for some xg € X such that frg = Txg and {x,} is a nondecreasing sequence in X such
that x, — x, then x, < x for alln € N. If f(X) is a complete subset of X, then T and f have
a coincidence point in X. Moreover, if T and f are weakly compatible, then T and f have a
common fized point in X.

Furthermore, the set of common fixed points of T and f is well ordered if and only if T and
f have one and only one common fixed point in X.

Proof. Setting v =0 and o = 0 in the Theorem 2, we obtain the required proof. O

Remarks
(1) If 8 =0 in Theorems 1 & 2, we obtain Theorems 2.1 & 2.3 of Chandok [30].
(2) If f =1 and B = 0 in Theorems 1 & 2, then we get Theorems 2.1 & 2.3 of Harjani et
al. [15].

Now, we have the following consequence of Theorem 1 involving the integral type contraction.
Let @ denote the set of all functions ¢ : [0,4+00) — [0, +00) satisfying the following hypothe-
ses:

(i) each @ is Lebesgue integrable function on every compact subset of [0, +00) and

(ii) [(t)dt > 0, for any € > 0.
0

Corollary 4. Let (X,d, <) be a complete partially ordered metric space. Suppose that the map-
pings T, f : X — X are continuous, T is monotone f-nondecreasing, T(X) C f(X) satisfies

d(fz,Tz) d(fy,Ty)

d(Tz,Ty) I d(fz,Ty)+d(fy,Tx) d(fx,fy)
e(t)dt < o / o(t)dt + / o(t)dt + v / ot)ydt, )
0 0 0 0
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for all x,y € X for which the distinct fx and fy are comparable, p(t) € ® and there exist
a,f,v €[0,1) such that 0 < a4+ 208 + v+ < 1. If for some x¢ € X such that fxg < Txo and the
mappings T and f are compatible, then T and f have a coincidence point in X.

We obtain some consequences of Corollary 4 by taking v = 0 and a = 0.

Corollary 5. If 8 = 0 in Corollary 4, we obtain the Corollary 2.5 of Chandok [30].

Example 1. Define a metric d : X x X — [0,400) by d(z,y) = |z — y|, where X = [0,1] with

——, then
x

usual order <. Let us define two self mappings T and f on X by Tx = ; and fr = .

T and f have a coincidence point in X.

Proof. By definition of a metric d, it is clear that (X,d) is a complete metric space. Obvi-
ously, (X,d, <) is complete partially ordered metric space with usual order. Let o0 = 0 € X,
then f(xg) < T(xg). By definitions; T, f are continuous, T is monotone f-nondecreasing and
T(X) C f(X).

Now for any z,y € X with x < y, we have

I L
d(Tz, Ty) = ‘2 5| = 3lt—ul<
a B llz2—-y)—yl Iy(Qx)l’l} |z —yl
< —zy(l—y)+ = +
ot )+ 3 [P Trw | Troay
Oéﬂ%z_%“ﬁ—% ﬂ“ x 7g’ y ﬂf” N |z —y|
H%—ﬁ 14z 2 14y 2 (1+2)(1+vy)
d(fz,Tx) d(fy, Ty)
<o + Bld(fz, Ty) + d(fy, Tx)] +vd(fz, fy),
T (2, Ty) +d(fy, Ta)] + 1d(f, fy)
holds the contraction condition in Theorem 1 for some «, 3, in [0, 1) such that 0 < a+28+7 < 1.
Therefore T and f have a coincidence point 0 € X. O

Similarly the following is one more example of main Theorem 1.

Example 2. A distance function d : X x X — [0,400) by d(z,y) = |z — y|, where X = [0,1]
with usual order <. Define the two self mappings T and f on X by Tx = 23 and fx = 2%, then

T and f have two coincidence points 0, 1 in X with xg = 3

3. Application

In this section, we discuss a unique solution of the integral equation by the method of upper
and lower solutions. The monotone iterative technique is the one to find the minimal and a
maximal solution between the lower and upper solutions which validate the maximal principle.

Let A € R™ be a bounded and open set and H = Z(A)? be a Hilbert space with usual inner
product and norm then a linear operation & : D(Z) C H — H is said to be a valid maximum
principle if there exists some A € R such that

(4)

Fuw+ Aw >0 on A implies that « > 0 on A, « € D(Z),
>

where # > 0on A if w(2z) >0 for a.e.z € R.

Now consider the first order periodic boundary value problem of an integral equation given
in [18].
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M
w(z) = | Lz, u(z), [ Hu|(z)])de for aex e A= (0,M), «(0)=u(M).

u'(z) = flz,u(z), [ Fu)(z)) for ae.x € (0,M), «(0)=w(M). (5)

where /£ is Caratheodary function, # is an integral operator
M
Hule) = [ Aew)alw)iy (6)
0

with kernal & € Z£2(A x A). It is clear that for any « € H = L?(A x A) then Fu € H.
For a solution of (5), first we study the linear problem for A # 0

w + X+ 0FKw =0, u(0) = u(M). (7
Its known that « is a solution of (7) if and only if
M M
w@) = [ oo o) = iFuldy = wia)+ [ Aepua @
where
M
wlw)= [ alewowiz,
and
(z,y) = —6/ xz,y)dx.

Let us define the linear operator & : D(¥) C H — H, where D(Z) = {w € H'(A) : «(0) =
=u(M)} as
[Zu|(2) =« (2) + 0[Hu](2). 9)

Similarly, let # : D(A") C H — H is a nonlinear operator, where
(Wul(z) = (@, u(2), [ F (@) + [ Fu](z). (10)

Hence, (5) is equivalent to Lu = Nw, v € D(Z)ND(WH) and D(Z) C L*°(A) C D(N), where
FK € (A x A). Suppose that A # 0 and follow the conditions of [44], we have

(221 — e

[ Z ]2 < 6](M(1 — e—27M))

=d (11)

From Lemma 5.1 of [18] followed by above condition, the equation (7) has a unique solution
w € H for each 0 € H and G : (£ + N)~' : H — H is continuous, where

M
w@:wm@:A (2. 9)o(g)dy.

Hence from Theorem 2.2 in [44] shows that the maximum principal (4) is valid for A > 0 whenever
FK € L(A x A) and

)\2
|6](erM +AM —1)
From (11) and (12), we get D(&Z) C D(/'). The functions «, 8 € D(&Z) are said to be lower and
upper solution of (5) if &/(2) < f(z,w(2), [Fu|(z)) < /(=) for a.e. z €R.

| |oo < = dy (12)
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Now suppose there exist the constants m,d, A with 0 < m < X such that (12) is satisfied and
the following inequality holds.

£z, u(z), [ Hu|(2)) - f(z,v(2),[Zv](z)) >

> —mu(z) - v(z)) - 8(Hul(2)) - [Fol(@)), (13)

whenever z € A, a(z) < v(2) < w(2) < B(«). Then applying Theorem 3.1 of [18] it is possible
to approximate the external solutions of (5) by monotone iterates between the lower solution a
and the upper solution .

The authors do thankful to the editor and anonymous referees for their valuable suggestions
and comments which improved the contents of the paper.
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PGSy.TIbTaTbI TOYKHM COBIIaJ€eHNd 1N NX IIPUJIO2KEHUA
B 9aCTUYIHO YIIOPAAOY€HHbIX METPHNYECKHNX ITPOCTPaHCTBaX

H. Cenrarupu Pao

Hayuno-Texamyaeckuii yauBepcuTeT Amambr
Anama, Dduonus

Kapycana Kanbsinu

®DoH/1 HAYKU, TEXHOJIOTHH U UCCaeoBannit Burnan
IIpanemn, Nuans

Tekie I'emeuy

Hay4YHO-TeXHUYeCKUiT YHUBEPCUTET A aMbI

A tama, Dduonus

Awnnoranusi. llenpo marHol paboOTHI SBISETCS YCTAHOBIEHNE HEKOTOPBIX OOIIMX TEOPEM O HETOIBUK-
HOIi TOUKe Jiuisi f-HeyObIBaoIIero orodopakenusi B cebsi, yJI0BJIETBOPSIONIET0 HEKOTOPOMY YCJIOBHUIO CXKATHUS
PAIMOHAJILHOTO THIA B pelepe MeTPUYECKUX MPOCTPAHCTB, HAJIEJIEHHBIX YACTUYHBIM MOPsiAKoM. Takzke
B MIPOCTPAHCTBE MPEICTABIEHB HEKOTOPBIE CJIEICTBUS PE3Y/IbTATOB B TEPMUHAX CXKATUN WHTETPATBHOTO
Tuna. KpoMme TOro, Meros MOHOTOHHOI HMTeparyuy ObLI UCIIOJIL30BAH Il HAXOXKJIEHUs €/IMHCTBEHHOTO
pellleHnsI MHTErPAIbHOIO yPaBHEHNS.

KuroueBrbie ciioBa: yrnopsiod9eHHOE METPHYECKOE TPOCTPAHCTBO, PAIIMOHAIBHOE CXKATHE, COTJIACOBAH-
Hble 0TOOPAXKEHUsI, TOYKA COBIAJICHUsI, OOIas HEITOABUKHAS TOYKA.
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