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1. Introduction

The Banach contraction principle is a fundamental result in fixed-point theory Banach contraction
principle [1]. This principle has been generalized in different directions by various researchers because
of its usability and applicability.

In 1973, Geraghty [2] defined a class of functions « as follows:

Definition 1. [2] Define F = {a|a : [0,00) — [0,1)} which satisfies the condition
a(ty) =1 implies t, — 0.
Geraghty [2] investigated the following theorem, which is known as Geraghty contraction.

Theorem 1. [2] Let (X, d) be a complete metric space and let f : X — X be a map. Suppose there exists « € F
such that for each x,y € X

d(fx, fy) < a(d(x,y))d(x,y).
Then f has a unique fixed point z € X.

Definition 2. [3] Let ¥ denote the class of function i : [0,00) — [0, 00) which satisfies the following conditions:

(i) 1 is continuous and non-decreasing,
(ii) ¥(t) = 0ifand only if t = 0.
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In 1997, Alber and Guerre-Delabriere [4] suggested a generalization of Banach contraction
mapping by introducing the concept of ¢ -weak contraction in Hilbert space. Rhoades [5] showed that
the result of Alber and Guerre-Delabriere [4] is still valid in complete metric spaces.

Definition 3. [5] A self map T is said to be weakly contractive map if there exist a function ¢ : [0, +o0) —
[0, +00) such that ¢ is continuous, non-decreasing and ¢(t) = 0 if and only if t = 0 and satisfying

d(Tx, Ty) < d(x,y) = ¢(d (x,y))

forallx,y € X.

Theorem 2. [5] Let (X, d) be a complete metric space and T be a weakly contractive self map on X. Then T has
a unique fixed point in X.

Remark 1. Rhoades [5] observed that every contraction map T on X with contractive constant k is a weakly
contractive map with ¢(t) = (1 — k)t, t > 0. However, its converse is not true.

In 2008, Dutta and Choudhury [6] gave a generalization of weakly contractive mapping by
defining (¢, ¢) -weak contraction in complete metric spaces.

Definition 4. [6] Self map T is said to be (1, ) weak contraction, if for each x,y € X,

P(d(Tx, Ty)) < p(d(x,y)) — ¢(d(x,y)),

where P, ¢ : [0,00) — [0, 00) are both continuous and monotone non-decreasing functions with p(t) = 0 =

¢(t) if and only if t = 0.

Theorem 3. [6] Let (X, d) be a complete metric spaces and self map T be a (1, ¢) weak contraction. Then T
has a unique fixed point.

Zhang and Song [7] defined and introduced a proper extension of ¢ — weak contraction namely,
generalized ¢— weak contraction.

Definition 5. [7] Self maps T and R are said to be generalized ¢— weakly contractive maps if there exist a
function ¢ : [0, +0c0) — [0, +00) such that ¢ is continuous, non-decreasing and ¢(t) = 0 if and only if t = 0
and satisfying

d(Tx,Ry) < M (x,y) — (M (x,)),

where,

M(x,y) = max {d(x/y),d(x, Tx),d(y, Ry), [d(y, Tx) +d(x, Ry)] }

2

forall x,y € X.

Theorem 4. [7] Let (X, d) be a complete metric space and T and R are generalized ¢p— weakly contractive self
maps on X. Then T and R have a unique common fixed point in X.

Doric [8] extended the result of Zhang and Song [7] by defining generalized (i, ¢)— weak
contraction and proved some fixed-point theorems.

Definition 6. [8] Self maps T and R are said to be generalized (1, ¢)— weakly contractive maps if it satisfies

¥(d(Tx, Ry)) < p(M(x,y)) — ¢(M (x,)),
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forall x,y € X, where ¢ : [0, +00) — [0, +c0) such that  is continuous, non-decreasing and (t) = 0 if and
onlyift =0, ¢ : [0,4+00) — [0, +-00) such that ¢ lower semi-continuous function and ¢(t) = 0 if and only if
t =0and

M(x,y) = max {d(x,y),d(x, Tx),d(y, Ry), [d(y, Tx) +d(x, Ry)] }

2

Theorem 5. [8] Let (X, d) be a complete metric space and T and R are generalized (1, ¢)— weakly contractive
maps on X. Then T and R have a unique common fixed point in X.

The existence of a fixed point for contraction mappings in partially ordered metric spaces was
considered initially by Ran and Reurings [9]. In 2008, Agarwal et al. [10] extended the results of Ran
and Reurings [9] for the case of generalized ¢-contractions as follows:

Theorem 6. [10] Let (X, <) be a partially ordered set, and suppose that there exists a metric d € X such
that (X, d) is a complete metric space. Let T : X — X be an increasing operator such that the following three
assertions hold:

(i) there exists an increasing mapping ¢ : Ry — Ry with lim, . ¢" (t) = 0 for each t > 0, such that for
each x,y € X with x = y we have

d(Tx, Ty) < ¢ (max {d(x,y),d(x, Tx), d(y, Ty), % [d(x, Ty) +d(y, TX)]} >

(ii) there exists xg € X with xg < Txo,
(iii) T is continuous or if an increasing sequence x, C X converges to x € X, then x, = x foralln € N.

Then T has at least one fixed point in X.

In 2009, Harjani and Sadarangni [11] proved some fixed-point theorems as a version of Rhoades [5]
and Dutta and Choudhury [6] for weakly contractive mappings in ordered metric spaces.

Theorem 7. [11] Let (X, =) be a partially ordered set, and suppose that there exists a metric d € X such that
(X, d) is a complete metric space. Let T : X — X be a continuous and non-decreasing mapping such that

d(Tx, Ty) <d(x,y) —¢(d(x,y)) forallx >y,

where ¢ : [0,00) — [0,00) is continuous and non-decreasing function such that ¢ is positive in (0,00),
$(0) = 0 and lim; ;00 p(t) = co. If there exists xg € X with xo < Txo, then T has a fixed point.

Theorem 8. [12] Let (X, <) be a partially ordered set, and suppose that there exists a metric d € X such that
(X, d) is a complete metric space. Let T : X — X be a continuous and non-decreasing mapping such that

$(d(Tx, Ty)) < ¢(d(x,y)) = p(d(x,y)) forallx >y,
where  and ¢ are altering distance functions. If there exists xo € X with xy = Tx, then T has a fixed point.

In 2010, Harandi and Emami [13] proved a version of Geraghty’s result [2] in partially ordered
metric spaces.
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Theorem 9. [13] Let (X, <) be a partially ordered set and suppose that there exists a metric d € X such that
(X, d) is a complete metric space. Let T : X — X be an increasing mapping such that there exists xo € X with
xo =< T(xg). Suppose that there exits « € F such that

d(Tx, Ty) < a(d(x,y))d(x,y) forall x,y € X withx <y,

and assume that either T is continuous or X is such that if there is an increasing sequence {x,} — x, x € X,
then x,, < x for each n > 1. Also, if for all x,y € X, there exists z € X which is comparable to x and y. Then T
has a unique fixed point in X.

In 2010, Altun and Simsek [14] introduced the notion of weakly increasing mappings and
investigated some fixed-point results for non-decreasing and weakly increasing operators in a partially
ordered metric space by using implicit relations. Singh (2015) [15] and He et al. (2017) [16] stated that a
fixed-point theorem for generalized weak contractive map in a metric space is proven by generalizing
some recent findings of Doric [8], Zhang and Song [7] .

Definition 7. [14] Let (X, <) be a partially ordered set. Two mappings T, R : X — X are said to be weakly
increasing if Tx = RTx and Rx = TRx forall x € X.

Remark 2. Please note that two weakly increasing mappings need not be non-decreasing. Some examples are
given in [14].

Definition 8. [17] Let (X, d) be a metric space and T,R : X — X are given self mappings on X. The pair
(T, R) is said to be compatible if limy, oo d(TRxy,, RTx,) = 0, whenever {x,} is a sequence in X such that
limy 00 Txy = limy_y00 Rxy, =t for some t € X.

In the following sections, we introduce and give an example of generalized (¢, a, B)— weakly
contractive maps and then prove some common fixed-point theorems in the sense of partially ordered
complete metric space. For applicability and usability of our results in diverse areas, we give an
application to find a common solution of Volterra-type integral equations.

2. Main Results

We begin with following definition.

Definition 9. Three self maps T, R, S are said to be a generalized (y,x, B)— weak contraction if for each
x,ycX

P(d(Tx,Ry)) < a(d(Sx,Sy))B(d(Sx,Sy), Vx>, M
wherew € F,p € Y and B : [0,00) — [0, 00) is a continuous function with condition
0<B(t) <y(t),Vt>D0. ()
An example of generalized (¢, a, ) — weak contraction is as follows:

Example 1. Let X = N U {0} . Define a metric

Axy) = {Z)C_H/’ ij‘fxxjyy
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Then (X, d) is a complete metric space. Consider three maps T,R, S : X — Q7 defined as

Tx = Rx = Sx = x.

X X
2’ 3’

Define maps , B : [0,00) — [0,00) and a : [0,00) — [0,1) as p(t) = 2t, PB(t) = tand a(t) = {5.
Then clearly, three maps T, R and S are generalized (i, a, B) — weak contraction.

Now we prove our main result.

Theorem 10. Let (X, <) be a partially ordered set and assume that there exists a metric d in X such that
(X, d) is a complete metric space. Let T, R, S : X — X are a generalized (i, a, B)— weak contractive mappings
satisfying the following properties:

(i) TX C SXand RX C SX,
(ii) T,R and S are continuous,
(iii) the pairs (T, S) and (R, S) are compatible,
(iv) T and R are weakly increasing with respect to S,
(v) Sx and Sy are comparable.

Then T, R and S have a coincidence point z € X.

Proof. Let us assume that xy € X be any arbitrary point in X. Since TX C SX and RX C SX, therefore
there exists x1, xp € X such that Txy = Sx; and Rx; = Sxp. Continuing this way, we can construct
sequences {x, } and {y,} in X, defined as

Sxopt1 = TXon = You, S¥xopi2 = R¥ony1 = Youy1, Vn €N, ®)
Since T and R are weakly increasing function with respect to S, therefore
le = TX() = Rxl = sz,

similarly,
Sxp = Txy =X Rxp = Sxs.

Continuing this process, we obtain
SX1 = SXZ = SX3 ......... = SX2n+1 = Sx2n+2 <

Thus,
Yo Y1 X Y2 = Yon 2 Yo = e

First we suppose that if there exists n € N such that y5,_1 = y2,,, then from (1)

$(d(Yan, Yon+1)) = P(d(Tx2n, Rx2411))
D((d(Sin, Sx2n+1))ﬁ(d(5x2n, SX2n+1))
= a(d(Yan—1,Y2n)) B(d(Y20-1,Y20)) = O,

IN

which implies that y,,,+1 = y2,. Consequently, v,; = y2,—1 for any m > 2n. Hence for every m > 2n,
we have Sx;; = Sxp,,. This implies that {Sx, } is a Cauchy sequence.

Secondly, suppose that y,, # y,+1 for any integer n. Let z, = d(yu,y,+1). Now we show that
Zy — 0asn — oo.
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Since Sxp;, and Sxy,,41 are comparable, then again from (1) we obtain

W(d(Yans2, Yont1)) = P(d(Sx2u43, Sx2n42)) = P(d(Tx2042, Rx2p41))
a(d(Sx2n+2,Sx2n+1)) B(d(Sx2n+2, SX2011))
a(d(Yan+1,Y2n) ) B(d (Y211, Y2n))- 4)

IN

By using (2), property of i and the fact that « € F, we get
d(yan+2,Yan+1) < d(Yon+1,Yon), (5)
similarly, we obtain
d(Yan+1,Y20) < d(Yon, You-1)- (6)
Combining (5) and (6), we have
d(Yon+2,Y2n+1) < d(Yant1,Y2n) < d(Yan, Yan-1)- @)
It follows that the sequence {z, } is monotonically decreasing, therefore there exists r > 0 such that
1}2{}02" =d(Yn,Ynt1) = 1. 8
Suppose that r > 0, then from (4)

Y(d(y2nr2,Y2n+1)) < a(d(Yons1,Y20)) B(A(Y2n11,Y2n))

Taking limit as n — oo, we get () < a(r)B(r). Since w € E therefore by using (2), we have
P(r) < B(r) < ¢(r). This is a contradiction. Therefore, r = 0. Hence

lim z, = d(Yn, Ynt1) = 0. )

n—oo

Next, we prove that {Sx, } is a Cauchy sequence. We prove this by negation. Suppose, on the
contrary, that {Sxy, } is not a Cauchy sequence. Then for any € > 0, there exist two subsequences of
positive integers my and ny such that n, > my > k for all positive integer k,

d(Sxom,, Sxon,) > € and d(Sxom,,Sxon, ,) < €. (10)
From (10) and by using triangle inequality, we have

€ < d(Sxom,, Sx2n,)
< d(SXka/ Sxan_z) + d(sznk_zl SxZHk_l) + d(stVlk_ll Sxan)'

Letting k — oo in above equality and using (9), we get
lim d(Sxo,, Sxon, ) = €. (11)
k—oc0

Again, by using triangle inequality, we have

d(stnkr Smek,l) S d(sznk, Smek) + d(SXka/ Smek,l )/
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taking limit as k — oo in above equality and using (9)-(11), we have

lim d(Sx2p,, SXom, ,) = €. (12)

k—

Since,

d(sx2nk1 Smek) S d(sznk/ Sxan+1) + d(SXanH/ Smek)
= d(Sxan, SX2nk+1) + d(Txan, Rmeki1 ) .

Using (9)-(12) and letting k — co, we have

€ S I{lglc}o d(TxZWk/ Rmek,l )

However, ¢ € ¥, therefore

P(e) < lim p(d(Txap,, Rz, ,)))- (12)

k—o0

From (1), we have

Y(d(Txon,, Rxom, ) < a(d(Sxon,, Sxom,_,))B(d(Sx2n,, SXom,_,))-

Taking limit k — oo in above inequality and using the fact that « € F, we get
Jlim (d(Txon, Rxom,_,))) < B(e€)- (14)
From (13) and (14) and using (2), we get
ple) < Jim p(d(Txon, Riom, ) < B(e) < p(e). (15)

This is a contradiction. Therefore {Sx,,} is a Cauchy sequence and hence {Sx,} is a Cauchy
sequence for all n. Hence there exist u € X such that

lim Sx;, = u. (16)

n—oo

Next, we claim that u is a coincidence point of T, R, and S.
From (16) and the continuity of S, we get

nlgl;toS(an) = Su. (17)
From triangular inequality, we have
d(Su, Tu) < d(Su,S(Sx2441)) +d(S(Tx2,), T(Sx2,)) + d(T(Sx2y), Tu), (18)
From (3) and (16), we have
Sxyy, — U, Txy, — u. (19)

Since pair (T, S) is compatible, then

d(S(Tx2,), T(Sx2,)) — 0. (20)
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Using the continuity of T and (19), we have
d(T(Sxpy,), Tu) — 0. (21)
Letting k — oo in (18) and using (17)—(20) together with (21), we get
d(Su, Tu) <0,

which means that Su = Tu.
Similarly from triangular inequality, we have

d(Su, Ru) < d(Su,S(Sxan+42)) +d(S(Rx2n11), R(Sx2n41)) + d(R(Sx2,11), Rut), (22)

In similar manner, we get d(Su,Ru) < 0, which means that Su = Ru. Thus, we find that
Su = Tu = Ru, that is, u is a coincidence point of T, R, and S. This proves Theorem 10. [

Now we give a sufficient condition for the uniqueness of the common fixed point in Theorem 10.
This condition is as follows:

for (x,y) € X x X, there exists u € X such that Tx < Tu and Ty < Tu. (23)

Theorem 11. Adding the condition (23) to the hypotheses of Theorem 10, the self maps T, R, and S have a
unique common fixed point .

Proof. First, we prove that T, R, and S have common fixed point. To prove this, we show that if p and
q are coincidence points of T, R, and S, i.e.,

Sp=Tp=Rp and Sq=Tq=Rq
then
Sp=Sq. (24)
From our assumption, there exists 1y € X such that
Tp =X Tug, Tq = Tuy. (25)
Now we follow the proof of Theorem 10, we can define a sequence {Su, } as follows:
Supyi1 = Tugn, Sugnyz = Rugyyr, Vn € N. (26)
Again, we have
Tp=Sp X Suy, Tq=S5q=Su,, Vné&N. (27)
Now put x = uy, and y = pin (1), we get

$(d(Suant1,Sp)) = $(d(Tuzn, Rp))
< a(d(Suan, Sp)) B(d(Stizn, Sp))-

Since w € F,

$(d(Suzni1,Sp)) < B(d(Suzn, Sp))- (28)
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Similarly, again if we put y = up, and x = p in (1), we obtain
p(d(Suzni2,Sp)) < B(d(Suznt1, Sp)).
Combine (28) and (29) for all n € N, we get
$(d(Stuns1,Sp)) < B(d(Sun, Sp)),
Consequently, by using property of ¢ and j
d(Sunt1,Sp) < d(Sun, Sp),
therefore, there exists » > 0 such that
nli_r}god(Sun,Sp) =r.
Suppose r > 0, then from (1)
$(d(Suzni1,5p)) < a(d(Suzn, Sp))B(d(Suzn, Sp)),
on taking limit as n — oo and using (2), we get
p(r) < B(r) <9(r).
This is a contradiction. Thus, r = 0, therefore from (30), we have
nlgx;lo d(Suy,, Sp) = 0.
In same manner, we can show that
Y}Lr{}o d(Suy, Sq) = 0.
Now using the fact that limit is unique and by using (24)-(32), we can write
nlgrolO Tup, = Sp = Sq, nlgxr}o Rupyy1 = Sp = Sq.

Since the pair {T, S} and {R, S} are compatible, therefore

lim d(S(TUZH), T(Su2n)) =0, lim d(S(Ru2n+1),R(Su2n + 1)) =0.

n—oo n—oo

Let us take,
z=Sp
Consider,
d(Sz,Tz) < d(Sz,S(Tuzy,)) + d(S(Tuzy,), T(Suay)) + d(T(Suay), Tz).
Letting n — oo and using the continuity of T as the above inequality, we get
d(Sz,Tz) <0,

that is, Sz = Tz and z is the coincidence point of T and S.

9of 14

(29)

(30)

(31)

(32)

(33)

(34)

(35)
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Similarly, proceeding as above, we can write
d(Sz,Rz) <0,

that is, Sz = Rz and z is the coincidence point of R and S.
Hence, from (24), we have

z=Sp=5z=Tz=Rz

This proves that z is a common fixed point of T, R, and S.
Uniqueness: Next we prove that the common fixed point is unique. Assume that the fixed point is not
unique, therefore there exists another fixed point A € X such that

A=Sp=SA=TA=RA.
Using (24), we have
SA = Sz.
Hence we get,
A=SA=5z=2z,

this is a contradiction to our assumption and hence common fixed point is unique. This completes the
proof of the Theorem 11. [

If we take S = I in Definition 9 and Theorem 10, we get the following result.
Definition 10. Two self maps T, R are said to be (, a, B) — weak contraction if for each x,y € X
$(d(Tx,Ry)) < a(d(x,y))B(d(x,y)), ¥Vx=>y, (36)
wherew € F,p € ¥ and B : [0,00) — [0, 00) is a continuous function with condition
0<B(t) <y(t),vE>0. (37)

Theorem 12. 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,R : X — X are (i, a, B)— weak contractive mappings satisfying the
following properties:

(i) T and R are continuous,
(ii) T and R are weakly increasing,
(iii) x and y are comparable.
Suppose, if
for (x,y) € X x X, there exists u € X which is comparable to x and y.

Then T and R have unique common fixed point z € X.

An example of (¢, «, B)— weak contraction is as follows:
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Example 2. Let X = [0,1] and d(x,y) = max{x,y} forallx,y € X. Let T,R : X — X be defined by

x .
)3 ifx#1
Tx{1 S
5 ifx=1
and
x .
3 if x #1
Rx_{l if oy —
i ifx=1

Then (X, d) is a complete metric space.
Define maps , B : [0,00) — [0,00) and & : [0,00) — [0,1) as p(t) = 2t, P(t) = tand a(t) = 5.
Then, all condition (i), (ii), (iii) are satisfied Theorem 12. Hence T and R have unique common fixed point.

3. Applications

In application, here we give an existence theorem for common solutions of integral equations.
However, the existence and uniqueness conditions obtained here are weaker than those in the
previous studies.

A Common Solution of Integral Equations by Existence Theorem

The purpose of this section is to give an example of integral equations, where we can apply
Theorem 12 to get common solutions. The following example is motivated by [12,14].
We consider the integral operator

/(;L Ky(ts, u(s))ds + A(f)
/OL Ky(t,s,u(s))ds+ A(t) Vtelo,L], (38)

where L > 0. Let us consider the space X = C(I) (I = [0, L]) of the continuous functions defined on I.
Obviously, this space with the metric given by:

d(x,y) = Stulf lx(t) —y(t)|, YxyeX
S

is a complete metric space. X = C(I) can also be prepared with partial order < given by:
Vxy,ye X,x 2y<x(t)<y(t), Vtel

Theorem 13. Suppose the following hypotheses hold:

(i) Ki,Kr:IxIxR— Randh: R — R are continuous,
(ii) forallt,s € I, we have

Kilts,u(t) < Ka (s, /OL Ki(s,2,u(z))dz + h(s)),

Ky(t,s,u(t)) < Kq <t,s, /OL Kz(s,z,u(z))dz+h(s)),
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(iii) there exists a continuous function G : I x I — Ry such that

log[(x —y)* +1]
— <
|Kq(t,s,x) — Ka(t,s,y)] < G(t,s)\/ =) ,
Vts€landx,y € Rsuchthaty < x,

(iv) sup,g; fOL G2(t,s)ds < 1.

Then the integral Equation (38) have a solution u* € C(I).

Proof. Let us define T,R : C(I) — C(I) by :

L
Tx(t):/o Ki(ts, u(s))ds + h(t)
and
L
Rx(t) :/O Ka(t,s,u(s))ds +h(t), tel, xeC(I).

Nashine and Samet in [18] showed that T and R are weakly increasing. Now;, for all x,y € C(I)
such that y < x, we have:

Tx(t) ~ Ry ()] < [ 1K1 (1,5,5(5)) ~ Ka(t,5,u() | s

L Iogl(x(s) — y(s))2 + 1
<), G(“M GE =y )

Using Cauchy-Schwarz inequality in the R.HL.S. of (39), we get

Lo gl —y©P 1], ([t o o E( [ losllx(s) — (s
J, et M ey = () cess) (50w

Now using hypothesis(IV), we get

k log[(x(s) — y(s))* +1] 1z rhlog[(x(s) —y(s))* +1]  \3
J G“’S)\/ EOETOIRaE O R Y e o )
1\z2/ [logld(x,y)?+1]
= (f) (\/ d(x,y) )\/E
logld(x,y)* +1]

= (\/ d(x,y) )

Hence from (39),
Tx(t) ~ Ry(#)] < \/ osly) 21 o)

This implies that

. logld(x,y)? +1]
d(Tx, Ry) < \/d(x,y)
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d(Tx, Ry)? < log[dbg?;/}ﬁH] <V log[j((;’yy))zﬂ]. log[d(x, )2 + 1]. 41)

Let us choose a function « as,

a(t) = V1og[t? + 1]’

t

it is clear that with this choice, a € S. Also assume that ¢(t) = t?> and B(t) = /log[t? +1].

Therefore from (41), we have

$(d(Tx, Ry)) < a(d(x,y))B(d(x,y))-

Since all the hypotheses of Theorem 12 are satisfied. Therefore, there exists u* € C(I), a common fixed
point of T and R, that is, u* is a solution to (38). O
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