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An Extension of Karapinar and Sadaranganis’ Result Through the
C-Class Functions by Using a-Admissible Mapping with Applications
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Abstract. The main objective of this work is to introduce a new type of non-linear contraction via C-class
functions by using a-admissible mapping. Our new results extend and generalize the very recent results
of Karapinar and Sadarangani (2015. RACSAM. [37]). Illustrative examples are given to support our
new findings. We have shown that our results satisfy the periodic fixed point results after modifying the
contraction. Next, we extend our main findings from a self-mapping T to two self-mappings T; S. Also, an
example is provided to justify the effectiveness of our new result on two self mappings, where the partially

ordered structure fails. Finally, we apply our new findings to solve ordinary differential and non-linear
integral equations.

1. Introduction and preliminaries

The concept of metric space was proposed by Frechet [27] in 1905. The fundamental theorem of fixed
point theory, i.e., Banach—Cacciopoli theorem [(1922) [21]], was established in the context of complete met-
ric space. This theorem became very famous due to its versatile application in the non-linear analysis (like
integral equations, fractional derivatives, matrix equations, dynamic programming, differential equations,
and many more). In the year 2002, Branciari [23] established the Banach—Cacciopoli theorem in the integral
form. On the other side, Ran and Reurings [46] found the existence and uniqueness results of a fixed point
for operators satisfying a particular type of contraction in an ordered metric space structure. In that paper,
the authors applied their work in solving the non-linear matrix equations. Later in 2015, Karapinar and
Sadarangani [37] extended the result of [48] in the setting of partially ordered sets. They considered an
example for its applicability, where the main results of Samet and Vetro [48] are not applicable. Also, the
authors in [37] applied their new findings to solve a dynamic programming problem. In the year 2012,
Samet et al.[49] introduced the concept of @-admissible mapping. In the context of complete metric space,
they proved the fixed point results under a-ip-contractive type condition. Again, the results of Samet et
al.[49] were extended and generalized by Karapinar and Samet in [38]. Since then, many authors have used
this notion to extend the fixed point results in different ways. We now briefly discuss some important results
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of the fixed point theory that have been studied by using admissible mapping. Aydi et al.[19] extended the
idea of F-contraction involving a-admissible mapping in the setup of complete metric space. Alsulami et al.
[14] defined the notion of weak triangular a-admissible mapping and investigated (a-1-¢) type contraction
in the platform of complete metric space. It is known that Meir-Keeler(MK)-contraction is one of the famous
contraction in fixed point theory. Authors established different types of generalized MK-contractions in
various setups such as metric like space, G-metric space via a-admissible mapping to extend and generalize
fixed point results (see [13], [32]). Simultaneously, researchers worked on multi-valued mappings as well as
on nonself multi-valued mappings for certain contractions by using the concept of a-admissible mapping
(see [7], [8], [9], [11]). In [10], the a-y-type contraction has been investigated in the framework of uniform
space.

Again, Popescu [44] introduced the idea of triangular a-orbital admissible as a refinement of the triangu-
lar a-admissible notion, described in [36]. Many researchers have utilized this notion to generalize several
well-known results of fixed point theory. Recently, two famous contractions, namely, Geraghty contraction
and Istrdtescu type Contraction, were studied in the context of b-metric space by applying triangular a-
orbital admissible mapping in [3], [35], respectively. Arshad et al.[18] established some interesting results
on O-contraction involving triangular a-orbital admissible mapping in the framework of Branciari metric
space. In [6], Alharbi etal. studied a new type of contractive condition by combining the concept simulation
function with the a-orbital admissible function in the setting of b-metric space. By using the simulation
function, Karapinar and Chifu investigated MK-type contractions and Geraghty type contractions in the
platform of wt-distance via triangular a-orbital admissible mapping in [34]. For more details on admissible
mapping, we refer the reader to [4], [20], [24], [29], and the related references therein.

However, in this article, we aim to focus our study on a-admissible mapping to generalize some sig-
nificant fixed point theory results through C-class function. Again, the concept of the C-class functions
proposed by Ansari (2014), contained a large class of contractions (see [12], [16], [45]). In recent times many
interesting results related to fixed point theory have been established (see for example [5], [15], [22], [25],
[26], [31], [33], [40], [41], [43], [46], [47], [51]). For the sake of completeness, we now recall some basic
results, including definitions, lemmas, which will be needed in our new investigations. Throughout this
paper, R* denotes [0, o).

Definition 1.1. [49] Let o be a mapping from X x X to R*. Then a mapping T : X — X is said to a-admissible if
alx, y) > 1implies a(Tx, Ty) > 1, forall x,y € X.

Definition 1.2. [2] Let a be a mapping from X x X to R*. Let T, S : X — X be two mappings. Then the pair (T, S)
is said to be a-admissible if

a(x,y) = 1implies a(Tx,Sy) > 1 and a(Sx, Ty) > 1, forall x,y € X.

Definition 1.3. [36] Let o : XX X — R* and T : X — X be two mappings. Then the mapping T is said to be a
triangular a-admissible mapping if

1. a(x,y) > 1implies a(Tx, Ty) > 1, forall x,y € X;

2. a(x,y) 2 1,a(y,z) = Limplies a(x,z) = 1, forall x,y,z € X.
Definition 1.4. [2] Let o : X X X — R* and T,S : X — X be three mappings. Then the pair (T, S) is said to be a
triangular a-admissible mapping if

1. a(x,y) = 1 implies a(Tx, Sy) > 1 and a(Sx, Ty) > 1, forall x,y € X;

2. alx,y) 2 1,a(y,z) = 1implies a(x,z) 2 1, forall x,y,z € X.
Note: The mapping « is said to be symmetric if a(x, y) = a(y, x) holds for all x, y € X.

Definition 1.5. [39] A function ¢ : R* — R* is said to be an altering distance function if the following two
properties are satisfied:
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1. 1 is non-decreasing and continuous;
2. P(t) =0 ifand only if t =

Let W denotes the class of all altering distance functions. From now, ®* denotes the collection of all functions
@ : R* — R* such that ¢ is continuous, and @(t) > 0 for t > 0. Next, we come to the definition of C-class
function.

Definition 1.6. [45] A continuous mapping F : R* XxIR* — R is called a C-class function if it satisfies the following
two properties:

1. F(k,]) <k
2. F(k,1) = k implies eitherk=0o0r1 =0, forallk,1eR".

From now we write C to denote the collection of all C-class functions. Next, we give some examples of
C-class function, which we have taken from [16], [45].

Example 1.7. The following functions F : R* X R* — R belong to C, forallk,1 € R*.
(1) E(k,I) = k—1; (2) F(k, 1) = Ak,0 < A < 1; (3) F(k,]) = 1+1)r r € (0,00); (4) F(k,1) = bglea) 55 1, (5)

1+1
F(k, 1) = MT”),a > ¢ (6) F(k,I) = 1/2) fo \ﬂldx where T is the Euler-gamma function; (7) F(k,I) = kH(k, ),

where H(k,I) : R* X R* — R* is a continuous function with H(k,I) < 1, for all k,1 € R*; (8) F(k,I) = ¢(k), where
¢ : R* — R* is a upper semi-continuous function with ¢(0) = 0, and $(t) < t for t > 0; (9) F(k, 1) = k — £5; (10)
F(k, 1) =k — (&)1,

1+1

Definition 1.8. [17] Let ¢ € W, ¢ € @*, and F € C, then F is said to be monotone if

p,q € R" with p < q implies F(Y(p), (p)) < F(Y(q), ¢(9))-
Let @ denotes the collections of all functions ¢ : R* — IR* which satisfy the following properties:

1. all ¢ € P are Lebesgue-integrable, summable on each compact subset of R*;
2. fop ¢(t)dt > 0, for each p > 0.

The following two lemmas will be useful later.

Lemma 1.9. [42] Let {b,} be a sequence such that b, > 0, for every n € IN, with lim b, = b, then

b b
3%L¢W“£WW'

Lemma 1.10. [42] Let {b,} be a sequence such that b, > O, for every n € IN, then

b”
lim ¢(t)dt = 0 if and only if lim b, = 0.

n—oo

Definition 1.11. [37] Let (X, d) be a metric space, and T : X — X be an operator. Then the orbit of T at a point x is
denoted by O(x, T) and is defined as O(x, T) = {x, Tx, T?x,- - -, T"x, - - -}.

Next, we rewrite Definition 1.1 in [50] by considering T, S as single-valued mappings, and f as identity
mapping.

Definition 1.12. [50] Let (X, d) be a metric space, and T, S : X — X be two operators. Then the orbit of T, S at a point
xo, is denoted by O(xo, T, S) and is defined as O(xo, T, S) = {x, : Xop41 = Ty if 1 is even , X, = Sxpu—1 if 1 is odd }.

Definition 1.13. If for xo € X, there exists a sequence {x,} in X such that every Cauchy sequence in the form
O(xo, T, S) converges in X, then O(xo, T, S) is called an orbitally complete metric space.
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Remark 1.14. The class of all orbitally complete metric spaces contains the class of all complete metric spaces, and it
is a proper subset (see [50]).

Let (X, d) be a metric space. Suppose T : X — X is an operator. For any x, y € X, we write
1+d(x,T.
Ui (x, ]/) = d(]// T]/) ;—Xx,y);)’

d(x, d(y, d(x,Ty)d(y,
Ua(x, y) = max{d(x, y), d(x, Tx), d(y, Ty), 5, Us(x, y) = TEaee,
A(x, Tx)d(x, T d(y,Ty)d(y,T .
Us(x, y) = St Us@y) = e and Us(x, y) = min{d(x, Tx), d(y, T2)).

Rest of the paper, we will write I(2) to mean I(a) = j; ¢(t)dt, where ¢ € O. Next, we state the main result of
[37].

Theorem 1.15. Let (X, d, <) be a partially ordered metric space. Let T : X — X be a non-decreasing, continuous
mapping such that (X,d) is a T—orbitally complete metric space. Suppose that there exist y1,y, € [0,1) with
Y1+ Y2 <1, and ¢ € O for which T satisfies the following contraction

[d(Tx, Ty)) < y1l(Us(x, y)) + y2l(Ua(x, y)) + LI(Us(x, v)), 1)

whenever x < yin X and L > 0. Also, suppose that there exists a point xo € X such that xo < Txo. Then T has at
least one fixed point.

Now, we arrive at a situation to state and prove our main results.

2. Main results

Denote:
M(x, y) = max {I(Us(x, y)), [(Ua(x, y)), [(Us(x, 1)), [(Ua(x, ), [(Us(x, y))}-

Theorem 2.1. Let (X, d) be a metric space. Let 1, ¢ : R* — R* be two mappings such that € WV and ¢ € .
Suppose that a : XX X — R and T : X — X be two mappings such that T is a-admissible. Assume that there exists
a ¢ € D, for which T satisfies the following contraction

Y(I(d(Tx, Ty))) < F(Y(M(x, ), p(M(x, y))) + O(Us(x, Y)Y (Us(x, v))), )

forall x,y € X with a(x,y) > 1, where F € C and 0 : R — R be a mapping such that lim sup O(t) exists for all
t—r*

r € R*. Suppose that there exists a xo € X such that a(xo, Txo) > 1. Suppose that « satisfies the transitivity property,
ie, for x,y,z € X with a(x,y) 2 1, a(y,z) > 1 implies a(x,z) > 1. Also, suppose that T is a continuous function
with (X, d) is a T—orbitally complete metric space. Then T has a fixed point.

Proof. Let xp € X such that a(xg, Txg) > 1. Since T is a-admissible mapping, by using this fact, one can
easily construct a Picard iterative sequence {x,} such that x,,1 = Tx, and a(x,,x,+1) = 1 for all n € IN. Now
suppose that there exists n*(€ {0} U IN), such that x,» = x,-41 = Tx,, then x,- becomes a fixed point of T, and
consequently, the proof is over. From now we assume that x,, # x,41 for alln € IN, i.e., d(xy,, X,41) > 0, for all
n € IN. Our first aim is to show that

;}1_{{)10 d(x, xp+1) = 0.
Now if we put x = x,,-1, ¥ = x, in (2), then we have
YU(Ad(Txn-1, Txn))) < FQPM(xn-1, X1)), 9(M(xn-1, X1))) + O(Us(Xn-1, Xu))I (P (Us (X1-1, Xn)))- ®3)

Now, we get

1+d(x,-1,
U (-1, %) = A, X11) T2 = d(X, Xnsn),
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d(xn—lr xn+1) + d(xnr xn)

}

UZ(xn—lz xn) = max{d(xn—ll xn)/ d(xn/ xn+1)/

2
d(x,—1,x
= max{d(t—1, %), dCCr, Xrn), (1T1)}
< max{d(xn—ll x‘rl)/ d(x‘rl/ x‘rl+1)}/
Us(r1,%,) = “ieiinsd = o,
U (51, %) = Wttt < masid(x, 1, %), d(X, Xns1)),
Us(xy-1, %) = SpetfCesd — 0 and
Ug(xy-1, x,) = min{d(x,—1, x,), d(x,, x,)} = 0.
Thus, from (3), we have
YI(d(xn, X4041))) < F(pI(max{d(x,-1, X,), (X, Xp41)})), eU(max{d(x,—1, X,.), A(X, Xn11)}))- (4)

Now, suppose max{d(x,-1,X,), d(Xn, X4+1)} = d(X, X441), then from (4), we have

PU(A(xn, Xn41))) < FQUIA(Xn, X041))), @UAKn, Xn11))) < YU (X, Xn41))- (5)

Again, from the second property of C-class function, we have either ¢/(I(d(xy, x,+1)) = 0 or @(I(d(xy, Xp+1)) = 0.
From both the cases we have I(d(x,,x,+1) = 0, which implies d(x,, x,+1) = 0. Hence x, = x,41, which
contradicts to our assumption. Hence, we obtain max{d(x,-1, x), d(Xn, X4+1)} = d(x4-1, x,). Thus, from (3),
we have

YA, x041))) < FQPU(A(xn-1, X)), @UA(xn-1, x0))) < PU(d(X-1, X1))- (6)
Since ¢ is non-decreasing, we have
1(d(xn, xp41)) < 1(d(xn-1, X))

Let us put B, = I(d(x,-1,x,)). Consequently B,.1 < By, ie., {B.} becomes a non-increasing sequence.
Therefore, there exists a non-negative real number * > 0 such that lim 8, = *. Now considering limit as
n—o0o

n — oo in (6), we obtain

(B < F@B)), 9(B) < p(B), 7)

since F, 1, ¢ all are continuous functions. Clearly second property of C-class function forces * to be equal
with 0, i.e., lim 8, = 0. Now, by applying Lemma 1.10, we have lim d(x,1, x,) = 0. Our next aim is to show
n—oo n—oo

that {x,} is a Cauchy sequence, which will be shown by the method of contradiction. Suppose {x,} is not a
Cauchy sequence. Then, there exists a € > 0 for which we can obtain two sub-sequence {x,,;)} and {x,;} of
{x,} such that 1 < i < m(i) < n(i) and

d(xm(,-),xn(i)) > E. (8)
Let n(i) be the smallest positive integer, for which (8) holds. Thus, from (8), we have

A(Xm(i), Xn(iy-1) < €. ©9)

Now, using (8) and (9), one can obtain the following limits

llljg A(Xmeiy, Xn(i)) = €, llljg AXomiy, Xn(i-1) = €, llljg AXm(iy-1, Xn(i-1) = €, }g?o A(Xm(iy-1, Xn(i)) = €. (10)
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Again, using transitivity property of a, we have a(x;, X,)) = 1. Hence, from (2), we have

YUAXm(), Xni)))) = YA (Txm)-1, TXn()-1)))
< FO(MXmiy-1, Xu(i)-1)), M (X(i)-1, Xn(i)-1))) (11)
+ O(Us (Xim(i)-1, Xui-1 NI (U (Xim(i)-1, Xn(i)-1)))-
Now, we have the following relations
u ) ) -4 .  1+d @) -1, Txmei)
1(Xm(i)-1, Xn()=1) = d(Xn(i)-1, Txn(z))m/
U (Xpugiy=1, Xn(iy-1)

ACm(i-1,Xn)+A X1, X))
= max {d(xm(i)—l/xn(i)—l)/ AXn(iy-1, Xm(i)) AXn()-1, Xn(i)), ——— 5" ¢,
) ) — AQm(i)-1,%n6)A(Xni)-1,%m()) ) ) — ACun()-1Xm))AXm(i)-1,Xn())
U3(Xm(,)_1,xn(z)_1) - 14 ()1 Xn(i)-1) ’ U4(xm(z)_1,xn(1)_1) - 2[1+d(Xmgy-1 Xni-1)] 7
) ) —ACu-1,%n())AXn(i) -1, Xm())
u5(xm(1)—1/xn(z)—1) T 2[1+d ()1 Xng-1)] and

U (Xim(iy-1, Xn(iy-1) = mind{d(Xim(iy—1, X)), A(Xn(i)-1, Xmi))}-
Taking limit as i — oo in (11), we obtain

P(I(e)) < FyI(e), p(I(e) < y(I(e)), (12)

which implies either (I(€)) = 0 or ¢(I(€)) = 0. Consequently, we have € = 0, a contradiction. Hence, our

assumption that {x,} is not a Cauchy sequence is incorrect. Thus, {x,} is a Cauchy sequence. Since (X, d) is a

T—orbitally complete metric space, consequently there exists x* € X such that lim x, = x*. Lastly, we have
n—oo

x* = lim x,,41 = lim Tx, = T(lim x,) = Tx"( since T is continuous ),
n—oo n—oo n—oo
which shows that x* is a fixed point of T. [J

In our next theorem, we replace the continuity assumption by a suitable condition.

Theorem 2.2. Suppose that all the conditions of Theorem 2.1 are satisfied except continuity. Also, assume that
(X, d) fulfills the a-reqularity property, i.e., if {x,} is a sequence in X such that a(x,, xy41) = 1 for all n € IN and
Xy — X" € Xasn — oo implies a(x,,x*) > 1 for all n € N. Then T has a fixed point.

Proof. From Theorem 2.1, we have lim x, = x*, where x,.1 = Tx,. Now, using a(x,,x") > 1, inequality (2)

n—oo

becomes

P(I(d(xpi1, Tx))) = PI(A(Txy, TX")))
< F@(M(xn, X)), p(M(xn, X)) (13)
+ O(Ue (i, X)W (Us (xn, X))

Also, we have the followings

* * * 1+d nrAN+
U (x, x°) = d(x", T') o),
" " " ey A0, Tx')+d(x Xy " d(x,, Tx")d(x* Xns
U (x, x°) = maxdd(xy, x°), d(y, Xpar), d(x", Ta), Ll 1y, ) = Anlfila),
* d AN+ d VI/T g * d *,T " d *l 1+ * 3 *
Uy (xy, x7) = (xz[Jl(_,_é()x:i(x*)]x )r Us(xn, x°) = (;[1:;()1;?1,;)]1) and Ug(x,, x*) = min{d(x,, Xy+1), d(X", Xp41)}-

Taking limit as n — oo in both sites of (13), we obtain
P, Tx")) < Fp(I(d(x", TxY), (I(d(x", Tx"))) < pI(d(x", Tx"))), (14)

which implies either P (I(d(x*, Tx*))) = 0 or p(I(d(x*, Tx*))) = 0. This gives d(x*, Tx*) = 0 implies x* = Tx".
Hence, our proof is completed. [

Remark 2.3. The above all results still hold if one replace the Us(x, y) by
Uz (x, y) = min{d(x, Tx), d(y, Ty), d(x, Ty), d(y, Tx)}.
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Our next theorem deals with the uniqueness of fixed point of the mapping T.

Theorem 2.4. In addition to the hypotheses of Theorem 2.1 and Theorem 2.2 if we add a(x*,y*) = 1 for all
x*,y" € Fix (T)(collection of all fixed points of T). Then T has a unique fixed point.

Proof. Letx*, y* € Fix (T) with a(x*, y*) > 1. Consequently, from (2), we obtain
YU, y) = pUI(Tx, Ty")) < FM(X, y)), oM(x, 7)) + O(Ue(x", y NI (Us(x", 7)) (15)
Now, we have

U (', ) = 0, Ua(x", y7) = d(x', i), Us(x", y') = ) = [ ) ]d(x*, V),

T+ ,y) — | T+d(e,y)
Us(x',y") = 0,Us(x", y") = 0 and Us(x", ") = 0. Thus, from (15), we obtain
Y@, y)) = pUIE(Tx", Ty") < FQUIEE, y)), eI, y) < IR, y)), (16)

ie, (16) givesx" =y*. O

In our next theorem, we introduce a new condition to obtain a unique fixed point of the operator T, where
we assume an extra condition on F(€ C), i.e., F is a monotone mapping.

Theorem 2.5. In addition to the hypotheses of Theorem 2.1 and Theorem 2.2, suppose that for every x,y € X, there
exists z € X, such that a(z,x) > 1, and a(z, y) > 1 with lim d(Tz,-1, Tz,) = 0, where z,,.1 = Tz, is a Picard iterative
n—o0

sequence with initial point zg = z. Then T has a unique fixed point.
Proof. Letx*, y* € Fix(T). Now, by our assumption, there exists a z(€ X) such thata(z, x*) > land a(z, y*) > 1.
Since T is a-admissible, consequently we have a(z,x*) > 1 implies a(Tz, Tx") = a(Tz,x*) = a(Tzp,x") =

a(z1,x*) = 1. Again, a(z1,x*) > 1 implies a(Tz1, Tx*) = a(zz,x*) > 1. Proceeding in this manner, one can
easily obtain a(z,+1,x") = a(Tz,, Tx*) > 1. Now, from (2), we have

PI(d(zn11, %)) = PUE(TX", Tzy)))

. . . A (17)
< FQM(x', z,)), p(M(x7, z0))) + O(Us(x", ) )IP(Us(x, 21)))-

Now, we have the following
Ur(x, 2) = 0, Ua(x", z,) = max {d(zn,x*), 0, (2, Zusn), D
Us(x', z0) = T 2E) Uy(x', 2,) = 0, Us(x', 2,) = “52fCed and
Ug(x*, z,,) = min {0, A(zn, x*) p.
Putting all the values in (17) and using the monotonicity of F, we obtain

PI(d(zn+1,X7)))

= Y(I(d(Tx", Tzy))) (18)

< F@(I(max{d(zn, zn+1), d(zn, X7), d(zns1, X)), I(maxid(zn, zn41), d(zn, X7), d(zn11, X))

Next to show that lim z, = x*. Without loss of generality, we may assume that d(z,, x*) > 0, for all n € IN.

n—o0

If there exists a n* € IN such that d(z,-,x*) = 0 implies z, = x*, which means z; = x*, forall k > n".
Consequently, we have lim z, = x*. From now, we proceed by considering d(z,, x*) > 0, for all n € IN. Since,

n—oo

by our assumption lim d(z,, z,+1) = 0, so for sufficiently large value of n, we have
n—o0

PU(d(zn41,X7)))
= Y(I(d(Tx", Tzy))) (19)
< F@(I(max{d(zn, x*), d(zns1, X)), eU(max{d(zn, x°), d(zns1, x)})))-
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If max{d(z,, x*), d(z4+1, X")} = d(zn+1, x*), then by second property of F, we arrive at a contradiction from (19)
(since d(z,,x*) > 0, for all n € IN). Thus, we have max{d(z,, x*), d(zy+1, x*)} = d(z,,x*), for sufficiently large
value of n € IN say 7i. Consequently from (19), we get I(d(zy+1,x")) < I(d(z,,x*)), forall n > 71. Thus {a,}
becomes a decreasing sequence for n > i, where a, = I(d(z,,x")). Hence, there exists a non negative real
number say, a*(> 0) such that ;}g{}o a, = a*. Taking limit in both sites of (19), we have

(@) < F(a), p(@)) < (@) (20)

Clearly (20) implies a* = 0. Now, by using Lemma 1.10, we obtain lim d(z,,x") = 0. Consequently, we
achieve our first goal. Similarly, for the point y*, we can show that lim d(z,, y*) = 0. Also, we know that,

for a convergent sequence in a metric space can have at most one limit point, i.e., x* = " and our proof is
completed. [

Next, we give an example to support our main result, where the main result of Karapinar and Sadarangani
[37] is not applicable.

Example 2.6. Let (X, d, <) be a partially ordered metric space, where X = IR, d denotes the usual metric, and we
define the partial order * < " as x < y if and only if x > y > =3. Now we define two mappings T : X — X and
a: X x X — [0,00), as follows

£ jfx e RY,
T ={5 FYeR
x otherwise,

and

a(x, y) = cosh(x+y)+1 ifx,yeR",
Y70 otherwise.

Now consider Y (t) = 2t, and ¢(t) = t for every t € R*. Suppose a(x,y) > 1 implies x,y > 0. Then, we have

(Tx,Ty)
¥ j: P(D)dt)

d(Tx, Ty)?
=y A
= d(Tx, Ty)*

-yl
-

1 kol 21
S(E)(zfo tdt) @)

1 d(x,y)
- v e

1 max {d(x,y), d(x,Tx), d(y,Ty),

167 Jo
< 11_6¢(M(x, y)) + LIW(Us(x, ))).

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

<

(t)dt)

Clearly, (21) satisfies inequality (2). Also, by our construction, T is continuous, T is a-admissible mapping, and o
satisfies the transitivity property. Here (2, T2) = a(2,1) > 1 and (X, d) is complete, so it is T—orbitally complete.
Thus, all the conditions of Theorem 2.1 are satisfied with F(k,I) = Ak,0 < A <1, and 6(t) = L*(> 0), forallt € R.
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Now we verify that the contraction stated in Theorem 1.15, i.e., inequality (1), is not satisfied whenever “x < y”.
For this let us take x = —% and y = =2, then x < y. Now we calculate U (x,y), Ua(x, y), and Uq(x, y) for the point
(—%, —2). A simple calculation gives us Ul(—%, -2)=0, Uz(—%, -2) = %, Us(-32,-2) = 0and d(T(—%), T(-2)) = %
Clearly, there does not exist any ¢ € @, A1, Ay € [0, 00) with A1 + Ay <1, L > 0 such that the following inequality

IU(T(-3), T(-2)) < I (—3, ~2) + 2I(U(~3,~2) + LIUs(-3,~2)

holds. Thus, we have extended the main result of Karapinar and Sadarangani [37] successfully.

Note: By considering different types of C-class functions in inequality (2) with ¢ = 1 in the integral part of
the contraction, we can derive many well known classical results of fixed point theory. But the converse is
not possible. To verify this, next, we consider an example to show that if one chooses ¢ = 1 in a particular
type of C-class function, then the contraction becomes invalid.

Example 2.7. Let X = {y1, 2, 3, ya}. Let d : X X X — [0, 00) be a mapping defined by

d(yi, yi) = 0 fori =1,2,3,4; d(y1,ys) = d(ya, y1) = d(y3, ya) = d(ys, y3) = d(y2,y3) = d(y3,y2) = 2;d(y1,y3) =
A(ys, y1) = d(y2, ya) = d(ya, y2) = 5,d(y1, y2) = d(y2,y1) = 4. Let T : X — X be a mapping, given by Ty, =
Y2, Ty2 = y3,Tys = y3, Tys = yp. Let a : X X X — [0, o0) be a mapping, defined by

1 i
a(x,y) = { ifx, v € {y1, v2, y3},

0 otherwise.

Now we define two functions i, : R* — R* by (t) = £, (t) = 55 if t € [0, 1] and @(t) = —31 + 12, if t € (1, 0).
Consider ¢ € @ as ¢(t) = e™'. Next we show that inequality (2) satisfies for x = y; and y = yj, where i, j € {1,2,3}
with F(k,I) = % and O(t) = L = 1. 1t is clear that if i = j, then we have nothing to show. So we verify (2) for all

Ty, T d(Ty,,T H
(Ty1,Ty2) etdt = (Ty2 yl)e—tdt =1-e72. By taking

. o . d
points where i # j. First we consider x = y, and y = y», then fo b

x = yiand y =y, in (2), we obtain
Ui(y1, v2) = 2, Ua(y1, y2) = 4, Us(y1, v2) = 0, Us(y1, y2) = 2, Us(y1, y2) = 0 and Us(y1, y2) = 0. Thus, we have

1—e2 1-e?
< .
2 21+ 3]

Similarly if we take x = y, and y = y1, then we have Uy (y2, y1) =
0, Us(y2, y1) = 2 and Ue(y2, y1) = 2. Then, we get

2, Ux(y2, 11) = 4 Us(y2, 11) = 0, Us(y2, 1) =

1—e¢2 1—e?
<
2 2[1+ 5]

+(1-e¢h.

Next, if we take x = y; and y = y3, then fod(Tyl’TyS) e7ldt = Od(Ty T ot = 1 - 2, Also, we have U1(y1, y3) =
0, Ua(y1,y3) = 5, Us(y1, y3) = 3, Us(y1, y3) = 3, Us(y1, y3) = 0 and Us(y1, y3) = 2. Hence, we obtain

1-¢2 - 1-¢>

< +(1-eh.
2 2[1+ %]

In a similar way, if we take x = y3, y = y1, then it gives U1(ys, y1) = %, Uz (y3, y1) =5, Us(ys, y1) = g, Us(ys, 1) =
0,Us(ys, 11) = g and Ug(ys, y1) = 0. Consequently, we get
1—e2 1—e?
< .
2 2[1+ 5]
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Next we consider x = y, and y = y3, then fod(Tyz’Ty3) e"tdt = j: Tlva) oty = 0, Also, one can calculate
Ui (y2,y3) = 0, Ua(y2, y3) = 2, Us(y2, y3) = 0, Us(y2, y3) = 3, Us(y2, y3) = 0 and Ug(y2, y3) = 0. Thus, we have

1-—¢2
< —.
21+ 3]

Similarly for the point x = y3 and y = y,, we have
1-¢
< —F.
2[1+ 351

Therefore all the conditions of Theorem 2.1 are satisfied with F(k,I) = 1%,, =€, 0t)=L=1,9{t) =5 ¢t =%

ift € [0,1], and o(t) = =3L + 12, if t € (1, 00). Clearly T has a fixed point. Here ys is that point.

Remark 2.8. Based on the above example, here we have some observations. Clearly ¢ € W and ¢ € @ but ¢ ¢ ¥
since @(0) > 0. In example 2.2, we do not consider any ordered structure, which shows that our results are more
general. Lastly, one can not put here ¢ = 1. To verify our claim, consider x = yy and y = y, in inequality (2) with
¢ = 1. Then, we have

2 4
" fz = 7 1dt ) e W [ 1dpy |
0 20 T B (12 1+ g(f) 1)
Our next example supports Theorem 2.2, where we drop the assumption of continuity of the mapping T.

Example 2.9. Let (X, d, <) be a partially ordered metric space, where X = R*, d denotes the usual metric, and we
define the partial order “ <" as x < y if and only if x > y. Next, we define two mappings a : X X X — [0, 00), and
T : X — Xas follows

2+ +1 ifx,ye RT\[0,2),

0 otherwise,

and

x2+1 otherwise.

T = {g +3  ifxeR*\[0,2),

Take Y(t) = t, and
0 ift=0,
o) = {%ﬁ ift > 0.

Here, our constructed function T is not continuous. Hence, Theorem 2.1 is not applicable. If a(x, y) > 1implies x, y >
2. Thus, for a(x,y) > 1, we have

d(Tx,Ty) |x _ yl 1 (x,y) 1 Uz (x,y) 1
f P(t)dt = == o(Hdt < —f o(Hdt < =M(x, y). (22)
0 4 2 Jo 2 Jo 2
Take xo = 5 then a(xo, Txo) > 1. Clearly the contractive condition of Theorem 2.1 is satisfied with F(k,I) = Ak, A = %
One can easily observe that a-reqularity property is also satisfied. Moreover, all the conditions of Theorem 2.2 are
satisfied. Thus, T has a fixed point, i.e., 4 is that point.

Remark 2.10. In this example, we consider a partially ordered set, and T is not continuous still Theorem 6 in [37] is
not applicable. Since “2.5 < 1.8” #= “T(2.5) < T(1.8)”, i.e., T is not non-decreasing.
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3. Some consequences

3.1. Fixed point results involving binary relation

Let (X, d) be a metric space, and p be a binary relation defined on X. Denote R := p U p~!. It is clear that
x,y € X with xRy if and only if xpy or ypx. A mapping T : X — X is said to be comparable mapping w.r.t
“p” if xRy implies TxRTy for every x, y € X.

Definition 3.1. Let (X, d) be a metric space, and p be a binary relation defined on X. Then the space X is said to be
R-transitive, if the following condition is satisfied

for x,y,z € X with xRy and yRz implies xRz.

Definition 3.2. Let (X, d) be a metric space, and p be a binary relation defined on X. Then we say, the space X enjoys
the property (#)r, if for any sequence {x,} in X with x, — x as n — oo for some x € X and x,Rxy41 for all n € N,
then x,Rx for all n € IN.

Corollary 3.3. Let (X, d) be a metric space, and p be a binary relation defined on X. Let i, ¢ : R* — R* be two
mappings with Y € W and ¢ € @, Let T : X — X be a given mapping. Assume that there exists a ¢ € @, for which
T satisfies the following contraction

P(I(d(Tx, Ty))) < F(Y(M(x, ), p(M(x, y))) + O(Us(x, YN (Us(x, v))), (23)
forall x,y € X with xRy, where F € C and 0 : R — R be a mapping such that lim sup O(t) exists for all r € R*.

t—or*
Assume that X is R-transitive, and it satisfies (%)r condition. Also, assume that there exists a xo € X with xoRTx.
Furthermore, suppose that T is a comparable and continuous mapping with (X, d) is a T—orbitally complete metric

space. Then T has a fixed point.

Proof. First, we define the mapping a : X x X — R* in the following manner

1 if xRy,
alx y) = {0 otherwise.

Since a(x,y) > 1 implies “xRy”. Consequently, inequality (23) satisfies for all those points, for which
a(x,y) = 1. T is a-admissible since a(x, y) > 1 implies “xRy” and T is comparable mapping, i.e., we have
“TxRTy”, which gives a(Tx, Ty) > 1. Since X is R transitive, i.e., a is also a transitive mapping. By the given
condition, there exists a point xq such that xoRTx,, which implies a(xy, Txo) > 1. Thus, all the conditions of
Theorem 2.1 are satisfied. Therefore, T has a fixed point. [

Remark 3.4. Every partial order is a binary relation.

Remark 3.5. In Corollary 3.3 if we consider (t) = t, forall t € R*, F(k,I) = Ak, and 6(t) = L(> 0), forallt € R
with binary relation as partial ordering, then inequality (1) implies (23) with 0 < Ay + A, <A < 1.

Corollary 3.6. Let (X, d) be a metric space. Let ¢, ¢ : R* — R* be two mappings with i € W and ¢ € ®*. Suppose
thato : XXX - R*and T : X — X be two mappings such that T is a-admissible. Assume that there exists a p € @,
for which T satisfies the following contraction
YM(, y))p(M(x, y))
L+ p(M(x, )

forall x,y € X with a(x,y) > 1, where F € C and 0 : R — R be a mapping such that lim sup O(t) exists for all

P(I(d(Tx, Ty))) <

+ 0(Us(x, Y (Us(x, 1)), (24)

t—rt

r € R*. Suppose that there exists a xo € X with a(xo, Txp) > 1. Suppose that « satisfies the transitivity property, i.e.,
forx,y,z € Xwitha(x,y) > 1, a(y,z) > 1 implies a(x,z) > 1. Also, suppose that T is a continuous function with
(X, d) is a T—orbitally complete metric space. Then T has a fixed point.
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Proof. Take F(k,I) = % in Theorem 2.1. O

Corollary 3.7. Let (X, d) be a metric space. Let P, @ : R* — R* be two mappings with 1p € ¥ and ¢ € O*. Suppose
that o : X x X —» R*and T : X — X be two mappings with T is a-admissible. Assume that there exists a ¢ € @, for
which T satisfies the following contraction

PI(d(Tx, Ty))) < PM(x, y)) = p(M(x, ) + O(Us (x, Y[ (Us(x, ), (25)
forall x,y € X with a(x,y) > 1, where F € C and 6 : R — R be a mapping such that lim sup O(t) exists for all

t—rt

r € R*. Suppose that there exists a xo € X such that a(xo, Txo) > 1. Suppose that « satisfies the transitivity property,
ie, forx,y,z € Xwitha(x,y) > 1, a(y,z) = 1 implies a(x,z) > 1. Also, suppose that T is a continuous function
with (X, d) is a T—orbitally complete metric space. Then T has a fixed point.

Proof. Take F(k,l) =k —1in Theorem 2.1. [J

3.2. Periodic fixed point result

In this section, we study periodic fixed point results (for details see [1], [28]). It is clear that if z is a fixed
point of T, then it is also a fixed point of T" for every n € IN. But the converse statement is not true.

Definition 3.8. Let T : X — X be a mapping. Then, T is said to satisfy property(P) if Fix(T) = Fix(T"), for each
n € IN, where Fix(T) :={z€ X | Tz = z}.

Next, we slightly change inequality (2) by adding b € (1, ) and ¢ € (0, o) in the following way

POIE(Tx, Ty))) < FME, y), MG, 1)) + 0(Us(x mIE(Us(x, ). (26)

Theorem 3.9. Suppose that all the hypotheses of Theorem 2.1 are satisfied with inequality (26) instead of (2).
Furthermore, we also assume that the condition (%) holds, i.e., if z €Fix(T") and z ¢Fix(T), then a(T" 1z, T'z) > 1.
Then T satisfies property (P).

Proof. By considering (26), we get a unique fixed point of T, since inequality (26) implies inequality (2).
Consequently, T has a fixed point, and Fix(T) = Fix(T") is true for n = 1. Now assume #n > 1, and we
prove property(P) of T using the contradiction method. Now take z €Fix(T") and z ¢Fix(T), then by using
condition (%), we have a(T" "'z, T"z) > 1. Thus, from (26), we have

P(b"*I(d(z, T2))) = PO Id(T(T"'2), T(T"2))))

< F@(M(T" 'z, T"2)), p(M(T" 'z, T"2))) (27)
+ O(Us(T" 'z, T"2))[(Y(Us(T" 'z, T"2))).

Now, we have

Uy (T" 'z, T"z) = d(T"z, T™*'z), Uo(T" 'z, T"z) = max{d(T" 'z, T"z), d(T"z, T"*1z)},

Us(T"'2, T"2) = 0, Uy(T" 2, T'z) = A 2Td =109

Us(T" 'z, T"z) = 0 and Ug(T" 'z, T"z) = 0.

From (27), we obtain

Y I(d(z, T2))
= Y I(d(T"z, T 2)))
< F(I(max{d(T" 'z, T"z), d(T"z, T '2)})), p(I(max{d(T" 'z, T"z), d(T"z, T"*'2)})))
< Y(I(max{d(T" 'z, T"z), d(T"z, T"*'2)})).

Since ¢ is non-decreasing, we have

(28)

1(d(z, Tz)) = I(d(T"z, T"'z)) < L

< 7w I(max{d(T" 'z, T"z),d(T"z, T"*'z)}). (29)
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Clearly, if max{d(T" 'z, T"z), d(T"z, T"*'z)} = d(T"z, T"*'z), then we arrive at a contradiction. Thus, we must
have

1d(z, Tz)) = I(d(T"z, T""'z)) < bl ——I(d(T"'2,T"2)).

Continuing in this manner, we have

1(d(z, Tz)) = I(d(T"z, T"'2)) < —I(d(T" 'z, T"z)) < - ( 1 ) 1(d(z, T2)) < I(d(z, T2)),

b1+c b1+c

which is a contradiction. Hence, we have Tz = z, and consequently the proof is completed. [

4. Fixed point results involving two self mappings

First, we define Theorem 2.1 for two self mappings T,S : X — X. Here, we use U;(x, y) instead of
Us(x,y). Let (X, d) be a metric space. Suppose T,S : X — X be two operators. Then, for any x,y € X, we
write
Vi(x, ) = d(y, Sy) ) vz, y) = max{d(x, ), d(x, Tx),d(y, Sy), 2Dy

1+d(x,y) 7
d(x, Tx)d(x,Sy) ( _ d(y,Sy)d(y,Tx) nd

_ d(x,Sy)d(x,Ty)
Vi(x, y) = T i+diy) Va(x,y) = “+dy)] ! Vs(x,y) = 20T+ 40, y)]

Vie(x, y) = min{d(x, Tx),d(y, Sy), d(x, Sy), d(y, Tx)}.
Define:

M (x,y) = max {B(V1(x, 1)), B(Va(x, ), B(Va(x, 1)), BVa(x, 1), B(Vs(x, y)}- (30)

Before proceeding further, first, we need the following lemma.

Lemma 4.1. Let (X,d) be a metric space. Let @ : X X X — [0,00) and B : R* — R* be two mappings such
that B is a continuous and non- decreasing function with p(t) = 0 ifand only if t = 0. Now we define two sets
Fix (T) ={z € X |z =Tz}, and Fix (S) = {z € X | z = Sz} where T, S are two mappings from X into itself. Assume
that for every x, y € X with a(x, y) > 1, the following inequality is satisfied

P(B(Tx, Sy))) < FQM (v, y)), p(M (x, y))) + O(Ve(x, )B(Vs(x, ), (31)

where 1, @, 0 as defined in Theorem 2.1. If Fix (T) is non-empty set, and a(z1,z2) > 1 for any z1,z, € Fix (T), then
Fix (T) is a singleton set and Fix (T) = Fix (5).

Proof. Let z € Fix (T) with a(z,z) > 1, then from (31), we have
P(Bld(z, 52))) = P(B(d(Tz, Sz))) < FP(M(z,2)), (M (z,2))) + O(Vs(z, 2))B(()(Ve(2, 2)))- (32)

Now, we have
Vi(z,z) = d(z, Sz), Va(z, z) = d(z,52), V3(z,2) =0, V4(z,z) = 0, Vs5(z,2) = 0 and Vg(z,z) = 0. From (32), we have

Y(Bld(z, 52))) < F(Y(B(d(z, 52))), p(B(d(z, 52)))) < Y(B(d(z, S2))),

which implies either Y(8(d(z, Sz))) = 0 or p(B(d(z, Sz))) = 0. Thus, from both the cases, we have B(d(z, Sz)) =
0 implies d(z, Sz) = 0 implies z = Sz. Consequently, we obtain z € Fix (S). Let z* € Fix (T) be any arbitrary
point. Then, by our observation z* € Fix (S) with a(z,z*) > 1, and by (31), we have

P(p(z,27)) = Y((d(Tz, 52))) < FQP(M'(z,27)), p(M'(z,27))) + O(Vs(z,2))B((Ve(2, 2))). (33)
Also, we obtain
Vi(z,2%) =0, Va(z,2*) = d(z,2°), V3(z,2°) = |1ig(zzz))]d(z 2, Va(z,2") =
Vs(z,z*) = 0 and Vig(z,z*) = 0. Consequently from (33), we get

P(Bld(z,27)) < FW(B(d(z,2)), @(B(d(z,27))) < Y(B(d(z,2))),

which implies either ¥(B(d(z, z%))) = 0 or (B(d(z,z*))) = 0. Thus, from both the cases, we have p(d(z,z*)) =
0 implies d(z,z") = 0 implies z = z*. Consequently, we have Fix (T) = Fix (5) and it is singleton. [
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Remark 4.2. If Fix (S) is a non-empty set and a(z1,z2) > 1, for any z1,z, € Fix (S), then Fix (S) is a singleton set
and Fix (T) = Fix (S).

Denote:
M (x, y) = max {I(V1 (x, y)), [(Va(x, ), [(Va(x, ), 1(Va(x, ), I(Vs(x, ).

Theorem 4.3. Let (X, d) be a metric space. Let ¢, ¢ : R* — IR* be two mappings with i € W and ¢ € ®*. Suppose
that o : XXX = R* and T,S : X — X be three mappings with « is symmetric, and the pair (T,S) is triangular
a-admissible mapping. Assume that there exists a ¢ € @, for which the mappings T, S satisfy the following contraction

Y(I(d(Tx, Sy) < FQM™(x, ), p(M™(x, y))) + O(Ve(x, Y)W (Vs(x, ), (34)

forallx,y € Xwitha(x,y) > 1, where F € Cand 6 : R — R be a mapping such that lim sup O(t) exists forallr € R*.
t—srt

Suppose that there exists a xy € X such that a(xo, Txo) > 1. Also, suppose that either T is a continuous function, or
a satisfies the regularity property with (X, d) is a O(T, S)—orbitally complete metric space and a(z1,z2) = 1, for any
z1,2p € Fix (T) (assuming Fix (T) # 0). Then T and S have a unique common fixed point.

Proof. Let xy € X such that a(xp, Txg) > 1. By using the triangular property of a, one can easily construct a
sequence {x,}’  with xp,41 = Txp, and xp, = Sx2,-1, wheren = 0,1, 2, ---and also a(x,, x,) > 1, forallm,n € N
with m < n. If x, = x,,11, for some n € IN with if n is even, then T has a fixed point, and we use Lemma 4.1
to show that it is also a fixed point of S or if 7 is odd, then it becomes a fixed point of S, and consequently it
is also a fixed point of T by Remark 4.2. From now we assume that ¢, = d(x;, x,+1) > 0, for all n € IN. Take
X = Xpp—2 and y = xp,—1 in (34), we have

Y(I(d(x2n-1,X21)))

= Y(I(d(Tx21-2, Sx20-1)))

< F(Y(M" (xan-2, X2n-1)), P(M™ (x2n-2, X21-1)))
+ 0(Ve(x2n-2, X2u-1) )P (Ve (X212, X2n-1)))-

It can be easily shown that (35) implies the following inequality
Y(I(d(x21-1,%21)))

< F(#’(I(max{d(xh—h X2n), A(X2n-2, X2u-1)})), (p(I(max{d(sz_l, X21), A(X21-2, X21-1)}))) (36)
< YI(max{d(xau-1, X20), d(X2n-2, X24-1)}))-

(35)

If max{d(x2,-1, X21), A(X2n-2, X2n-1)} = d(X24-1, X2,,), then we get a contradiction, since it implies d(x2,-1, X21) = 0.
Thus, we must have max{d(x2,,-1, X21), d(X21-2, X2n-1)} = d(X24—2,X2n-1). Thus, we have I(cz,—1) < I(c2p-2)-
Similarly, we can show that I(c2,) < I(c24-1). Hence, {I(cy)};, becomes a decreasing sequence. So it
converges to some non-negative real number, say ¢*(> 0). Thus, from (36), we have

Y(I(d(x21-1,X21)))
< F(Y(I(d(x2n-2, X21-1))), pI(d(xX21-2, X21-1))))-

Taking limit as n — oo, in (37), we obtain

P(c’) < F@(c), p(c)) < ¢(c),

which implies ¢* = 0. Consequently, by Lemma 1.10, we get that ¢, tends to 0 as n — co. Next, we show
that {x,} is a Cauchy-sequence. It is sufficient to show {xy,} is Cauchy. Suppose on the contrary, i.e., there
exists a € > 0 such that for which we can get two subsequence {x,,)} and {xp,(;} such that 7(i) is the smallest
integer for which n(i) > m(i) > i > 1 with

(37)

A(X2m(y, Xon(i)) = €, A(Xom(iy, Xan(i)-2) < €. (38)
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Using (38), one can easily derive
llgg A(X2m(iy, Xon(i)) = €, llgg A(X2m(i)-1, X2n()) = €, llgg A(X2m(iy, Xon(iy+1) = €, llgg A(X2m(iy-1, X2n(iy+1) = €. (39)
Putting x = X2,y and y = Xop()-1 in (34), we have

YA (X2n0)+1, X2m(i))))

= PI(d(Tx2u0), SXom(i)-1)))

< F(Q(M™ (x2n(), X2m(i)-1)), M (X2n(i), X2m(i)-1)))
+ O(Vs(x2n(iy, Xam(iy-1 NI (Ve (X2n(i), X2m(i)-1)))-

(40)

Next, we calculate all the values of V;, fori=1,2,3,4,5,6 and taking limit as i — oo in (40), one can get the
following

P(I(e)) < F(I(e), pI(e) < ¢(I(e)),

which implies € = 0. Consequently, {x,} becomes a Cauchy sequence. Since (X, d) is a O(T, S)—orbitally
complete metric space, so there exists a x* such that lim x, = x* implies lim x,, = x* and lim x,,; = x".
n—oo

n—oo n—oo
Next, we consider T is a continuous mapping, then r}g& X2, = X" implies 1}1_{1;10 Txy, = Tx" implies 7}1_1)‘210 Xops1 =
Tx" implies x* = Tx". Thus, we obtain a fixed point of T. Hence, by using Lemma 4.1, we have Fix (T) is a
singleton set and Fix (T) = Fix (S) with § = I, where I(a) = foa ¢(t)dt. Next, consider T is not continuous,
then by the regularity property of a gives a(x,,x") > 1, forall n € IN implies a(xp,-1,x") > 1, forall n €
N implies a(x*,x2,-1) > 1, forall n € IN( since a is symmetric ). Now put x = x* and y = xp,-1 in (34),
and keeping in mind that lim x, = x*, one can show that x* = Tx*. Again, by using Lemma 4.1 we obtain

Fix (T) is a singleton set and Fix (T) = Fix (S) with g = I, where I(a) = foa ¢(t)dt, and hence the proof is
completed. [

Note: It is very easy to see that one can list a further outcome of our main results by letting the mappings
Y, @, F, 0 in a suitable way.

Example 4.4. Let X ={1,2,3,4,5} and d : X X X — R* be a mapping given by

d(x,x) =0, forallx € X;

d(4,5) = d(5,4) = d(1,5) = d(5,1) = d(1,4) =d(4,1) =d(1,3) =d(3,1) = &

d(2,5)=d(5,2) =d(2,4) =d(4,2) =d(1,2) =d(2,1) = 1;

d@3,5) =4d(5,3) =d(3,4) =d4,3) =4d(2,3) =d(3,2) = %. Also, suppose that for any x,y € X with “x < y"” means
x is divisible by y. Then (X, d, <) is a partially ordered metric space. Let T, S : X — X be two mappings defined by

T(1)=T(Q)=TG) =1,T4) =2,T5) = 3 and

S(x)=1, forallx € X.

Let g : R* — [0,1] be a mapping given by g(t) = 0.6 + £2. Then g is continuous and g(t) = 1 if and only if t = 0.

Let us define F(k,I) : R* x R* — R by F(k,I) = kg(l). Also we definea map o : X x X — R* by

)1 ifx,ye{1,2,3},
alv.y) = {0 otherwise.
Now consider Y(t) = t,@(t) = t, where Y € ¥, € @, and (€ D) as ¢(t) = ¢'. Then, we can easily verify that for
a(x,y) = 1, inequality (34) is satisfied with F(k,I) = kg(l). Here all the conditions of Theorem 4.3 are satisfied, and 1
is the common fixed point of T and S.
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Now, if one considers the order structure instead of a-admissible mapping, then inequality (34) does not satisfy. To
check this take x = 4 and y = 2 (since 4 < 2). By some easy calculation, one can get the following inequality

fo 1 D)t < g( fo 1 cp(t)dt)( fo 1 (p(t)dt).

The above inequality does not satisfy for ¢p(t) = ', even there does not exist any ¢ € @, which satisfy the above
inequality.

5. Application

In this section, we apply our theoretical results to study the existence of a solution for an ordinary
differential equation and non-linear integral equations.

5.1. Application to ordinary differential equation

Motivated by the papers [30], [43] here, we present our first example. Let us consider the first-order
periodic differential equation,

Wt o)t e 0,1
E_ (/y())/ E[/]

y(0) = y(L), where L > 0.

(41)

Let us put [0,L] = I. Here h : I X R — R is a continuous function. From now, we write C(I, R) to denote
the class of all continuous functions defined on I. Also, it is well known that the class C(I, R) is complete
with respect to the metric d given by d(x, y) = sup{|x(t) — y(t)| : t € I}, for x,y € C(I, R). Now, we prove the
following existence and uniqueness theorem.

Theorem 5.1. Consider the first order periodic differential equation given by (41). Let n: RX R — R be a given
mapping and p € R*. Suppose that the following conditions are satisfied:

3p(ert -1’
K(e2PL+erLl+1)

1
3
1. there exists a scalar > 0 such that p < ( ) where K = L%;
2. there exists xg € C(I,IR) such that n(xo(t), Axo(t)) = 0 for all t € I, where A is function from C(I, R) into itself

given by Ax(t) = foL G(t, u)[h(u, x(u)) + px(u)]du, where G(t, u) is a Green’s function defined by

el if0<u<t<L
G(t,u) = { Su ; ;
if0<t<u<L

erl—1

3. forevery t € I and x,y € C(I, R), n(x(t), y(t)) = 0 implies that n(Ax(t), Ay(t)) = 0;
4. forall t € I the continuous function h given in eq (41) satisfies the following inequality

|nt, p) = h(t, q) + p(p - q)| < ﬁ|ln(#)]a

for every p,q € Rwith n(p,q) > 0, wherea > e+ 5and p > 0;
5. for every t € I, if {x,} be a sequence in C(I,R), such that x, — x in C(I,R) and n(x,(t), xn+1(t)) = 0 for all
n € IN, then n(x,(t), x(t)) > 0 for all n € N.

Then the differential eq (41) has a solution, i.e., Fix(A) # 0. Furthermore, if n(z1(t), z2(t)) > 0, for all z1,z, €Fix(A),
then the solution is unique.
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Proof. First, we observe that y € C(I,R) is a solution of eq (41) if and only if it is a solution of the
corresponding integral equation, given by

L
y(t) = fo G(fru)[h(u,y(u))+Py(u)]du-

Then, the problem (41) is equivalent to find a fixed point y*(€ C(I, R)) of the operator A. Let x,y € C(I,R)
such that n(x(t), y()) = 0 for all t € I. Now, we have

d(Ax, Ay)
= sup |Ax(t) — Ay(t)l

tel

L
= sup | fo (Gt w)) (i, x(0)) = h(ut, y(u)) + p(x(ut) — y(u)) du|

tel

L
< sup f (G, ) (7n(ue, x(10)) = P, y(u)) + plac(u) = y(w)) )|du (42)

tel

< sup f |G(t, ||, x(u)) = hu, y(u)) + p(ae(ue) — y(u))|du

1 +a|x 1)— j(u)|2 3
<supf |G(t u)|( [ ( )] )du (by condition (4) of Theorem 5.1).

tel

Now, by applying Holder’s inequality in the R.H.S of (42), we have

L () =) 3
[l
0 2
L ir AL -y \15\: 13
< [ f 1G(t,u)|3du] [ f (ﬁ[ln(wn ) du] 43)
( f |Gt u) du) ( f z[ (—“‘ZIX(: y(”)lz)}du)s.

Now, one can easily calculate the following

(Pt +et +1)
f|G(t u)|d @l T17 (44)

Using (42), and (43), we have

L 3 ) 3
d(Ax, Ay) < ( f ﬂG(t,u)(sdu) (ﬁ[m(%)ﬁ) . (45)
0

Now, from condition (1) of Theorem 5.1, we have
1 1

L_1\2 3 oL_1\2 2
B < (M) implies ﬁ% < (M) . Thus, we get

K(e2PL+erL+1) K(e2PL+erL+1)

(1 +aten? 3p(ert — 1)2 (1 4 gl
Pl =)= (s ) “
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From (45) and using (44), (46), we get

3 2
dxy)2 \ 13
d(Ax, Ay) < [ln(“aT)] . (47)
This implies for every x, y € C(I, R) with n(x(t), y(t)) > 0 for t € I, we have
3
, d(xy)?
d(Ax, Ay)} < zn(“”T)
(48)

A(Ax,Ay) 32247 N
implies f 3A%dA < ln(%) < ln(HaT).
\J 0

Next, we define a mapping @ : X X X — R*, where X := C(I, R), in the following manner

ax, ) = 1 if n(x(t), y(t)) = O for all t €1,
Y= 0 otherwise.

Clearly, & is a a-admissible mapping, which ensures condition (3) of Theorem 5.1. From condition (2),
there exists a point xp € X such that &(xo, Axp) > 1. Now compare (48) with inequality (2) by considering
Y(s) = Vs, d(s) = 3%, F(k, 1) = ln(#), where a > e + 5. Since a@(x, Axg) > 1, consequently, we get sequence
x,(€ X) such that x, — x. Using condition (5) of Theorem 5.1, we obtain the regularity property of @. Thus,
Theorem 2.2 guarantees that x is a fixed point of A4, i.e., Fix(A) # 0. Further suppose that, 1(z;(t), z2(t)) = 0
for all z1,z, €Fix(A) implies d(z1,z2) > 1 for all z1, z, €Fix(A). Thus, we obtain a unique fixed point of 4, i.e.,
a unique solution of the periodic differential eq (41). O

5.2. Application to non-linear integral equation

In this section, we apply our new findings, which already obtain in section 4, to solve non-linear integral
equations. Next, we consider the following integral equations

L
x(t) = f Q(t, w)Ky(t, u, x(u))du + P(t)
; (49)

L
x(t) = f Q(t, u)Ky(t, u, x(u))du + P(t), forallt e [0,L],
0

where L > 0. Let us put [0,L] = I. From now, we write X = C(I,R) to denote the class of all continuous
functions defined on I. Also, it is well known that the class C(I, R) is complete with respect to the metric d
given by d(x, y) = sup{|x(t) — y(t)| : t € I}, for x, y € C(I,R). Next, we suppose that the following conditions
are satisfied:

(c1) Ki,K; : IXIX R — R are continuous functions;
(c2) Q: IxI— R*is a continuous function;

(c3) P e C(LR);

(c4) Forallt,u € land x,y € X, we have:

1 4 g-ved \13
Ki(t, u, x(u)) — Kao(t, u, y(u))| < [ln(—)] wherea > e + 5;

2

L s 1
(65) fo Q(t, u) du < E

Now, we prove the following existence and uniqueness theorem.
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Theorem 5.2. Under the assumptions (c1) — (cs), the eq (49) has a unique solution in X.

Proof. First, we define two operators A, B : X — X as follows

L

Ax(t) = f Q(t, u)Ky (t, u, x(u))du + P(t),

OL
Bx(t) = f Qt, WKy (t, u, x(u))du + P(t).

0

Now, forall t,u € I and x, y € X, we have
L L
|Ax(t) — By()| = | f Q(t, u)Ka (t, u, x(u))du — f Q(t, w)Ka(t, u, y(u))dul
0 0

L
< f QU )lIK (1, x(a))dut — Koty (o))l
0

L 5 L 3
s( fo |Q(t,u>|3du) ( fo Kot 0, ()t — Kot 4, y(u))

{5 (14 gy \3
< —2(f ln(—)du)
L3\ Jo 2

1(, (1 +ateniyd
< —|m{ =22 )| L
L3 2

[SYIN}

Now, considering supremum in L.H.S of the above inequality, we obtain

d(Ax,By)% <In

7

1+ gten)?
=)

(50)

A(Ax,By) 30240 N
implies f 3A%dA < ln(%) < ln(“af).
0

Next, compare (50) with (34) by considering 1/(s) = /s, ¢(s) = 3s?, F(k, 1) = ln(“T”k), where a > e + 5. Thus,
all the conditions of Theorem 4.3 are satisfied with a(x, y) = 1 for all x, y € X. Consequently, the mappings
A, B have a unique common fixed point, i.e., the eq (49) has a unique solution in C(I, R).

O
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