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Fixed Point Theorems for Generalized § — ¢p—contractive Pair of
Mappings Using Simulation Functions
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ABSTRACT: In this paper, our aim is to present a new class of generalized 5 —¢— Z-
contractive pair of mappings and we prove certain fixed point theorems for a pair of
mappings using this concept. Our results generalizes some fixed point theorems in
the literature. As an application some fixed point theorems endowed with a partial
order in metric spaces are also proved.
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1. Introduction

Fixed point theory has fascinated many researchers since 1922 with the cele-
brated Banach fixed point theorem. There exists a vast literature on the topic
and this is a very active field of research at present. Fixed point theorems are very
important tools for proving the existence and uniqueness of the solutions to various
mathematical tools. It is well known that the contractive-type conditions are very
indispensable in the study of fixed point theory. The first important result on fixed
points for contractive-type mappings was the well-known Banach-Caccioppoli the-
orem which was published in 1922 in [1] and it also appears in [4]. Later in 1968,
Kannan [6] studied a new type of contractive mapping. Since then, there have been
many results related to mappings satisfying various types of contractive inequality,
we refer to ([2], [3], [8], [9], [10] etc) and references therein.

Recently, Samet et al. [11] introduced a new category of contractive type map-
pings known as o — ¢—contractive type mappings. Further, Karapinar and Samet
[7] generalized the av — ¢—contractive type mappings and obtained various fixed
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point theorems for this generalized class of contractive mappings. Our results
unify and generalize the results derived by Karapinar and Samet [7], Samet et al.
[7], Ciric et al. [5] and various other related results in the literature. Very recently,
Khojasteh, Shukla and Radenovic [1] introduced a new class of mappings called
simulation functions. Later, Argoubi, Samet and Vetro [14] slightly modified the
definition of simulation functions by withdrawing a condition. Let Z* be the set of
simulation functions in the sense of Argoubi et al. [14].
Definition 1.1 ([14]) A simulation function is a mapping ¢ : [0, 00) x [0,00) — R
satisfying the following conditions:
(¢q) C(tys) <s—tforallt,s>0;
(¢y) if {tn} and {s,} are sequences in (0, 00) such that lim,, oot = lim, 00 S5 =
1 € (0,00), then
lim ((ty, sn) <O0.
n—oo

Note that the classes of all simulation functions ¢ : [0, 00) x [0,00) — R denote
by Z.

Definition 1.2 [11] Let ® be the family of functions ¢ : [0,00) — [0,00)
satisfying the following conditions:
(i) ¢ is nondecreasing.
(i) S22 ¢"(t) < oo for all t > 0, where ¢™ is the n'* iterate of ¢.

Definition 1.3 [11] Let (X, d) be a metric space and T : X — X be a given
self mapping, T is said to be an g — ¢—contractive mapping if there exists two
functions 8 : X x X — [0,4+00) and ¢ € ® such that

Bz, y)d(Tz, Ty) < ¢(d(x,y))

for all z,y € X.
Definition 1.4 [11] Let 7 : X — X and 8 : X x X — [0,400). T is
[S—admissible if

v,y € X, B(x,y) > 1= BTz, Ty) > 1

Theorem 1.5 [11] (i) T is S-admissible;
(ii) there exists xo € X such that §(xo, Txo) > 1;
(iii) T is continuous.
Then, T has a fixed point, that is, there exists z* € X such that Tx* = z*.

Priya Shahi et al.[12] introduce the concept of a-admissible w.r.t.g mapping
and generalized o — 1)—contractive pair of mappings as follows:

Definition 1.6 Let f,g: X x X — [0,00). We say that f is a-admissible w.r.t.
g it for all x,y € X, we have

algz,gy) > 1= ofz, fy) > 1.
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Definition 1.7 Let (X,d) be a metric space and f,g : X — X be given
mappings. We say that the pair (f,g) is a generalized o — 1)— contractive pair of
mappings if there exists two functions « : X x X — [0,00) and ¢ € ¥ such that
for all x,y € X, we have

algz, gy)d(fz, fy) < o (M(gz, gy)),

where

M(gz, gy) = max {d(% o), 2oz I2) ;r dlgy. fy) dlgz. Iy) ; d(gy, fx) } _

Note: Throughout this paper C(T,S) denotes the set of coincidence points of
T and S are self maps on X, that is, C(T,S) = {u € X, Tu = Su}.

2. Main Results

In the following theorem, we show the existence of common fixed point for four
self-maps.

Definition 2.1 Let (X, D) be a metric space and S, T be self maos on X. The
pair (S,T) is called a generalized  — ¢ — Z—-contractive pair of mappings with
respect to C if

C(B(Tw, Ty)d(Sx, Sy), ¢(M (T, Ty))) = 0 (2.1)

for all z,y € X, where 8: X x X — [0,00] and ¢ € ® and

M (T, Ty) = max {d(Tx, Ty), d(Tz, Sz) 42r d(Ty, Sy)7 d(Tz, Sy) 42r d(Ty, Sx) }

Theorem 2.2 Let (X,d) be a complete metric space and S,T : X — X be
such that S(X) C T(X). Assume that the pair (S,7T) is a generalized 8 — ¢ —
Z—contractive pair of mappings and the following conditions hold :
(i) S is B-admissible w.r.t. T}
(ii) there exists xg € X such that S(Txo, Sxzo) > 1;
(iii) If {T'x,} is a sequence in X such that B(Tx,, Tx,11) > 1
for all n and Tx,, — Tz € T(X) as n — oo, then there exists a subsequence
{Txn} of {T'w,} such that B(T'w, ), Tz) > 1 for all k.

Proof. In view of condition (ii), let g € X be such that 5(Txo, Sxo) > 1. Since

S(X) € T(X), we can choose a point 21 € X such that Szg = Tz;. Continuing
this process having chosen z1, z2, ..., x, we choose x4 in X such that

Stn, = Txpy, n=0,1,2,.. (2.2)
Since S is f—admissible w.r.t. T', we have

B(Txo, Szo) = B(Txo, Tx1) > 1 = B(Swo, Sx1) = B(T20, T22) > 1
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Using mathematical induction, we get
B(Txp, Tanyr) > 1 foralln=0,1,2, ... (2.3)
If Szp41 = S, for some n, then by (2)
Satp =Txp41, n=0,1,2, ..

that is, S and T have a coincidence point at x = x,,+1 and so we have finished the
proof. For this, we suppose that d(Sxz, Sz,t1) > 0 for all n.
Now, putting = z,,, y = x,,41 in (1), we get
0 < ((B(Txn, Trps1)d(STp, sT011), 9(M (T, TTpi1)
< O(M(Txy, Tani1) — (T2, Tapi1)d(Sxn, STpyt)

or
B(Txpn, Toni1)d(STn, Stng1) < ¢(M(Tan, Trng1)),
d(S-Tna S:L'n—i-l) S ﬁ(Txna T-Tn—i-l)d(sxn; S:En-i-l)
< (M (Twp, Tny1)),
where

M(Txp, Topy1) = max {d(T:Cn,T:En+1), d(Tz"’Sz")erQ(TI"H’SI"“) ;

d(Txy,Sxyi1)+d(Teni1,5xy) }
2
< max{d(St,_1,5%),d(Sxn, STpni1)}. (2.4)

Owing to monotonicity of the function ¢ and using the inequality (2) and (4), we
have for all n > 1

d(Sxzp, Stpi1) = p(max{d(Sxy,_1,Sxy),d(Szp, STri1)}). (2.5)

If for some n > 1, we have d(Sz,_1,Sx,) < d(Sxp, Stni1), from (5), we obtain
that
d(Sxp, Sxpi1) < O(d(Sxp, Stpy1) < d(Sxp, STpy1),

a contradiction. Thus, for all n > 1, we have
max{d(Stn—_1,5%y), d(Sxn, Stpi1) = d(Sxp_1,5%,)}. (2.6)
Notice, that in view of (5) and (6), we get for all n > 1, that
d(Sy, Sny1) < ¢(d(Szp_1,Sxy)). (2.7)
Continuing this process inductively, we obtain

d(Szp, Stny1) < ¢"(d(Sxo, Sz1), foralln >1 (2.8)
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From (8) and using the triangular inequality, for all k > 1, we have

d(Sxy, Stpnir) < d(Szp,Stpi1)+ ... +d(STpik—1,STntk)
n+k—1

> ¢P(d(Swy, Sxo))

p=n

IN

+oo
> ¢P(d(Swy, Sxo)) (2.9)

p=n

IN

Letting, p — oo in (9), we obtain that {Sxz,} is a Cauchy sequence in (X, d). Since
by (2), we have {Sz,} = {Txp+1} € T(X) and T(X) is closed, there exists z € X
such that

lim Tz, =Tx. (2.10)

n—roo

Now, we show that z is a coincidence point of S and T'. On contrary, assume that
d(Sz,Tz) > 0. Since, by condition (iii) and (10), we have

B(Txpy, Tz) > 1 for all k.

Using & = 1),y = 2 in (i), we get

0 < ((B(Txpwy, T2)d(STpr), S2), 9(M (T 1y, T'2))
< (b(M(Txn(k), TZ) — ﬁ(T.Tn(k), TZ))d(an(k), SZ)

or

B(T w1y, T2)d(STp 1y, S2) < ¢M (T 1y, T'2)

But B(T:I:n(k),Tz) >1

d(STn(ry, S2) < BTy, T2)d(STp k), Sz)
< (M (Tnw), T2)), (2.11)
d(TTp(k), STy d(Tz,8
M(Txngy), Tz) = max{d(Txn(k)’Tz), (T'zy k), S (;))+ (T= z)’

d(Txp (), S2) + d(Tz, STy 41) }
2

On the other hand, we have

d(T.Tn(k), S.Tn(k)) + d(TZ, SZ)
2 )

M(Txnpy), Tz) = max{d(T:En(k),Tz),

2
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Making k — oo in (11), we obtain
d(Tz,8z) <¢ lim (M(Tx ), Tz))
k—o00

(T 1y, STp(ry) +d(T'z, 52)
2 )

<¢(max {d(T:cnw, T2),

2

Letting £ — oo in the above inequality yields d(T'z, Sz) < (b(d(SZQ’TZ)) < d(SZQ’TZ),

which is a contradiction. Hence, our supposition is wrong and ¢(Sz,Tz) = 0, that
is, Sz =T-z.
This shows that S and 7" have a coincidence point.

Theorem 2.3 In addition to the hypothesis of Theorem 2.2, suppose that for
all u,v € C(T,5), there exists w € X such that 8(Tw, Tw) > 1 and f(Tu, Tw) > 1
and S, T commute at their coincidence points. Then, S and T have a unique
common fixed point.
Proof. We prove this theorem in three steps.
First of all we claim that if w,v € C(T,S), then Tu = Tv. By hypothesis, there
exists w € X such that

B(Tu, Tw) > 1, 6(Tv, Tw) > 1 (2.12)

From this fact S(X) C T'(X), let us define the sequence {w,} in X by Tw,+1 =
Sw, for all n > 0 and wy = w. Since S is - admissible w.r.t.T", we obtain it from
(12) that

B(Tu, Twy) > 1, 6(Tv, Tw,) > 1 (2.13)
for all n > 0.
Thus, putting © = u,y = wy4+1 in (1), we get
0 < ¢(B(Tu, Twp41)d(Su, Swpt1), p(M(Tu, Twp41))

< O(M (Tu, Twpt1) = B(Tw, Twpi1)d(Su, Swyt1)
or

B(Tu, Twp41)d(Su, Swyy1) < ¢(M(Tu, Twp41)
But S(Tu, Twy41) > 1

d(Su, Swpy1) < B(Tu, Twyy1)d(Su, Swy41)
< (M (Tu,Twpy1)) = ¢(M(Su, Swy,))
M(Su, Swy) = max{d(Su,Swn),d(Su’TU)+;(swn’Twn),

d(Su, Twy,) + d(Swy, Tu)
)
max{d(Tu, Tw,),d(Tu, Tw,+1)}

max{d(Tu, Twy,),d(Tu, Tw,+1)} (2.14)
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Using the above inequality, (14) and owing to the monotone property of ¢, we get
d(Tu, Twy41) < ¢p(max{d(Tu, Twy,), d(Tu, Twy+1)}) (2.15)

for all n. Without restriction to the generality, we can suppose that d(Tu, Tw,) > 0
for all n. If max{d(Tu, Twy,),d(Tu, Tw,y1} = d(Tu, Twp4+1), we get it from (16),
that

d(Tu, Twp41) < ¢(d(Tu, Twp41)) < d(Tu, Twp41), (2.16)
which is a contradiction. Thus, we have
max{d(Tu, Tw,), d(Tu, Tw,+1)} = d(Tu, Twy,),

d(Tuv T’U_)n+1) S ¢(d(Tu7 T’U_)n)),

for all n.
d(Tu, Twy) < ¢"(d(Tu, Twy)), Vn >1 (2.17)
Letting, n — oo in the above inequality, we have

lim d(Tu, Tw,) =0 (2.18)

n— o0

Similarly, we can prove that

lim d(Tv,Twy) =0 (2.19)
n—r oo
It follows from (19) and (20) that Tu = Tv.
Now in second step we will show the existence of a common fixed point. Let
u € C(T,9), that is, Tu = Su. Owing to the commutativity of S and T at their
coincidence points, we get

T?u =TSu = STu (2.20)

Let us denote Tu = z, then from (21), Tz = Sz. Thus, z is a coincidence points
of S and T. Now, from step 1, we have Tu = Tz = z = Sz. Then, z is a common
fixed point of S and T

In the third step we will prove the Uniqueness. Assume that z* is another
common fixed point of S and T. Then, z* € C(T,S). By step 1, we have z* =
Tz* =Tz = z. This completes the proof.

3. Consequences

Following results can be obtained from our previous results:
Corollary 3.1 Let (X,d) be a complete metric space and S,T : X — X be such
that S(X) C T'(X). Suppose that there exists a function ¢ € ® such that
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Proof. By taking 8(z,y) = 1 for x,y € X and ((t,s) = As — ¢, for all t,s > 0,
A € (0,1), the result holds.

d(Sz, Sy) < Mo(M(Tz,Ty))), (3.1)

for all z,y € X. Also suppose that T'(X) is closed. Then, S and T have a coinci-
dence point. Further, if S, T' commute at their coincidence points, then S and T
have a common fixed point.

Corollary 3.2 Let (X,d) be a complete metric space S : X — X. Suppose
that there exists a function ¢ € ® such that

d(Sz, Sy) < Mo(M(z,y))), (3.2)

for all z,y € X. Also, S has a unique fixed point.

Corollary 3.3 Let (X,d) be a complete metric space and S,T : X — X such
that S(X) C T(X) . Suppose that there exists a function ¢ € ® such that

d(Sz,Sy) < ¢(d(Tx,Ty)), (3.3)

for all z,y € X. Also, suppose, T'(X) is closed. Then, S and T have a coincidence
point. Further, if S and 7" commute at their coincidence points, then S and 7" have
a common fixed point.

Corollary 3.4 Let (X,d) be a complete metric space and S : X — X. Suppose
that there exists a function ¢ € ® such that

d(Sz,Sy) < ¢(d(z,y)), (3.4)

for all z,y € X. Then, S has a unique fixed point.

Corollary 3.5 Let (X,d) be a complete metric space and S : X — X be a
given mapping. Suppose that there exists a constant A € (0, 1), such that
Proof. By putting T'= I in equation (22),

d(Sz, Sy) < Mo(M(z,y))),
Now, put ¢p =1
d(Sz,Sy) < MM (z,y))

where,

M (z,y) = max {d(x, ), 4 57) ; d(y, Sy) d(x, Sy) ; d(y, Sz) } |

for all z,y € X. Then, S has a unique fixed point.
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Corollary 3.6 Let (X, d) be a complete metric space and S : X — X be a given
mapping. Suppose that there exists a constant A € (0,1) such that d(Sz, Sy) <
MM (z,y))

Proof. By putting M =d

d(Sz, Sy) < (d(z,y))
for all z,y € X. Then S has a unique fixed point.

Corollary 3.7 Let (X,d) be a complete metric space and S : X — X be a
given mapping. Suppose that there exists a constant A € (0, 1) such that

d(x,Sz) + d(y,Sy)] "
2

d(Sz, Sy) < Md(z, Sz) + d(y, Sy)]

d(Sxz,Sy) < A[

for all z,y € X. Then, S has a unique fixed point.
Corollary 3.8 Let (X,d) be a complete metric space and S : X — X be a
given mapping. Suppose that there exists a constant A € (0, 3) such that

d(Sz, Sy) < )\[d(a:, Sy)) ;— d(y, Sx)

d(Sz, Sy) < Ad(z, Sy) + d(y, Sz))

] x2

for all z,y € X. Then, S has a unique fixed point.
4. Fixed point theorems on Metric spaces endowed with a partial
order:
Definition 4.1[7] Let (X, <) be a partially ordered set and T': X — X be a
given mapping. We say that T is non decreasing with respect to < if

ryeX,e 2y=Te="Ty.

Definition 4.2[7] Let (X, <) be a partially ordered set. A sequence {z,} is
said to be nondecreasing with respect to <X if z,, < x,,41 for all n.

Definition 4.3[7] Let (X, <) be a partially ordered set and d be a metric on
X. We say that (X, <,d) is regular if for every nondecreasing sequence {x,} C X
such that z, — r € X as n — oo , there exists a subsequence {,,()} of {x,} such
that z,x) = z for all k.

Definition 4.4[5] Suppose (X, <) is a partially ordered set and S,T : X — X
are mappings of X into itself. One says S is T-non-decreasing if for x,y € X

T(x) 2T(y) = S(x) = S(y) (4.1)
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Corollary 4.5 Let (X, <) be a partially ordered set and d be a metric on X such
that (X,d) is complete. Assume that 5,7 : X — X be such that S(X) C T'(X)
and S be a T-non decreasing mapping w.r.t <. Suppose that there exists a function
¢ € ® such that

d(Sz,Sy) < ¢(M(Tz,Ty)) (4.2)

for all x,y € X with Tx =< Ty. Suppose also that the following conditions hold:
(i) there exists xg € X such that Tag < Sxo;

(ii) (X, =,d) is T-regular.

Also suppose that T'(X) is closed. Then, S and T have a coincidence point. More-
over, if for every pair (z,y) € C(T,S) x C(T,S) there exists Z € X such that
Tx <Tzand Ty < Tz, and if S and T commute at their coincidence points, then
we obtain uniqueness of the common fixed point.

Proof. Define the mapping §: X x X — [0,00) by

lifez<yorzry
Blx,y) = : (4.3)
0 otherwise

Clearly, the pair (S,T) is a generalized 5 — ¢ contractive pair of mappings, that is,

B(Tx,Ty)d(Sxz,Sy) < (M (Tx,Ty))

for all z,y € X. Notice that in view of condition (i) , we have B(Txg, Sxzo) > 1.
Moreover, for all z,y € X, from the T-monotone property of S, we have

B(Tx,Ty) > 1
=Te<TyorTx =Ty
= Sx X Sy or Sz = Sy
= [(Sz,Sy) > 1 (4.4)

which amounts to say that S is S-admissible w.r.t. 7. Now, let {Tz,} be a
sequence in X such that 8(Tx,, Txpi1) > 1 for all n and Tz, — Tz € X as
n — 0o. From the T-regularity hypothesis, there exists a subsequence {12, )} of
{Tx,} such that {1z, )} < Tz for all k. So, by the definition of 3, we obtain that
BTy ), Tz) > 1. Now, all the hypothesis 2.2 are satisfied. Hence, we deduce
that S and T have a coincidence point z, that is, Sz = T'z. By hypothesis, there
exists z € X such that Tx < Tz and Ty =< Tz, which implies from the definition
of 8 and B(Tx,Ty) > 1 and B(Ty,TZ) > 1 . Thus, we deduce the existence and
uniqueness of the common fixed point by Theorem 2.3.

Corollary 4.6 Let (X, <) be a partially ordered set and d be a metric on X
such that (X,d) is complete. Assume that S,7 : X — X be a non-decreasing
mapping w.r.t. <. Suppose that there exists a function ¢ € ® such that

d(Sz,Sy) < ¢(d(Tx,Ty))
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for all x,y € X with Tx =< Ty. Suppose also that the following conditions hold;
(i) there exists xg € X such that T'zo < Szp:

(ii) (X, =,d) is T- regular.

Also, suppose T'(X) is closed. Then, S and T have a coincidence point. Moreover,
if for every pair (z,y) € C(T,S) x C(T, S) there exists z € X such that Tz < Tz
and Ty < Tz and if S and T' commute at their coincidence points, then we obtain
uniqueness of the common fixed point.

References

1. Banach, S.: Surles operations dans les ensembles abstraits et leur applications aux equations
itegrates, Fundamenta Mathematics 3, 133-181(1922).

2. Bhaskar, T. G., Lakshmikantham, V.: Fixed Point Theory in partially ordered metric spaces
and applications, Nonlinear Analysis 65, 1379-1393(2006).

3. Branciari, A.: A fixed point theorem for mappings satisfying a general contractive condition
of integral type, Int. J. Math. Math. Sci. 29, 531-536(2002).

4. Caccioppoli, R.: Un teorema generale sullesistenza di elementi uniti in una transformazione
funzionale, Rendicontilincei: Mathematica E Applicazioni. 11, 794-799(1930). (in Italian).

5. Ciric, L., Cakic, N., Rajovic, M., Ume, J. S.: Monotone generalized nonlinear contractions in
partially ordered metric spaces, Fixed Point Theory Appl. 2008(2008), Article ID 131294, 11
pages.

6. Kannan, R.: Some results on fixed points, Bull. Calcutta. Math. Soc. 10, 71-76(1968).

7. Karapinar, E., Samet, B.: Generalized oo — 1)— contractive type mappings and related fixed
point theorems with applications, Abstract and Applied Analysis 2012 Article ID 793486, 17
pages doi: 10.1155/2012/793486.

8. Lakshmikantham, V., Ciric, L.: Coupled fixed point theorems for nonlinear contractions in
partially ordered metric spaces, Nonlinear Analysis 70, 4341-4349(2009).

9. Nieto, J. J., Lopez, R. R.: Contractive mapping theorems in partially ordered sets and
applications to ordinary differential equations, Order 22, 223-239(2005).

10. Saadati, R., Vaezpour, S. M.: Monotone generalized weak contractions in partially ordered
metric spaces, Fixed Point Theory 11, 375-382(2010).

11. Samet, B., Vetro, P.: Fixed point theorem for o« — 1)— contractive type mappings, Nonlinear
Anal. 75, 2154-2165(2012).

12. Shahi, P., Kaur, J., Bhatia, S. S.: Coincidence and common fixed point results for generalized
a—1—contractive type mappings with applications, arXiv:1306.3498v1 [math.FA] 14 jun 2013.

13. Khojasteh F., Shukla S., Radenovic S.: A new approach to the study of ?xed point theory
for simulation functions, Filomat. 29, 1189-1194.1(2015).

14. Argoubi H., Samet B., Vetro C.: Nonlinear contractions involving simulation functions in a
metric space with a partial order, J. Nonlinear Sci. Appl. 8, 1082-1094.1, 1.8. 1.9(2015).



194

ManoJ KUMAR, RASHMI SHARMA

Manoj Kumar,

Department of Mathematics,

Lovely Professional University,

Phagwara, Punjab,

India.

E-mail address: manojantil18@gmail.com, manoj.19564@lpu.co.in

and

Rashmi Sharma,

Department of Mathematics,

Lovely Professional University,

Phagwara, Punjab,

India.

E-mail address: rashmisharma.lpu@gmail.com



	Introduction
	Main Results
	Consequences
	Fixed point theorems on Metric spaces endowed with a partial order:

