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Abstract. Recently, a class of mappings named as couplings was introduced in [U.P.B. Sci. Bull. Series
A, 79 (2017), 1-12]. Based on this concept, we introduce symmetric Meir-Keeler couplings and we ensure
the existence of strong coupled fixed points. We present some concrete examples to support the obtained
results. Furthermore, as an application of our results, we investigate the existence of a unique solution to a
system of integral equations.

1. Introduction and Preliminaries

Let F be a self-mapping on a nonempty set X. If the system of equations for which a solution is sought
is of the form Tx = 0, the function T could be represented as Tx = Fx — x. Then, a fixed point of F is a
solution to Tx = 0. On that account, a wide variety of mathematical and practical problems can be solved
by reducing them to an equivalent fixed point problem. This situation motivates researchers to study on
extensions and generalizations of the well-known Banach fixed point theorem [4] considered as the source
of metrical fixed point theory. One of the most interesting generalizations this phenomenon theorem has
been given by Meir and Keeler [14], in 1969. Their main result is as follows.

Theorem 1.1. Let (X, d) be a complete metric space and T : X — X be a given mapping. Suppose that for all € > 0,
there exists 6(¢) > 0 such that

x,yeX, e<dxy) <e+06(e)=d(Tx,Ty) <e. (1)

Then T has a unique fixed point.
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For papers dealing with Meir-Keeler contractions, see [1-3, 5, 11, 12]. On the other hand, the notion of a cou-
pled fixed point was first introduced by Opoitsev [15] and investigated later by Guo and Lakshmikantham

8].
Definition 1.2. [8, 15] An element (x, y) € X? is called a coupled fixed point of the mapping F : X*> — X if
x=F(x,y) and y=F(y,x).

Definition 1.3. [13] Let A and B be two nonempty subsets of a given set X. Any function f : X — X is said to be
cyclic (with respect to A and B) if f(A) C B and f(B) C A.

Generalizing the concept of cyclic mappings, very recently Choudhury et al. [6] introduced the concept of
couplings between two non-empty subsets in a metric space.

Definition 1.4. [6] Let (X, d) be a metric space and let A and B be two non-empty subsets of X. A coupling with
respect to A and B is a function F : X X X — X such that F(x, y) € B and F(y, x) € A whenever x € Aand y € B.

Definition 1.5. [7] Let X be a nonempty set. An element (x,y) € X x X is said a strong coupled fixed point of the
mapping F : X x X — X if (x, y) is a coupled fixed point and x = y, that is, if x = F(x, x).

The main result proved by Choudhury et al. [6] is given as follows.

Theorem 1.6. [6] Let A and B be two non-empty closed subsets of a complete metric space (X, d). Let F: X*> — X
be such that

AP, ), Pl 0) < ST 1) + dy, L, @

where x,v € A, y,u € Band k € (0,1). Then AN B # 0 and F has a unique strong coupled fixed point in A N B.

The mapping F satisfying (2) is said a Banach type coupling with respect to A and B. The aim of this paper is
the investigation of strong coupled fixed points for couplings satisfying symmetric generalized Meir-Keeler
contractions in the setting of metric spaces. Moreover, we provide some examples where we could not
apply Theorem 1.6. Also, as an application of our results, we discuss the existence of a unique solution to
a system of integral equations.

2. Main results

First, we introduce the following.

Definition 2.1. Let A and B be two non-empty subsets of a metric space (X,d). A coupling F : X*> — X is said a
symmetric Meir-Keeler contraction type coupling with respect to A and B if for all € > O, there exists 0(e) > 0 such
that, for all x,v € Aand y,u € B,

e< %[d(x, u) +d(y,v)] < € +6(¢)
= %[d(F(x/ y), F(u,0)) + d(F(y, x), F(v,u))] < &. (©)

We have the following useful lemma.

Lemma 2.2. Let A and B be two non-empty subsets of a metric space (X,d) and F : X* — X be a symmetric
Meir-Keeler contraction type coupling with respect to A and B. Then

d(F(x, y), F(u,v)) + d(F(y, x), F(v,u)) < d(x,u) + d(y, v),

forallx,v € Aand y,u € B.
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Proof. Let x,v € A, yu € B. If dxu + dy,o) > 0, then for

¢ = 3[d(x,u) + d(y,v)], and since F is a symmetric Meir-Keeler contraction type coupling with respect
to A and B, there exists 6(¢) > 0 such that

£ < %[d(x, u) +d(y,v)] < £ + 5(¢)
= %[d(F(x, y), E(u, v)) + d(F(y, ), (v, u))] < e.
It follows that
A(F(x, y), F(u,v)) + d(F(y, x), F(v,u)) < d(x, 1) + d(y, v).
Also, if d(x, u) + d(y,v) = 0, then x = u and y = v and so
A(F(x, y), F(u,0)) + d(F(y, x), F(v,u)) = 0 < d(x, u) + d(y, v).
[

Our main result is stated in the following.

Theorem 2.3. Let A and B be two non-empty closed subsets of a complete metric space (X,d). Let F : X*> — X bea
symmetric Meir-Keeler contraction type coupling with respect to A and B. Then AN B # 0 and F has a unique strong
coupled fixed point in A N B.

Proof. Let xyp € A and y, € B be any two arbitrary elements. Choose
x1 = F(yo,x0) and 11 = F(xo, Yo)-
Mention that x; € A and y; € B. By repeating this process, we get the two sequences {x,} and {y,} such that
Xns1 = F(Yn, xn) and  yu41 = F(xy,y4), forall neN.
Clearly, we have for all n > 0 that x, € A and y, € B. Let us choose
A= 1, i) + Ay, 3], for 13 0.
From (3) and Lemma 2.2, we have
Ap1 = %[d(xn+1/]/n+2) +d(Yne1, Xns2)]
= S, %), F(et, Ys) + A, ), EGes, 510
< S, Yuer) + 3 Tusn)] = A

The sequence {A,} is nonincreasing and is bounded below, so it converges to some ¢ > 0. Suppose that ¢ > 0.
Mention that € = inf{A,, : n =0,1,2,---}. Thus there exists p € N such that

1
e< Ay = E[d(x’” Ypi1) +d(yp, xp11)] < € +06(¢),

where 6(¢) > 0 is any arbitrary constant. Using (3), we get

1
/\p+1 = E[d(F(]/pr xp)r F(xp+1/ yp+1)) + d(F(xp/ yp), F(ypﬂ/ xp+1)) <g,



H. Aydi et al. / Filomat 36:9 (2022), 2911-2920 2914
which is a contradiction. Then ¢ = 0, and so
li_r}go[d(xn/ yn+1) + d(]/n/ xn+1)] =0. (4)

Let 1, = d(xy,, y), for n > 0. From (3) and Lemma 2.2, we have

1
M+l = E[d(xrwlr yn+1) + d(yn+1r Xn+1)]
1
= E[d(F(]/nr xn), F(xn, ]/n)) + d(F(xp, ]/n)r F(ynr Xn))

1
< E[d(xn, yn) + d(ynrxn)]
= 17",

The sequence {7,,} is nonincreasing, so it converges to some a > 0. Similarly, we may prove thata = 0, and
SO

lim d(x,, y,) = 0. )
n—oo
We have

A(xXp, Xne1) + AW, Yna1) < 2d(xn, Yu) + AW, Xna1) +A(X, Yur1), YV n €N
It follows from (4) and (5),

r}i_{l;lo[d(xnr xn+1) + d(]/nr yn+1)] =0.
Then for each ¢ > 0, there exists N € IN such that for all # > N, one can write

d(xn/ yn) < 8/
d(xn/ xn+1) + d(ynl yn+1) < 26(€)r (6)
A, Yne1) + d(xn, Yne1) < 2[0(e) + €].

Notice that the condition (3) is also true if we replace 6(¢) by 0’(¢) = min{0(¢), €}. So, without restriction of
the generality, we can suppose that 5(¢) < ¢. Let n > N. We will prove by induction on p that

1
E[d(xnr yn+p) + d(ynrxn+p)] <o(¢e) + ¢, VP € N. (7)

This inequality is true for p = 1 due to (6). Suppose that (7) is true forallk = 1,2, .-, p. Then, we have

1
E[d(xn,ynﬂ,) + d(Yn, Xnsp)] < 0(e) + €.
From (6),

1
E [d(xn/ yn+p+1) + d(]/n/ xn+p+1)]

1 1
< E[d(xn/ Xn+1) + A(Yn, Yur1)] + E[d(xwrl/ yn+p+1) +d(Yn+1, xn+p+1)]

1
<o(e) + E[d(F(yn/ Xn), F(xn+p/ yn+p)) +d(F(xu, Yn), F(]/n+p/ xn+p))]-

We distinguish the following two cases.
Case 1. %[d(yn, Xnip) + d(Xn, Ynip)] < €. Using Lemma 2.2, we obtain

A(F(Yn, xn), F(xn+]0/ ]/n+l7)) +d(F(xu, Yn), F(y”"'P’ x”+p))
< d(]/n, xn+p) + d(xnr yn+p)-
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Therefore, in this case
1 1
E[d(xn/ ]/n+p+1) +d(xn, ]/n+p+1)] < o(e) + E[d(]/n/ xn+p) +d(xy, ]/n+p)]
<o(e) + €.

Case 2. ¢ < %[d(yn,xnﬂ,) +d(Xn, Yusp)] < € + (). In this case, using (3), we obtain

1
E[d(F(ynr Xn), F(xn+pr yn+p)) +d(F(xy, yn)r F(yn+p/ xn+p))] <E.

Thus,

1
E[d(xn/ yn+p+1) + d(xn/ ]/n+p+1)] < 6(5) +e.

Consequently, the inequality (7) holds for k = p + 1. Hence (7) is true for all p € IN. On the hand, using (6)
and (7), for all » > N and for all p € IN, we have

d(xy, xn+p) + d(yn/ ]/n+p) < 2d(xy, Yn) + d(xy, yn+p) + d(yn/ xn+p)
< 2+ 2[0(¢) + €]
< 6¢.

So {x,} and {y,} are Cauchy sequences. Since A and B are closed subsets of the complete metric space (X, d),
there exists x € A and y € B such that

lim d(x,, x) = lim d(y,, y) = 0.

Also, the continuity of the metric function d together with (5) imply that lim,_. d(x,, y,) = d(x,y) = 0.
Hence x = y, then A N B # 0. Now, we will show that x is a strong coupled fixed point in A N B. From (3)
and Lemma 2.2, we have

d(x, F(x, y))

IA

d(x, xp41) + d(xns1, F(x, y)

d(x, xp41) + d(F(X, ¥), F(Yn, Xn))

d(x, xu41) + d(F(x, y), F(Yn, xn)) + d(F(y, x), F(xu, Yn))
d(x, Xn+1) + d(Yn, ) + d(x, y)-

INIA

Passing to limit as 7 — oo in the above inequality, we have
d(x,F(x,y)) <0,

that is, d(x, F(x,x)) = 0 so x = F(x, x). Assume that F(x,x) = x and F(y,y) = y withx # yand x,y € AN B.
From (3) and for ¢ = d(x, y) > 0, there exists 0(¢) > 0 such that

e < %[d(x, y) +d(x, y)] < e+ 6(e)
= () = 3EG ), F, ) + dEG ), Fy, )] < e = s ),

which is a contradiction. This implies that x = y, i.e., the strong coupled fixed point is unique. [J

Remark 2.4. Note that if F satisfies symmetric Banach contractive type coupling, that is, there exists a constant
k € (0,1) such that for x,v € Aand y,u € B,

d(F(x, y), F(u,v)) + d(F(y, x), F(v, u)) < k[d(x, u) + d(y,v)],
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then F is a symmetric Meir-Keeler contraction type coupling. Indeed, by taking 5(¢) = (+ — 1)¢, it is easy to see that
< %[d(x, u) +d(y,v)] < e+0(e)

= %[d(F(x, y), F(u,v)) + d(F(y, x), F(v, u))] < €.
forall x,v € Aand y,u € B.

The following examples illustrate Theorem 4 where Theorem 1.6 is not applicable.

Example 2.5. Let X = Rand d(x, y) = |x — y| for all x,y € X. Consider the closed subsets A = {0} and B = [0, 1].
Define F : X x X — X as
E .
F(x,y)={ 2 1fx<y,
0, ifx>y.

For all (x,y) € AX B, we have 0 < y. If0 < y, we get F(x,y) = 4 € Band F(y,x) = 0 € A. While, if y = 0, then
F(x,y) =0 = F(y,x) € AN B. Then F is a coupling with respect to A and B.

Let e > Qand let x,v € Aand y,u € B, such that ¢ < %[d(x, u) +d(y,v)] < €+ 0(e) where 5(¢) > 0 will be chosen
later. Sox =v = 0and y,u € [0, 1]. We distinguish the following cases.
Case 1. If y € (0,1] and u = 0, we have

d(F(x, y), F(u,v)) + d(F(y, x), F(v, u))
- d(%, 0) + d(0, 0)

1 1
= Ey = E[d(x, u) + d(y/v)]

Case 2. If y,u € (0,1], we have
d(F(x, y), F(u,0)) + d(F(y, x), F(v, u))
= d(2,0)+d(3,0)
1
=5y +u)
= 21d(x, ) + d(y, )L
Case 3. If y = u = 0, we have
d(F(x, y), F(u,v)) + d(F(y, x), F(v,u)) = 0 = %[d(x, u) +d(y,v)]-
Case 4. If y = 0 and u € (0, 1], we have
d(F(x, y), F(u,0)) + d(F(y, x), F(v, u))

= d(0,0) + d(%,())

1 1
= Eu = E[d(x, u) +d(y, v)].
We conclude that

SHA(F(x, ), FG,2) + d(F(y, ), Fo, )]
= J1d 1) + d(y, o)

< %(e +0(¢)) < ¢,
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which  holds if we choose  6(¢) < €. Hence (3) holds. All  hypotheses

Theorem 4 are verified, so F has a unique strong coupled fixed point, which is 0.
Note that Theorem 1.6 is not applicable. Indeed, taking x = u = v = 0 and y = 1, we have

A(F(0, 1), F0,0)) = d(3,0)

1k
373
= 21400,0) + 41, 0)L,

foreach k € 0,1).

Example 2.6. Let X = Rand d(x, y) = |x—yl| forall x,y € X. Consider the closed subsets A = [-1,0]and B = [0, 1].
Define F : X x X — Xas

F(xr]/) =

24+ x2°

Forallx € A=[-1,0]and y € B = [0, 1], we have

X
F(x, y) = ryxz €01 ond Fyx) = 55 € -1,0]

Then F is a coupling with respect to A and B.
Let € > 0. Take x,v € A and y,u € B such that ¢ < %[d(x, u) +d(y,v)] < € + 6(¢), where 0 < 6(¢) < €. We have

S1a(ECc, ), Flw, ) + d(F(y, %), Fo, )]

.
T2M2402 2+ 242 2+

)
1
< glly —ol+ b —ul]

< %[s + 0(¢€)]

IA

E.

All hypotheses of Theorem 4 are verified, so F has a unique strong coupled fixed point, which is 0.
Note that Theorem 1.6 is not applicable. Indeed, taking x = u = 0, we have

AP, ), FO,0) =2, 3) = Sy~

k k
£ 5ly—ol = 5ldCu) +d(y,v)],
foreach k € [0,1).

Example 2.7. Let X = R and d(x,y) = |x — y| for all x,y € X. Consider the closed subsets A = {0} and B = R.
Define F: X x X — Xas

_ (x+3)y
=

Forall x =0 and y € R, we have

F(x,y)

3 3
F(x,y)=gyeB=1R and F(y,x)z(y+6 )xz()eA.

2917
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Then F is a coupling with respect to A and B.
Let € > 0. Choose x,v € A and y,u € B such that

1 1
e < 5lCx,u) +d(y, 0)] = 5 (lul + ly)) < &+ 5(e)
where 0 < 6(¢) < €. We have

STd(ECe ), Flw, ) + d(E(y, %), F(o, )]

)

1 3y
=5l —0+0-—

1
< 30yl + Jul]
< %[e +o(e)] < e

All hypotheses of Theorem 4 are verified, so F has a unique strong coupled fixed point, which is 0.
Note that Theorem 1.6 is not applicable. Indeed, taking x = v = u = 0, we have

AP, ), F(0,0) = d(%, 0 = 21y

k k
£ 51yl = 5L 1) + d(y, )],

foreach k € [0,1).

3. An Application

Consider the following, a system of integral equations:

x(s):fabH(s,r,x(r),y(r))dr
b (8)
y(s):fg H(s,1,y(r),x(r)dr

wheres €l =[a,b], H: IXIXRXR—>R and b>a>0.
In this section, we prove the existence of a unique solution to the system of integral equations (8) that
belongs to the space C(I, R) of the continuous functions defined on I and with real values.
Let X := C(I, R) be endowed with the metric d defined by
d(x, y) = sup |x(s) =y (s)|,
sel

for all x, y € X. Define an operator F: X X X — X by

b
F(x,y)(s)zf H(s,r,x(r),y(n)dr, x,yeX, sel.

Then the existence of a unique solution to (8) is equivalent to the existence of a strong coupled fixed
point of F.

Theorem 3.1. Assume that the following conditions are satisfied:

(i) H:IXxIXxR xR — R is continuous,
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(ii) for each (x,y),(u,v) € X?> and s,r € I, we have

|H (s,7,x(r),y()—H(,ru(r),v (r))|
<y (s, kllx () —u @) +|y () —o ()],

where k € (0,1)and y : I X I — [0, +00) is a continuous function satisfying

b
sup y(s,r)dr <

sel Ja

N|—

Then, the system of integral equations (8) has a unique solution in X.

Proof. Let (x,vy), (1, v) € X x X. Using (ii), we obtain
IF (x, ) (s) = F (u,0) (5)]

b

Sf |H(s,r,x(r),y(r))—H(s,r,u(r),v(r))|dr
o

< f Y (s, 1) kllx (¥) —u (r)] + |y(r) - v(r)|]dr
g

Skf v (s,7)[d(x, u) +d(y,v)]dr

b
< k sup (f y(s,1) dr) [d (x,u) +d (y,0)]
sel a
< Mo +ay, o),
for all s € I. Therefore, we get
k
[F () 65) = Fw,0) )] < 51d (v, u) +d (y, 0)].
Similarly, one can also get
k
|F (y,x)(s) — F (v, u) (s)) < E[d (x,u) +d(y,v)].
By (9) and (10), we have

d(F(x,y),F(u,v)+d(F(yx),F@u)<kld@xu)+d(y,v)l,

2919

©)

(10)

for all (x, y), (u,v) € X X X. Then, by Remark 2.4, F is a symmetric Meir-Keeler contraction type coupling by
taking A = B = X. Consequently, from Theorem 2.3, F has a strong coupled fixed point, that is, the equation

(8) has a unique solution in X. [

References

[1] T. Abdeljawad, E. Karapinar, H. Aydi, A new Meir-Keeler type coupled fixed point on ordered partial metric spaces, Mathe-

matical Problems in Engineering, 2012 (2012), Article ID 327273.

[2] H. Aydi, E. Karapinar, A Meir-Keeler common type fixed point theorem on partial metric spaces, Fixed Point Theory Appl.,

2012 (2012), 26.

[3] H. Aydi, E. Karapinar, New Meir-Keeler type tripled fixed point theorems on ordered partial metric spaces, Mathematical

Problems in Engineering, 2012 (2012), Article ID 409872.



(4]
(5]

(6]
(7]

(8]
(%]

[10]
[11]

[12]
[13]

[14]
[15]

H. Aydi et al. / Filomat 36:9 (2022), 2911-2920 2920

S. Banach, Sur les opérations dans les ensembles abstraits et leur application aux équations intégrales, Fundam. Math., 3 (1992),
133-181.

Y]. Cho, PP. Murthy, J. Jungck, A common fixed point theorem of Meir and Keeler type, Internat. J. Math. Math. Sci., 16 (1993),
669-674.

B.S. Choudhury, P. Maity, P. Konar, Fixed point results for couplings on metric spaces, U.P.B. Sci. Bull. Series A, 79 (2017), 1-12.
B.S. Choudhury, P. Maity, Cyclic coupled fixed point result using Kannan type contractions, Journal of Operators, 2014 (2014),
Article ID 876749.

D. Guo, V. Lakshmikantham, Coupled fixed points of nonlinear operators with applications, Nonlinear Anal., 11 (1987), 623-632.
A. Hussain, Solution of fractional differential equation utilizing symmetric contraction, Journal of Mathematics, 2021 (2021),
Article ID 5510971.

A. Hussain, F. Jarad, E. Karapinar, A study of symmetric contractions with an application to generalized fractional differential
equations, Adv. Dif. Eq., 2021 (2021), 300.

H. Isik, M. Imdad, D. Turkoglu, N. Hussain, Generalized Meir-Keeler type i-contractive mappings and applications to common
solution of integral equations, International Journal of Analysis and Applications, 13 (2017), 185-197.

J. Jachymski, Equivalent conditions and the Meir-Keeler type theorems, . Math. Anal. Appl., 194 (1995), 293-303.

W.A. Kirk, PS. Srinivasan, P. Veeramani, Fixed points for mappings satisfying cyclical contractive conditions, Fixed Point
Theory, 4 (2003), 79-89.

A. Meir, E. Keeler, A theorem on contraction mappings J. Math. Anal. Appl., 28 (1969), 326-329.

V. Opoitsev, Heterogenic and combined-concave operators, Sib. Math. J., 16 (1975), 781-792 (in Russian).



