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Abstract. We establish some common coupled fixed point theorems for hybrid pair of
mappings under generalized weak contraction on a non complete metric space, which
is not partially ordered. As an application, we study the existence and uniqueness of
the solution to an integral equation and also give an example to show the fruitfulness
of our results. The results we obtain generalize, extend and improve several classical
results in the literature in metric spaces.
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1. Introduction and Preliminaries

Let (X, d) be a metric space. Throughout the paper, we denote by 2% the
class of all non empty subsets of X, by CL(X) the class of all non empty closed
subsets of X, by CB(X) the class of all non empty closed bounded subsets of
X and by K(X) the class of all non empty compact subsets of X. A functional
H:CL(X)xCL(X) — RyU{+o0} is said to be the Pompeiu-Hausdorff generalized
metric induced by d and is given by

max{sup,cy D(u, V), sup,cy D(v, U)}, if maximum exists,
400, otherwise,

H(U, V) = {

Received July 21, 2022, accepted: May 20, 2023

Communicated by Dijana Mosié

Corresponding Author: Amrish Handa, Department of Mathematics, Govt. P. G. Arts & Science
College, Ratlam (M. P.) India | E-mail: amrishhanda83@gmail.com

2010 Mathematics Subject Classification. 47TH10; 54H25

© 2023 By UNIVERSITY OF Ni§, SERBIA | CREATIVE COMMONS LICENSE: CC BY-NC-ND



438 A. Handa

for all U, V € CL(X), where D(u, V) = inf,cv d(u, v) denotes the distance from u
to V C X. For simplicity, if € X, we denote B(x) by Bz.

The theory of multivalued mappings has applications in control theory, convex
optimization, differential inclusions and economics.

The concepts related to coupled fixed point theory for multi valued mappings
were introduced by Abbas et al. [2] and proved some common coupled fixed point
theorems involving hybrid pair of mappings satisfying generalized contractive con-
ditions in complete metric spaces. Very few researcher gave attention to coupled
fixed point problems for hybrid pair of mappings including [1, 7 — 18, 21, 25].

Definition 1.1. [2] Let X be a non empty set, 7 : X x X — 2% and B be a
self-mapping on X. An element (z, y) € X x X is called

(1) a coupled fixed point of T if z € T'(z, y) and y € T'(y, ).

(2) a coupled coincidence point of hybrid pair {7, B} if Bz € T(z, y) and
By € T(y, x).

(3) a common coupled fixed point of hybrid pair {T, B} if ¢ = Bx € T(x, y)
and y = By € T(y, z).

We denote the set of coupled coincidence points of mappings 7' and B by C(T,
B). Note that if (z, y) € C(T, B), then (y, x) is also in C(T, B).

Definition 1.2. [2] Let 7 : X x X — 2% be a multivalued mapping and B be
a self-mapping on X. The hybrid pair {T, B} is called w—compatible if BT(z,
y) C T(Bz, By) whenever (z, y) € C(T, B).

Definition 1.3. [2] Let 7 : X x X — 2% be a multivalued mapping and B be a
self-mapping on X. The mapping B is called T—weakly commuting at some point
(z,y) € X x X if B>z € T(Bx, By) and By € T(By, Bx).

Lemma 1.1. [22] Let (X, d) be a metric space. Then, for each uw € X and V €
K(X), there is vg € V such that D(u, V') = d(u, vg), where D(u, V) = inf,ey d(u,
v).

Sintunavarat and Kumam [24] defined the notion of common limit in the range
property in fuzzy metric space. Chauhan et al. [6] introduced the notion of the
joint common limit in the range of mappings property called (JCLR) property and
proved a common fixed point theorem for a pair of weakly compatible mappings
using (JCLR) property in fuzzy metric space.

Definition 1.4. [24] Let (X, d) be a metric space and T, B : X — X be two
mappings. Then T and B are said to satisfy the common limit in the range of B
property (CLRB-property) if there exists a sequence {z,} in X such that

lim Tz, = lim Bz, = Bx for some z € X.
n—oo n—oo
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Definition 1.5. [6] Let (X, d) be a metric space and S, T, A, B : X — X be four
mappings. The pairs (S, A) and (T, B) are said to have (JCLR) property if there
exist sequences {z,} and {y,} in X and z, y € X such that

lim Sz, = lim Ty, = lim Ax, = lim By, = Az = By.

n—o00 n—oo n—o00 n—oo

Khan and Sumitra [20] established the concept of (CLRB) property for map-
pingsT: X xX — Xand B: X — X.

Definition 1.6. [20] Let (X, d) be ametricspace, T: XxX - X and B: X — X
be two mappings. Then T and B are said to satisfy the common limit in the range
of B property (CLRB-property) if there exist sequences {z,} and {y,} in X, some
x, y in X such that

lim T(x,, y,) = lim Bz, = Bx and lim T(y,, x,) = lim By, = By.
n—00 n— 00 n—00 n—oo

In [3], Ahmed and Nafadi introduced the notion of common limit range prop-
erty (CLR property) for two hybrid pairs of mappings in fuzzy metric spaces and
proved common fixed point theorems using (CLR) property for these mappings with
implicit relation.

Definition 1.7. [3] Mappings T : X — CB(X) and B : X — X are said to
satisfy the common limit in the range of B property (CLRB-property) if there exist
sequences {z,} in X, some z in X and G in CB(X) such that

lim Bz, = Bx € G= lim Tz,.

n—oo n—oo
Definition 1.8. [3] Mappings S, T : X — CB(X) and A, B: X — X are said to

satisfy the joint common limit in the range (JCLR) property if there exist sequences
{z,} and {y,} in X, some z, y in X and G, H in CB(X) such that

lim Az, = Ax e G= lim Sz,,
n—oo n—oo
lim By, = ByeH= lim Ty,.
n— o0 n—00

Handa [18] introduced the notion of (CLRg) property for hybrid pair F : X x
X — 2% and ¢ : X — X and also defined the notion of joint common limit range
(JCLR) property for two hybrid pairs F, G: X x X - 2¥ and f, g: X — X. In
[18], Handa proved some common coupled fixed point theorems for hybrid pair of
mappings under generalized (1), 6, p)—contraction on a non complete metric space.

Definition 1.9. [18] Let (X, d) be a metric space. Mappings F : X x X — 2%
and g : X — X are said to satisfy the common limit in the range of g property
(CLRg-property) if there exist sequences {z,,} and {y,} in X, some z, y in X and
A, B in CB(X) such that

lim gz, = gre A= lim F(z,, yn),
n—o0 n— 00
lim gy, = gy € B= lim F(y,, zn).
n— oo n— oo
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Definition 1.10. [18] Let (X, d) be a metric space and the mappings f, g : X — X
and F, G : X x X — 2%, The pairs (F, f) and (G, g) are said to have joint common
limit range (JCLR) property if there exist sequences {z,}, {yn}, {un} and {v,} in
X, some z, y, u, v in X and A, B, C, D in CB(X) such that

lim F(x,, yo) = A, lim G(up, v,) = B,

n—oo n—oo

then lim fzx, = lim gu,=fr=guc ANDB,
n—oo n—oo

and lim F(y,, z,) = C, lm G(v,, u,) =D,

n—oo n—oo

then lim fy, = lim gv,=fy=gveCnND.
n—oo n—oQ

Weak contraction was first studied in partially ordered metric spaces by Harjani
and Sadarangani [19]. In [4], Choudhury and Kundu established some coincidence
point results for generalized weak contractions with discontinuous control functions
on a partially ordered metric spaces. Choudhury et al. [5] proved coincidence point
results by assuming a weak contraction inequality with three control functions, two
of which are not continuous. The results are obtained under two sets of additional
conditions.

Definition 1.11. [23] An altering distance function is a function ¢ : [0, +00) — [0,
~+00) which satisfy the following conditions:

() ¥ is continuous and monotone-increasing,
(tiyp) ¥(t) = 0 if and only if t = 0.

Choudhury et al. [5] use the following classes of functions.

Let ¥ denote the set of all functions 9 : [0, +00) — [0, +00) satisfying
(i) 9 is continuous and monotone non-decreasing,
(tig) Y(t) =0t =0.

Let © denote the set of all functions 6 : [0, +00) — [0, +00) satisfying

(ig) 0 is bounded on any bounded interval in [0, +00),
(i) 6 is continuous at 0 and 6(0) = 0.

In this paper, we prove some common coupled fixed point theorems for hybrid
pair of mappings satisfying generalized weak contraction on a non complete metric
space, which is not partially ordered. It is to be noted that to find coupled coinci-
dence point, we do not employ the condition of continuity of any mapping involved
therein. As an application, we study the existence and uniqueness of the solution
to an integral equation. The effectiveness of our generalization is demonstrated
with the help of an example. We modify, improve, sharpen, enrich and generalize
the results of Choudhury et al. [5], Harjani and Sadarangani [19] and many other
famous results in the literature.
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2. Main results

Theorem 2.1. Let (X, d) be a metric space. Suppose T : X x X — K(X) and
B : X — X be two mappings for which there exist v € U, ¢, 8 € © such that

(2.1) P() <p(y) =z <y,

for any sequence {x,} in [0, +00) with x, — t > 0,

(22) (t) — Tip(n) + lmb(z) > 0,
and

(2.3)  Y(H(T(x, y), T(u, v))) < @(max{d(Bz, Bu), d(By, Bv)})
—6(max{d(Bz, Bu), d(By, Bv)}),

for all z, y, u, v € X. Furthermore assume that T(X x X) C B(X) and B(X) is a
complete subset of X. Then T and B have a coupled coincidence point. Moreover, T
and B have a common coupled fixed point, if one of the following conditions holds:

(a) T and B are w—compatible. lim, o, B"x = u and lim, . B"y = v for
some (z, y) € C(T, B) and for some u, v € X and B is continuous at u and v.

(b) B is T—weakly commuting for some (xz, y) € C(T, B) and Bx and By are
fized points of B, that is, B*x = Bx and B%y = By.

(¢) B is continuous at x and y. lim, o B"u = z and lim, . B"v = y for
some (z, y) € C(T, B) and for some u, v € X.

(d) B(C(T, B)) is a singleton subset of C(T, B).

Proof. Let xq, yo € X be arbitrary. Then T'(zo, yo) and T'(yo, o) are well defined.
Choose Bz € T(xzo, yo) and Byi € T(yo, o), because T(X x X) C B(X). Since
T: X xX — K(X), therefore by Lemma 1.1, there exist z; € T(x1, y1) and
zo € T'(y1, 1) such that

d(Bxlv Zl) < H(T({EO, yO)’ T(‘Tla yl))v
d(Byi, z2) < H(T(yo, ®0), T(y1, 1))

Since T(X x X) C B(X), therefore z; = Bxs and zo = By for some xa, y2 € X.
Thus

d(B$1, Bl‘g)
d(Byla By?)

H(T(an y0)7 T(zla yl))a

<
< H(T(y07 1‘0), T(yh 331))

Continuing this process, we obtain sequences {x,} and {y,} in X such that for all

n >0, we have Bxy11 € T(zy, Yn) and By,t1 € T(Yn, x,) such that

d(B'ITH-l’ an-‘r?) < H(T(an, yn)7 T(l’n+1, yn-i-l))v
d(Byn+la Byn+2) S H(T(y’ru l’n), T(yn-i-la xn—i—l))-
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Let ¢,, = max{d(Bzy, Brnt+1), d(BYn, Bynyt1)} for all n > 0. By (2.2), (2.3) and
by the monotonicity of v, we have

Y(d(Bzni1, Brpgiz)) V(H(T(zns Yn)s T(Tnt1, Ynt1)))
p(max{d(Bxn, Brnt1), d(BYn, Bynt1)})
—0(max{d(Bxy, Brpi1), d(BYn, BYni1)}).

<
<

Similarly

1/1(d(B’yn+17 Byn+2)) < (p(m&X{d(B.In, an-‘rl)a d(Byn7 Byn—i-l)})
—0(max{d(Bx,, Brp+1), d(BYn, BYnit1).

Combining them, we get

max{(d(Bxny1, Brni2)), Y(d(BYnt1, Bynt2))}
S gp(max{d(BJ;n, an-‘rl)a d(Bynv Byn—i-l)})
—0(max{d(Bx,, Brp+1), d(BYn, BYni1).

It follows, from the monotonicity of v, that

Y(max{d(Bz,11, Brni2), d(BYn+1, Byni2)})
< @(max{d(an, Brpy1), d(Bym Byn+1)})
—O(max{d(Bzy,, Bxnt+1), d(BYn, Bynit1),

which implies that

(24) ¢(<7z+1) S @(Cn) - 9(Cn)’

it follows from 6 > 0 that (¢, 1) < ¥((,,), which, by (2.1), implies ¢, < ¢, for
all n > 0, that is, {¢,,} is a monotone non-increasing sequence. Hence there exists
an ¢ > 0 such that

(25)  lm ¢, = lim max{d(Br,, Brai1), d(Byn, Bynin)} =

n—oo

Taking limit supremum on both sides of (2.4), using (2.5) and the continuity of 1),
we get

¥(¢) < Timep(C,) — imo(¢,) = ¥(C) — limp(¢,,) + Limb(C,,) < 0.

It is a contradiction unless ¢ = 0. Therefore,

(26) lim Cn = lim max{d(B:cn, an—!—l)v d(Byna Byn+1)} =0.
n— oo n—oo

We now claim that { Bz, }n>0 and {By, }n>0 are Cauchy sequences in X. Suppose,

to the contrary, that at least one of the sequences {Bxy, }>0 and {By, }n>0 is not

a Cauchy sequence. Then there exists an £ > 0 for which we can find subsequences
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{BZnk)}s {BTmk)} of {Brn}, .and {Bynmy}, {BYmm)} of {Byn},-, such that,
for n(k) > m(k) > k,

(2.7) max{d(Bz, ), Brmk)), Ad(BYnk)s BYmm))} > €.
Let n(k) be the smallest positive integer satisfying (2.7), then

(2.8) max{d(Bxpk)-1, BTmkr))s ABYn)—1, BYmm))}) <&
Now, by triangle inequality, we have

€ wi = max{d(Bxy, k), Bxmk)), d(BYnk)s BYm(k))}
max{d(Bzy k), BTnuy—1); d(BYnk)» BYn)-1)}
+max{d(Bxpk)-1, BTmk)), ABYnk)—1, BYm(i))}

max{d(Bz k), BTny-1); d(BYni), Byni-1)} + €.

IAIA

A

Letting £ — oo in the above inequality and by using (2.6), we get

(2.9) klingowk = lim max{d(Bz), BTm)), d(BYnk), BYmw))} = €.

k—o0

By the triangle inequality, we have

max{d(B,)+1, BTm)+1), A BYnk)+1, BYmk)+1)}
max{d(Bx, )41, BTn))s ABYnky+1, BYnr))}
+max{d(Brnk), BTpmw))s ABYnky, BYm))}
+max{d(BTm k), BTpi)+1), ABYmk)s BYmk)+1)}

IN

Letting k — oo in the above inequalities, using (2.6) and (2.9), we have
(2.10) leI&max{d(an(k)+1, By (iy+1)s Ad(BYny+1, BYmr)+1)} = €.

Now, by the monotonicity of ¥ and (2.3), implies

V(A(BTpky+1, BTmk)+1))

VH (T (Znkys Ynk))s T(Tm)s Ymr))))
o(max{d(Bxp ), BTmk)); A(BYnk)s BYmx))})
—0(max{d(Bxy k), Brmx)), d(BYnk), BYmx))})-

INIA

Similarly

Y(d(BYnk)+15 BYmk)+1))
(max{d(Bxp), Brmu)), d(BYnk), BYmk))})
—0(max{d(Bxn k), BTmx)), d(BYnk), BYmx))})-

IA
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Combining them, we get

max{Y(d(By )41, BTmy+1))s V(A(BYnm)+1> BYmy+1))}
< pmax{d(Bx,k), BTmw)), A(BYnw), BYmk))})
—0(max{d(Bxyk), BTmk)), A(BYnk)s BYm))})-

It follows, from the monotonicity of v, that

Y(max{d(Bznk)+1: BTmi)+1)s ABYnk)y+1> BYmi)+1)})
< p(max{d(Bxu), Brmu)); d(BYnk), Bymk))})
—0(max{d(BZnk), BTmk)), A(BYnk)s BYmx))})-

Taking limit supremum on both sides of the above inequality, using (2.9), (2.10)
and the continuity of 1, we obtain

¥ (e) < limgp(wg) — limb(wy) = ¢ () — limp(wy) + Limf (wy) < 0.

It is a contradiction. Therefore, { Bxy, }n>0 and {Byy }n>0 are Cauchy sequences in
B(X). Since B(X) is complete, therefore there exist z, y € X such that

(2.11) lim Bz, = Bx and lim By, = By.
n—oo

n—oo

Now, since Bzp4+1 € T(@n, ypn) and By,t1 € T'(yn, ), therefore by using condition
(2.3) and by the monotonicity of ¥, we get

< @(max{d(Bxy, Bx), d(Byn, By)})
—6(max{d(Bx,, Bz), d(By,, By)}).

On taking n — oo in the above inequality and by using (iig) of 8, ¢, by the continuity
of ¢ and (2.11), we get

$(D(Bz, T(x, y))) =0,
which implies, by (i), that
D(Bz, T(x, y)) =0, similarly D(By, T(y, x)) =0.

It follows that
Bz € T(z, y) and By € T(y, x),

that is, (x, y) is a coupled coincidence point of T and B. Hence C(T, B) is non
empty.

Suppose now that (a) holds. Assume that for some (z, y) € C(T, B),
(2.12) lim B"x =wand lim B"y = v,

n—oo n—oo
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where u, v € X. Since B is continuous at « and v, we have, by (2.12), that u and v
are fixed points of B, that is,

(2.13) Bu =wu and Bv = v.
As T and B are w—compatible, so
(B"z, B™y) € C(T, B), foralln >1,
that is, for all n > 1,
(2.14) B"z € T(B" 'z, B" 'y) and B"y € T(B" 'y, B" 'z).
Now, by using (2.3), (2.14) and by the monotonicity of ¥, we obtain
$(D(B™x, T(u, v)) < G(HT(B"'w, B"y), T(u, v)))

< ), T(u
< p(max{d(B"z, Bu), d(B"y, Bv)})
—0(max{d(B"z, Bu), d(B"y, Bv)}).

On taking limit as n — oo in the above inequality, by using (iig) of 0, ¢, by the
continuity of ¢, (2.12) and (2.13), we get

Y(D(Bu, T(u, v))) =0,
which implies, by (i), that
D(Bu, T(u, v)) =0, similarly D(Bv, T(v, u)) =0.
It follows that
(2.15) Bu € T(u, v) and Bv € T(v, u).
Now, from (2.13) and (2.15), we have
u= Bu €T (u, v) and v = Bv € T'(v, u),

that is, (u, v) is a common coupled fixed point of 7" and B.

Suppose now that (b) holds. Assume that for some (z, y) € C(T, B), B is
T—weakly commuting, that is B?z € T(Bz, By) and B?y € T(By, Br) and B%x =
Bz and B%y = By. Thus Bx = B%r € T(Bz, By) and By = B%y € T(By, Bu),
that is, (Bz, By) is a common coupled fixed point of T and B.

Suppose now that (¢) holds. Assume that for some (z, y) € C(T, B) and for
some u, v € X, lim,,_ o B"u = x and lim,, ,,, B"v = y. Since B is continuous at
2 and y, then x and y are fixed points of B, that is, Bx = x and By = y. As (z,
y) € C(T, B) and so we obtain x = Bx € T(z, y) and y = By € T(y, x), that is,
(z, y) is a common coupled fixed point of T" and B.

Finally, suppose that (d) holds. Let B(C(T, B)) = {(z, z)}. Then {2z} =
{Bz} = T(z, z). Hence (z, ) is a common coupled fixed point of T and B. 0O



446 A. Handa

If we put B = I (the identity mapping) in the Theorem 2.1, we get the following
result:

Corollary 2.1. Let (X, d) be a complete metric space, T : X x X — K(X) be a
mapping for which there exist v € ¥, ¢, 6 € O satisfying (2.1), (2.2) and

Y(H(T(x, y), T(u, v)) < p(max{d(z, u), d(y, v)}) - d(max{d(z, u), d(y, v)}),

forallx, y, u, ve X. Then T has a coupled fixed point.
If we take 1(t) = ¢(t) in Theorem 2.1, we obtain the following corollary.

Corollary 2.2. Let (X, d) be a metric space. Suppose T : X x X — K(X) and
B : X — X are two mappings for which there exist v € ¥, 6 € O satisfying (2.1),
(2.2) and

(2.16) Y(H(T(z, y), T(u, v)))
< ¢(max{d(Bzx, Bu), d(By, Bv)})
—0(max{d(Bz, Bu), d(By, Bv)}),
for all z, y, u, v € X. Furthermore assume that T(X x X) C B(X) and B(X) is a
complete subset of X. Then T and B have a coupled coincidence point. Moreover,

T and B have a common coupled fized point, if one of the conditions (a) — (d) of
Theorem 2.1 holds.

If we put B = I (the identity mapping) in the Corollary 2.3, we get the following
result:

Corollary 2.3. Let (X, d) be a complete metric space and T : X x X — K(X) be
a mapping for which there exist ¢ € U, 6 € © satisfying (2.1), (2.2) and

YH(T(z, y), T(u, v))) < Pp(max{d(z, u), dy, v)})—0(max{d(z, u), d(y, v)}),

forallx, y, u, ve X. Then T has a coupled fixed point.

If we take (t) = ¢(t) =t and 6(t) = (1 — k)t with k < 1 in Theorem 2.1, we
get the following corollary.

Corollary 2.4. Let (X, d) be a metric space. Suppose T : X x X — K(X) and
B: X — X are two mappings satisfying

(217)  H(T(x. y), T(u, v)) < kmax{d(Bz, Bu), d(By, Bv)}),

forallx,y, u, v € X, where k < 1. Furthermore assume that T(X x X) C B(X) and
B(X) is a complete subset of X. Then T and B have a coupled coincidence point.

Moreover, T and B have a common coupled fixed point, if one of the conditions
(a) — (d) of Theorem 2.1 holds.
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If we put B = I (the identity mapping) in the Corollary 2.5, we get the following
result:

Corollary 2.5. Let (X, d) be a complete metric space and T : X x X — K(X) be
a mapping satisfying

P(H(T (2, y), T(u, v))) < kmax{d(z, u), dy, v)},

forall x, y, u, v € X, where k < 1. Then T has a coupled fized point.

If we take T to be a singleton set in Theorem 2.1, then we get the following
result:

Corollary 2.6. Let (X, d) be a metric space. Suppose T : X x X — X and

B : X — X are two mappings for which there exist v € ¥, ¢, 8 € O satisfying
(2.1), (2.2) and

Pd(T(z, y), T(u, v))) < @(max{d(Bz, Bu), d(By, Bv)})
—6(max{d(Bz, Bu), d(By, Bv)}),

for all x, y, u, v € X. Furthermore T(X x X) C B(X) and B(X) is a complete
subset of X. Then T and B have a coupled coincidence point.

Put B = I (the identity mapping) and T' = F' in Corollary 2.7, we get the
following result:

Corollary 2.7. Let (X, d) be a complete metric space. Assume F: X x X — X
is a mapping for which there exist 1 € U, , 0 € © satisfying (2.1), (2.2) and

P(d(F(z, y), Flu, v))) < p(max{d(z, u), d(y, v)}) - 0(max{d(z, u), d(y, v)}),

forallx, y, u, ve X. Then F has a coupled fixed point.

Theorem 2.2. Let (X, d) be a metric space. Suppose T : X x X — CB(X) and
B : X — X are two mappings for which there exist ¥ € U, @, 6 € O satisfying (2.1),
(2.2), (2.3) and (T, B) satisfies (CLRB) property. Then T and B have a coupled
coincidence point. Moreover, T and B have a common coupled fized point, if one
of the conditions (a) — (d) of Theorem 2.1 holds.

Proof. Since (T, B) satisfies (CLRB) property, therefore there exist sequences {x,, }
and {y,} in X, some z, y in X and E, F in CB(X) such that

(2.18) lim Bz, = Bzxe€E= lim T(zn, yn),

n—roo n—roo

lim By, = ByecF = lim T(yn, zn).
n—oo

n—oo
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Now, by using contractive condition (2.3), we have

YH(T (xn, yn), T(x, y))) < p(max{d(Bz,, Bzr), d(Byn, By)})
—0(max{d(Bx,, Bz), d(Byn, By)}).

On taking n — oo in the above inequality and by using the property of ¥, 6, ¢ and
(2.18), we get
YH(E, T(z, y))) < ¢(0) —0(0)=0-0=0,

which, by (#i), implies
H(E, T(z, y)) =0, similarly H(F, T(y, z)) = 0.
Since Bx € E and By € F, therefore
Bz € T(z, y) and By € T(y, z),

that is, (x, y) is a coupled coincidence point of T and B. Hence C(T, B) is non
empty.
Suppose now that (a) holds. Assume that for some (z, y) € C(T, B),

(2.19) lim B"x =wu and lim B"y =,

n—oo n—oo

where u, v € X. Since B is continuous at w and v, we have, by (2.19), that « and v
are fixed points of B, that is,

(2.20) Bu =wu and Bv = v.
As T and B are w—compatible and so
(B"z, B"y) € C(T, B), for alln >1,
that is, for all n > 1,
(2.21) B"rx € T(B" 'z, B"'y) and B"y € T(B" 'y, B" 'x).

Now, by using contractive condition (2.3), (2.21) and by the monotonicity of ¢, we
obtain

H(D(B"x, T(u, v)))

IN A

Y(H(T(B" '@, B"'y), T(u, v)))
p(max{d(B"x, Bu), d(B"y, Bv)})
—6(max{d(B"xz, Bu), d(B"y, Bv)}).

On taking limit as n — oo in the above inequality, by using the property of ¥, 6, ¢
and (2.19), (2.20), we get

W(D(Bu, T(u, v))) < ¢(0) —0(0) =0 — 0 =0,
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which, by (¢i), implies
D(Bu, T(u, v)) =0, similarly D(Bv, T(v, u)) =0,
which implies that
(2.22) Bu € T(u, v) and Bv € T(v, u),
Now, from (2.20) and (2.22), we have
u= Bu €T (u, v) and v = Bv € T'(v, u),

that is, (u, v) is a common coupled fixed point of 7" and B.

Suppose now that (b) holds. Assume that for some (z, y) € C(T, B), B is
T—weakly commuting, that is Bz € T(Bz, By) and B%y € T(By, Bx) and B?z =
Bz and B%y = By. Thus Bx = B%r € T(Bx, By) and By = B?y € T(By, Bz),
that is, (Bz, By) is a common coupled fixed point of T and B.

Suppose now that (c) holds. Assume that for some (z, y) € C(T, B) and for
some u, v € X, lim, o B"u = x and lim,,_,, B"v = y. Since B is continuous at
z and y, then z and y are fixed points of B, that is, Bx = x and By = y. As («,
y) € C(T, B) and so we obtain x = Bx € T(z, y) and y = By € T(y, x), that is,
(z, y) is a common coupled fixed point of 7" and B.

Finally, suppose that (d) holds. Let B(C(T, B)) = {(x, z)}. Then {z} =
{Bz} =T(x, x). Hence (z, x) is a common coupled fixed point of T"and B. [

If we take 1(t) = ¢(t) in Theorem 2.2, we obtain the following corollary.

Corollary 2.8. Let (X, d) be a metric space. Suppose T : X x X — CB(X) and
B : X — X are two mappings for which there exist v € U, 6 € O satisfying (2.1),
(2.2), (2.16) and (T, B) satisfies (CLRB) property. Then T and B have a coupled

coincidence point. Moreover, T and B have a common coupled fized point, if one
of the conditions (a) — (d) of Theorem 2.1 holds.

If we take () = 0(t) =t and p(t) = (1 — k)t with k < 1 in Theorem 2.2, we
get the following corollary.

Corollary 2.9. Let (X, d) be a metric space. Suppose T : X x X — CB(X)
and B : X — X are two mappings satisfying (2.17) and (T, B) satisfies (CLRB)
property. Then T and B have a coupled coincidence point. Moreover, T and B
have a common coupled fized point, if one of the conditions (a) — (d) of Theorem
2.1 holds.

Example 2.1. Suppose that X = [0, 1], furnished with the usual metric d : X x X — [0,
+00). Let T: X x X — K(X) be defined as

x2+y2

T(z, y) = {07 } , forall z, y € X,
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and B : X — X be defined as
Bz = m2, for all x € X.
Define ¢, v, 0 : [0, +00) — [0, +00) as follows

%[t}? if 3 <t <4,

P, if3 <t <4,
%t , otherwise,

0, otherwise.

and 0(t) = {

Then ¢, ¢ and 6 have all the properties mentioned in Theorem 2.1. Now, for all x, y, u,
v € X we have

Y(H(T(x, y), T(u, v)))
= (H(T(z, y), T(u, v)))*
= |T(z, y) — T(u, v)|*

x2+y2_u2—|—v22

3 3
= Gl@t ) - @)
< gl =l |y =)
< é(d(Ba:, Bu) + d(By, Bv))?
< %(max{d(Bx, Bu), d(By, Bv)})®

< p(max{d(Bz, Bu), d(By, Bv)}) — 8(max{d(Bz, Bu), d(By, Bv)}).

Hence, the hybrid pair {7, B} satisfies the contractive condition (2.1), for all z, y, u,
v € X. In addition, all the other conditions of Theorem 2.1 and Theorem 2.2 are satisfied
and z = (0, 0) is a common coupled fixed point of hybrid pair {7, B}.

3. Applications

In this section, we provide an application to our results. Consider the integral
equation

T
(3.1) x(t) = /K(t, s, x(s))ds + h(t), t € [0, T7,
0

where T' > 0. We introduce the following space:
C[0, T] ={u: [0, T] — R : u is continuous on [0, T},
furnished with the metric

d(z, y) = sup |x(t) —y(t)|, for each z, y € C[0, T].
telo, T

It is clear that (C[0, T, d) is a complete metric space.
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Theorem 3.1. We imagine that the following hypotheses hold:
(1) K:[0, T] x [0, T] xR =R and h: [0, T| = R are continuous,
(1) there exists a continuous function G : [0, T| x [0, T] — [0, +00) such that

|K(t7 S, ‘T)iK(L S, y)| SG(ta 3 )

for all s, t € C[0, T] and z, y € R,

1
(#94) Supyeqo, 11 /G(t, s5)%ds < T
Then the integral (3.1) has a solution (u, v) € C[0, T] x C[0, T7.

Proof. We first define ¢, ¢, 6 : [0, +00) — [0, +00) as follows

211, if 3 < t < 4,

1192 s
i 2 5lt]?, if 3 <t <4,
Y(t) =17, »(t) { 312, otherwise,

0, otherwise.

and 0(t) = {

Define F': C[0, T] x C[0, T] — CI0, T] by

Fa, y)t) = [[K(t s, x(s)) + K(L, s, y(s))]ds + h(t),

St~

for all t € [0, T] and =, y € C[0, T]. Now, for all z, y, u, v € C[0, T], due to (i)
and by using Cauchy-Schwarz inequality, we get

[F (2, y)(t) = F(u, 0)(1)|
T

T
/|K(t7 s, z(s)) — K(t, s, u(s))\ds—f—/|K(t7 s, y(s)) — K(t, s, v(s))|ds
0

0
G(t, s)- (x(s) — u(s)| ;)F ly(s) — U(s)|> .

IN

IN
O\H

IN
(=)
\’ﬂ
«Q
w
»
\/
|
—
o\ﬂ
T
i~2
\
:
+
§
|
i
\_7
Q
o
N~

Thus

(3-2) [F'(z, y)(t) = F(u, v)(®)|
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Taking (¢i¢) into account, we estimate the first integral in (3.2) as follows:

2

T
1
(3.3) G(t, s)’ds| < —=.
0/ VT

For the second integral in (3.2) we proceed in the following way:

T , 172
0

Combininig (3.2), (3.3) and (3.4), we conclude that

d(z, u)+d(y, v)
3

[F(z, y)(t) = F(u, 0)(#)] < < ;maX{d(% u), d(y, v)}.

It yields

Y(d(F(z, y), Flu, v))) = (d(F(z, y), Flu, v)))*
|F(a, y)(t) = Flu, v)(®)

g(max{d(x, U), d(y7 U)})2

p(max{d(z, u), d(y, v)})
—O(max{d(z, u), d(y, v)}),

IN

IN

for all z, y, u, v € C[0, T]. Hence, all hypotheses of Corollary 2.8 are satisfied.
Thus, F has a coupled fixed point (u, v) € C[0, T] x C[0, T] which is a solution of
3.1). O
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