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1. INTRODUCTION AND MATHEMATICAL PRELIMINARIES

The present paper is about the existence and stability of coupled fixed point sets
associated with certain multivalued mappings defined on complete metric spaces. The
idea of a coupled fixed point was introduced by Guo et al. [19] and received much
attention after the appearance of the work of Bhaskar et al. [18]. Following the
work of Neito et al. [28], Bhaskar et al. [18] studied the existence of coupled fixed
points of mappings with mized monotone property in a metric space endowed with a
partial order. While an early result on fixed points in partially ordered metric spaces
appeared in the work of Turinici [40], progress in this direction took place following
the works of Ran et al. [34] and Neito et al. [28]. For some recent works from this area
see [7, 14, 20, 27]. The main idea in this approach is that for the existence of fixed
points the various types of contractive inequality conditions need only be satisfied by
the elements of the metric space related through the partial order.
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For some recent works that extended the study of coupled fixed points and the
related properties of different types of mappings in various types of spaces, see [8, 9,
10, 15, 36]. The notion of coupled fixed point was extended to multivalued mappings
in [41] and was followed up in [23, 29, 32, 33, 37]. In particular, Petrusel et al. studied
the coupled fixed point problems for multi valued mappings in b-metric spaces (see
[30, 31] with applications to systems of integral inclusions.

On the other hand, Samet et al. [38] showed that the above purpose of introducing
the partial order can be also served by a set of conditions called admissibility condi-
tions. These conditions, rather than introducing a new structure like partial order in
metric spaces, are requirements on the operator under consideration. For some recent
contributions in this direction [1, 11, 13, 16, 21, 22].

Several different types of contractive mappings are considered in fixed point theory.
Contraction mappings defined implicitly through a function of several variables are
used in [2, 3, 4, 39]. While the motivation for this approach may be to generalize and
combine several existing results, it also makes it possible to apply this type of results
to a wider class of problems.

Convergence of fixed point sets of a sequence of mappings, known as the stability
of fixed points, has also been widely studied in various settings [5, 6, 24, 25, 26].
The fized point sets of a sequence of mappings are said to be stable if they converge
to the set of fixed point of the limit mapping in the Hausdorff metric. The study
of fixed point sets of multivalued mappings is more involved than their singlevalued
counterparts [24, 25, 26] and is of interest.

Motivated by the different approaches mentioned above, and with an intent to
develop suitable results that may be of use in the study of Set Differential Equations
(see [17]), in this paper we establish a fixed point result for coupled multivalued
mappings on complete metric spaces. Further, we perform the stability analysis of
the fixed point sets corresponding to a convergent sequence of coupled multivalued
mappings. We begin with the following definition.

Definition 1.1. Let X be a nonempty set and T : XxX — X. A point (x,y) € XxX
is said to be a coupled fized point of T if x = T'(z,y) and y = T(y, x).

In the following we discuss some concepts and definitions that are used in the
paper.

Let (X, d) be a metric space. Then X x X is also a metric space under the metric p
defined by p((z,y), (u,v)) = max {d(z,u), d(y,v)} for all (z,y) and (u,v) € X x X.

Let N(X) denote the collection of all nonempty subsets of X, CB(X) denote the
collection of all nonempty closed and bounded subsets of X, and C(X) denote the
collection of all compact subsets of X. We use following notations and definitions:

D(z,B) = inf {d(x,y) : y € B}, where z € X and B € CB(X),
D(A, B) = inf {d(a,b) : a € A, b € B}, where A, B € CB(X),

H(A, B) = max {sup D(z,B), sup D(y,A)}, where A,B € CB(X).
z€A yeB
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H is known as the Hausdorff metric on CB(X) [26]. Further, if (X, d) is complete
then (CB(X), H) is also complete and so is (X x X,p). Let H, be the Hausdorff
metric induced by p.

Lemma 1.1 ([12]). Let B € C(X). Then for every © € X there exists y € B such
that d(z,y) = D(z, B).

Definition 1.2. Let T : X x X — N(X) be a multivalued mapping. A point
(z,y) € X x X is said to be a coupled fixed point of T if x € T'(z,y) and y € T(y, ).

We denote the set of coupled fixed points of the mapping T by F(T).

Let {T),: X x X — CB(X)} be a sequence of multivalued mappings that converges
to a mapping T: X x X — CB(X), that is, T = li_>m T,. That is,

M, = sup H(T,(z,y),T(z,y)) — 0 as n — oo.
(z,y)eX XX
Analogous to the notion of stability of fixed points in [24, 25, 26], we propose the
following definition of stability of coupled fixed point sets.

Definition 1.3. Suppose that {F(T,)} is the sequence of coupled fixed point sets of
the sequence of mappings {7T,,} and F(T) is the coupled fixed point set of T'. We say
that the coupled fixed point sets of {T},} are stable if

lim H,(F(T,), F(T))=0.

As mentioned in the introduction, various admissibility criteria were introduced in
the study of fixed points of mappings. In particular, we refer the reader to [1] and
[38].

For our study, we introduce the cyclic («, 8)- admissibility for singlevalued and
multivalued coupled mappings.

Definition 1.4. Let T: X x X - X and o, 8: X — [0, 00). We say that T is a
cyclic (a, B)- admissible mapping if for (z,y) € X x X,

() a(z) > Land B(y) > 1 = B(T(x.)) > 1.

(ii) B(z) > 1 and a(y) > 1 = a(T(z,y)) > 1.

Definition 1.5. Let T : X x X — N(X) be a multivalued mapping and o, 8 : X —
[0, o0). We say that T is a cyclic (a, 8)- admissible mapping if for (z,y) € X x X,
(i) a(z) > 1 and B(y) > 1 = B(u) > 1 for all u € T(x,y),
(ii) B(z) > 1 and a(y) > 1 = a(v) > 1 for all v € T(x,y).

Example 1.1. Let X = [0, 1] be equipped with usual metric, denoted as d. Let
T:X x X — C(X) be defined as T(z, y) = [0, ZE]. Let o, B : X — [0, 00) be
defined as

e?, if 0<z<i chelif 0<a<i
= ’ =" =2 = 2 =t >3
o(z) { 0, otherwise and 5(z) { 0, otherwise.

Suppose that (z,y) € X x X and a(x) > 1 and B(y) > 1. Then z, y € [0, %] and
].

)
T(z,y) = [0, L] C [0, &] C [0, &]. It follows that B(u) > 1 for all u € T'(z,y).
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Similarly, if (z,y) € X x X and B(z) > 1 and «a(y) > 1, it can be shown that
a(v) > 1 for all v € T(z,y). Therefore, T is a cyclic (a, 3)- admissible mapping.

Definition 1.6. We say that the metric space (X, d) has regular property with respect
to a mapping o : X — [0,00) if for every sequence {z,} converging to x € X,
a(zy) > 1 for all n = a(z) > 1.

Remark 1.1. For the metric space X and the mappings «, 8 as in Example 1.1, it
can be easily verified that X is regular with respect to o and 5. In fact, a(z) > 1
and B(z) > 1 for every z € [0, 1].
Next we describe two classes of functions in the following.
Let ® denote the collection of all functions ¢ : [0,00) — [0, 00) such that

(P1): ¢ is nondecreasing;

(Py): S°_, ¢™(t) < oo for t > 0 and ¢(0) = 0.

Let T denote the collection of all functions G : [0,00)” — R such that
(P1): G is continuous;
(P2): G is nondecreasing in first coordinate and nonincreasing in sixth and seventh
coordinates;
(Ps): there exists a function ¢ € ® (defined above) such that
G(u, v, w, v, w, 0, 0) <0 = u < ¢(max {v, w}).

Thus I' is a collection of functions which is defined corresponding to a definite
choice of ¢ from the class ®.

2. EXISTENCE OF COUPLED FIXED POINTS
Let (X, d) be a complete metric space and «, 8: X — [0, o). Denote

Az, y,u,v) = a(x)B(y)Bu)alv) or fz)a(y)e(u)B(v).

We assume the following for the rest of the paper:

(A1) X has regular property with respect to « and 3;

(A2) There exists (zg, yo) € X x X such that a(xo) > 1 and B(yo) > 1.

We establish the existence of coupled fixed points for mappings defined on the
product space X x X under certain admissibility conditions.

Theorem 2.1. Let T : X x X — C(X) be a multivalued, cyclic («,8)- admissible
mapping. Suppose there exist ¢ € ® and G € ' corresponding to the function ¢ such
that for (z,y), (u,v) € X x X with A(z,y,u,v) > 1,

G(H(T(w7y)7T(u7v))7 d(x,u), dy,v), D(x,T(z,y)), Dy, T(y,z)),
D(u.T(x,y)). D(v,T(y,2))) <0.
Then T has a coupled fized point.

Before proceeding to the proof of Theorem 2.1, we present a few special cases
illustrating the applicability of the theorem.
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Remark 2.1. In Theorem 2.1, taking a(z) = f(x) = 1 for all z € X, with ¢(¢) = kt,
where 0 < k < 1, and choosing

(1) G(t1,t2,t3,t4,t5,t6,t7) = tl — k max {tz,tg} 5

(11) G(tl, tQ, t3, t4, t5, tﬁ, t7) = tl — k max {t4, t5},

(111) G(t1, tg, t3, t4, t5, t6, t7) =1t — k max {tz, t3, t4, t5, tﬁ, t7},

respectively, we have the following corollaries.

Corollary 2.1. Let T : X x X — C(X). If there exists k € [0, 1) for which
H(T(x,y),T(u,v)) <k maz {d(z,u), d(y,v)}, for (z,y), (u,v) € X x X|

then T has a coupled fixed point.

Corollary 2.2. Let T : X x X — C(X). If there exists k € [0, 1) for which

H(T(z,y),T(u,v)) < k maz{D(x,T(x,y)), Dy, T(y,2))}, for (z,y), (u,v) € XXX,

then T has a coupled fixed point.

Corollary 2.3. Let T : X x X — C(X). Suppose there exists k € [0, 1) such that

H(T(z,y), T(u,v)) <k maz {d(maU% d(y,v), D(z,T(x,y)), D(y,T(y,x))

D(u, T(z,)), D, T(y,))}.
Then T has a coupled fized point.

Further, we present the following illustrative example that verifies the requirements
of Theorem 2.1.

Example 2.1. Using the metric space X, mappings «, 8 and the mapping T as in
Example 1.1, we see that X = [0, 1] is regular with respect to o and 8 (see Remark
1.1). Also, we know that T is a cyclic (a, 8)- admissible mapping. Now, let ¢(t) = %
and define G : [0, o0)” — R as

1
G(tl,tg,tg,t4,t5,t6,t7) = tl — 5 max {tg,t3,t4,t5} — (6t6t7 — 1)

Clearly, ¢ € ® and G € I'. Let (z, y), (u,v) € X x X such that A(z,y,u,v) > 1.
Now, A(x,y,u,v) > 1 implies that z,y,u,v € [0, 5]. So, we now check the validity

1
2
of the inequality in Theorem 2.1 for z,y,u,v € [0, 1]. Let z,y,u,v € [0, ]. Now,

_lzty-u—v] _Jroul |y
16 =16 16

<

H(T(x,y), T(u,v))

max{|x—ul, |y—v|}

co| —

Then it follows that
H(T(2,y), T(u,0)) - 5 max {d(z, ), d(y,v), Dl T(,)), Dy, T(y,))}

[P T @)D Twa) _q] < g,
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That is,
G(H(T(z,y). T(w,0), d(z.v), d(y.v), Dia,T(x.y)). Dly.T(y.2)),
D(u, T(x,y)). D(v,T(y.x))) <0,

is satisfied for all (z, y), (u,v) € X x X with A(z,y,u,v) > 1. Hence all the conditions
of Theorem 2.1 are satisfied and (0, 0) is a coupled fixed point of T'.

We now present the proof of Theorem 2.1.

Proof of Theorem 2.1. Let (zo, o) € X x X such that a(zp) > 1 and
B(yo) > 1. Since T(zo, yo), T(yo, z0) € C(X), by Lemma 1.1, there exist
x1 € T(zo, yo) and y1 € T(yo, xo) such that d(zg, z1) = D(xo, T(zo, Yo)) and
d(yo, v1) = D(yo, T(yo, ®o)). Since T is a cyclic («,)- admissible mapping,
a(zg) > 1 and B(yo) > 1, implies B(xz1) > 1 and a(y;) > 1. Similarly, as
T(x1, y1), T(y1, x1) € C(X), there exist a2 € T(x1, y1) and y2 € T(y1, 1) such
that d(z1, x2) = D(z1, T(z1, v1)) and d(y1, y2) = D(y1, T(y1, z1)). Further,
B(x1) > 1 and a(yy) > 1, implies a(x2) > 1 and B(y2) > 1.

Proceeding in this manner, we obtain two sequences {z,} and {y,} in X such that
for all n > 0,

Tne1 € T(xn, yn) and ypi1 € T(Yn, Tn), (2.1)

a(xan) > 1, B(xont1) > 1, B(y2n) > 1 and a(yont1) > 1, (2.2)

d(@n, Tni1) = D(@n, T(n, yn)) and d(yn, yni1) = Dyn, T(Yn, wn)).  (2.3)
Let r, = max {d(Zn, Tnt1), d(Yn, Ynt+1)}, foralln > 0. (2.4)

As A(Z2n, Yons Tant1, Yont+1) = (T2n)B(Y2n) B(T2n+1)a(Y2nt1) > 1, using the as-
sumption of the theorem, (2.1), (2.2), (2.3) and property (P;) of G, we have

G(H(T(Mm Yon ) T (Ton+1, Y2nt1)), A(T2n, Tong1), A(Y2n, Y2nt1), D(@2n, T(Zon, Yon)),
D(Yon, T (Y2n, T2n))s D(@on+1, T (T2n, Y2n)), D(y2n+17T(y2nax2n>)> <0.
G(D($2n+1,T(172n+17y2n+1)), d(z2n, Tant+1)s A(Yon, Yon+1), Ad(Ton, Tant1),

d(Yan, Yan+1), A(Tont1, Tant1), d(y2n+17y2n+1)) <0.
Thus,

G(d($2n+l7 Tont2), A(Tan, Tan+1), d(Y2ns Y2n+1),

d(xZnam2n+1)»d(y2nay2n+1)a070) <0. (25)

Now, taking u = d(x2p+1, Tant2), v = d(Tan, Tont1) and w = d(Y2n, Y2n+1) and using
property (Ps) of G, we have

d(T2n+1, Tant2) < d(max {d(z2n, Tont1), d(Y2n,Yont1)}) = O(ron). (2.6)
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Again, A(22n+1,Y2n+1, Tant2, Yont2) = B(@2ns1)a(yent1)(@2n12)B(Yont2) = 1.
And, arguing as above, we have

G(H(T($2n+17 Yont1), T(T2n+2, Yon+2)), d(T2n11, Tant2)s d(Y2n+1, Yant2),
D(@ont1, T(2n+1, Y2n+1))s D(Yan+1, T(Y2n41, Tant1)),
D(zant2, T(@2n+1, Y2n+1))s D(Y2nt2, T(Y2n+1, $2n+1))) <0
= G(D(x2n+27 T(22n+2, Y2n+2))s d(@2nt1, Tant2), d(Yont1, Yont2),
d(172n+17 $2n+2), d(y2n+1, y2n+2), d($2n+2, 172n+2)7 d(y2n+2, y2n+2)) <0
= G(d(l‘2n+27x2n+3)a d(Tan+1, Tant2), Ad(Y2n+1,Y2nt2)s Ad(Tont1, Tant2),

A(y2ni1,y2ns2), 0, 0) 0. (27)

Taking v = d(r2n12, Tant3), v = d(Zant1,T2n+2) and w = d(Y2n41,Y2n+2) and using
the property (Ps) of G, we have

d(T2n+2, Tants) < p(max {d(T2n+1, Tant2), d(Y2n+1,Y2nt2)}) = d(r2ns1).  (2.8)
Combining (2.6), (2.8), we have
d(mn+1a xn+2> S qb(maX {d(l’n, xn+1)7 d(yn7 yn+1)}) = ¢(Tn) (29>

Now, A(Y2n, Tan, Yon+1, Tan+1) = B(Y2n)a(T2n)a(y2n+1)B(T2n+1) > 1. As before, we
have

G(H(T(Zﬂnv$2n)aT(y2n+1a$2n+1))a d(Y2n; Y2n+1), d(Tan, Tani1),
D(y2n, T (Y2n, ¥2n)), D(@2n, T (22n; Y2n)),
D(yzns1, T(zns 20)); D(wzns1, T(@2n,y20))) <0
= G<D(y2n+17T(y2n+1’332n+1))7 d(Y2n; Y2n+1), d(@2n, T2nt1), d(Y2n, Y2nt1),
d(T2n, T2n11)s d(Y2nt1,Y2nt1), d($2n+1,$2n+1)) <0.
= G(d(y2n+la Yon+2), A(Y2n, Yont1),

d(.l?gn, x2n+1)7 d(y2n> y2n+1)7 d(x2n7 $2n+1)’ Oa 07 ) < 0. (210)

Taking v = d(y2nt1,Y2n+2), v = d(Yon,Y2nt1) and w = d(22pn, T2,41) and using
property (Ps) of G, we have

d(Y2n+1,Yon+2) < d(max {d(yan, Yon+1)s d(Zon, Tont1)}) = &(r2n)- (2.11)
Again,

A(Y2n+1, Toant1, Y2n+2, Tont2) = &(Yont1)B(T2n+1)B(Yont2)(Tont2) > 1.
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Also, we have
G(H(T(y2n+17 Ton+1)s T(Yan+2, Tany2)), d(Yont1, Yoni2), d(@2n41, Tani2),
D(yant1, T(Y2n+1, T2n+41))s D(@2n+1, T(T2n+1, Y2nt1))
D(yan+2, T(y2n+1, T2n+1)), D(@2nt2, T(z2n41, y2n+1))) <0.
= G(D(y2n+2’ T(yant2s Tan+2)): d(Y2n+1, Yon+2), d(Tant1, Tant2),
d(Yan+1, Yont2), d(T2nt1, Tant2); A(Y2nt2, Yont2), d(T2ni2, 372n+2>) <0.
= G<d(y2n+2ay2n+3)a d(Y2n+1,Y2n+2), d(T2nt1, T2nt2), d(Y2nt1,Y2nr2),
d(zoni1, T2nsa), O, 0) <o0. (2.12)

Taking v = d(yan+2, Yon+3), v = d(Yon+1,Y2nt2) and w = d(x2,11, Tont2) and using
the property (Ps) of G, we have

d(Y2n+2; Y2n+3) < d(max {d(Yznt1, Y2nt2), d(@2n+1, Tant2)}) = d(rans1).  (2.13)
Combining (2.11) and (2.13), we have
d(Yn+1, Yn+2) < d(max {d(Yn, Ynt1), d(@n, Tny1)}) = o(rn). (2.14)
Combining (2.9) and (2.14), we obtain
a1 = max {d(Tni1, Tni2), dYni1, Yni2)} < O(rn). (2.15)
By repeated application of (2.15) and using a property of ¢, we have
a1 < 0(rn) < ¢ (rao1) < ¢°(ra—2) < ... < 6" (o). (2.16)

Now we prove that {x,} and {y,} are Cauchy sequences in X. With the help of
(2.15) and the property (P3) of ¢, we have

D d(wn, Ta1) Y ra <Y 4" (rg) < 00
n=1 n=1 n=1

and

Z A(Yns Ynt1) < ZT” < Z " (ro) < oo,
n=1 n=1 n=1

which imply that both {z,} and {y,} are Cauchy sequences in X. Since (X,d) is
complete, there exist z, y € X such that

lim z, =2 and lim y, =y. (2.17)
n— o0 n— o0

Using (2.2) and the assumption (Al), we have
o(@) 21, B#) 21, aly)=1 and By > 1. (2.18)
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Using the

By (2.2), (2.18), we have A(z2n, Yon, 2, y) = a(22,)B(Yon)B(x)a(y) > 1.
of G, we have

assumption of the theorem, (2.1), (2.2), (2.3) and the property (P)
G(H(T(:EQm Yan), T(x, v)), d(x2n, x), d(Y2n, y), D(z2n, T(T2n, Yon)),
D(yan, T(ons #20)) D, Twan, yan)s Dy, T(yan, 720))) <0
= G(D(wans1, T(z, 1), dlwan, @), dlan, ), dwan, T2ni1),

d(ana y2n+l)a d(l’, an—O—l)a d(ya y2n+1)> S 0 (219)

Taking limit as n — oo in (2.19), using (2.17) and the continuity of G, we have
G(D(x, T(z, y)), 0, 0, 0, 0, 0, 0) <0. (2.20)

Taking v = D(x, T(x, y)), v =0 and w = 0 and using the property (Ps) of G, we
have

D(z, T(z, y)) < d(max {0, 0}) =0. (2.21)
Again from (2.2) and (2.18), we have

A(yon, Ton, Y, ) = B(yan)a(z2n)a(y)flz) > 1.

Using the assumption of the theorem, (2.1), (2.2), (2.3) and the property (P2) of G,
we have

G(H(T(yQ’IH Z‘Qn), T(ya Jf)), d(y2na y)7 d(x2na Jf), D(y2n7 T(yQ’ru xQn))a
D(-rQny T(x?m y2n))> D(y, T(ana x2n))7 D(xu T(372n7 y2n))) <0
= G(D(yzns1, T, @), dy2ns 9)s dw2n, @), Ao, Yonin),

d(x%u x2n+1)a d(ya y2n+1)a d(l‘, l'2n+1)> < 0. (222)

Taking limit as n — oo in (2.22), using (2.17) and the continuity of G, we have
G(D(y, T(y, )), 0, 0, 0, 0, 0, 0) <. (2.23)
Taking v = D(y, T(y,x)), v =0 and w = 0 and using the property (Ps) of G, we
have
D(y, T(y, x)) < ¢(max {0, 0}) = 0. (2.24)
We have from (2.21) and (2.24) that D(z, T'(z, y)) = 0 and D(y, T(y, z)) = 0,
which imply that € T(z, y) = T(z, y) and y € T(y, ) = T(y, x), where T(x, y)

and T(y, =) denote the closures of T(x, y) and T(y, x) respectively. Therefore,
(z, y) is a coupled fixed point of T

The following theorem is a special case of Theorem 2.1, obtained by treating T :
X x X — X as a multivalued mapping. That is, T'(z, y) is treated as a singleton set
for every (z,y) € X x X.
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Theorem 2.2. Let T : X x X — X be a cyclic (a, B)- admissible mapping. Suppose
that there exist ¢ € ® and G € T' corresponding to the function ¢ such that for
(x, v), (u, v) € X x X with A(z,y,u,v) > 1,

G<d(T(way)7T(u7 v)), d(x,u), d(y,v), d(z,T(z,y)), d(y,T(y,z)),

d(u, T(x,y)), d(v,T(y,x))) <0.
Then T has a coupled fixed point.

Proof. Since a singleton set in X is compact, we define a multivalued mapping S :
X xX —=CX)as S(x,y) ={T(x,y)} for (z,y) € X x X.

Let (z, y) € X x X such that a(z) > 1 and S(y) > 1. Then by cyclic
(o, 8) - admissibility of T, we have B(T(x, y)) > 1, thatis, [(u) >
1, where u € S(z, y) = {T(z, y)}. Similarly, if (z, y) € X x X such that
B(z) > 1 and a(y) > 1, then by cyclic (a,) - admissibility of T, we have
a(T(x, y)) > 1, that is, a(v) >1, where v € S(z, y) = {T(x, y)}. Therefore, S is
a cyclic (a, B)- admissible mapping.

Let (z,y), (u,v) € X x X with A(z,y,u,v) > 1. Then
G (d(T (), T(w,v)), d(w,u), d(y,v), dz,T(z,y)), d(y,T(y,7)),
A, T(w,)), d(v,T(y,))) <0.
— G(H(S(@,y),5(w,v), d(w,u), d(y,v), D(w, S(z,y)), Dly, S(y,)),

D(u, S(x,y)), D(v,S(y,x))) <0.

That is, S satisfies the assumptions of Theorem 2.1. So, all the conditions of Theorem
2.1 are satisfied and then there exists (z,y) € X x X such that x € S(z,y) = {T(x,y)}
and y € S(y,z) = {T'(y, =)}, that is, x = T'(z,y) and y = T(y,x). Hence (z,y) is a
coupled fixed point of T.

3. STABILITY OF COUPLED FIXED POINT SETS

In this section, we investigate the stability of coupled fixed point sets of the set-
valued contractions. We begin with the following Lemma.

Lemma 3.1. Let (X,d) be a metric space and a, §: X — [0, 00). Suppose that
X is reqular with respect to a, 8. Let {T,, : X x X — C(X) : n € N} be a sequence
of multivalued, cyclic (c, B)— admissible mappings that are uniformly convergent to
a multivalued mapping T : X x X — C(X). Further, let each T,, (n € N), satisfy
the hypothesis of Theorem 2.1. Then T is cyclic (o, 8)— admissible and satisfies the
hypothesis of Theorem 2.1.

Proof. First we prove that T is cyclic («, ()- admissible. Let a(x) > 1 and S(y) > 1
for some (z,y) € X x X and u € T(x,y). Since T,, — T uniformly, there exist a
sequence {z,} in {T,(z, y)} such that z, — v as n — oco. As each T,, (n € N)
is cyclic (o, 8) - admissible, we have S(x,) > 1 for every n € N. Then by regular



COUPLED FIXED POINT SETS FOR MULTI-VALUED MAPPINGS 581

property of the space with respect to 3, it follows that S(u) > 1. Again, let S(z) > 1
and a(y) > 1 for some (z, y) € X x X and v € T(z, y). Since T,, — T uniformly,
there exist a sequence {y,} in {T,(z, y)} such that y, — v as n — oo. As each
T, (n € N) is cyclic (o, B)- admissible, we have a(y,) > 1 for every n € N. Then by
regular property of the space with respect to «, it follows that a(v) > 1. Hence T is
cyclic (e, )-admissible.

Let (z,y), (u,v) € X x X with A(z,y,u,v) > 1. Now,

G(H(Tn(w,y),Tn(UW)), d(z,u), d(y,v), D(z,Tn(z,y)), D(y,Ta(y, ),

D(u. T(a,)), Dv.T(y,))) <0.

Since G is continuous and T,, converges to 17" uniformly, taking limit as n — oo in the
above inequality, we have

G(H(T (@) T(w,v)), d(z,u), d(y,v), D(e,T(,9)), Dy, T(y,2)),
D(u, T(,y)), D(v,T(y,x))) <0.
So T satisfies the hypothesis of Theorem 2.1.

Theorem 3.1. Let (X,d) be a complete metric space, T} : X x X — C(X), (I €
{1, 2}) be two multivalued mappings and o, B : X — [0, 00). Suppose that the
assumptions of Theorem 2.1 are satisfied by each T;, (I € {1, 2}). Then F(T}) # 0
for every l € {1, 2}. Also suppose there exist (zo,yo) € F(T1) and (so,t9) € F(T2)
such that a(xg) > 1, B(yo) > 1 and a(sg) > 1, B(te) > 1. Then

HP(F(T1)7F(T2)> < G(M)7
where O(t) = 3-7°, ¢"(t) and M = sup, e xxx {H(T1(2,y), To(z,y))}-

Proof. By Theorem 2.1, the set of coupled fixed points of 7}, (I = 1, 2) are
nonempty, that is, F(T;) # 0, for [ = 1, 2. By the condition of the theorem, sup-
pose (xo,y0) € F(T1) with a(zg) > 1 and B(yo) > 1. So zg € Ti(x0,y0) and yo €
T1(yo, o). By Lemma 1.1, there exist x1 € Ta(xg,y0) and y; € T2(yo, o) such
that d(l‘o,l‘l) = D(Io,TQ(on,yo)) and d(yo,yl) = D(yO,TQ(yo,Io)). Since T2 is
a cyclic («,f)- admissible mapping, we have S(z1) > 1 and a(y;) > 1. By
Lemma 1.1, there exists x5 € Ta(z1,y1) and yo € To(y1,x1) such that d(xy,z) =
D(z1,To(x1,91)) and d(y1,y2) = D(y1,T2(y1,21)). Inductively, arguing as in the
proof of Theorem 2.1, we construct two sequences {z,} and {y,} in X such that for
all n.> 0,

Tpy1 € To(Tn,yn) and yYny1 € To(Yn, Tn),
a(z2n) > 1, B(T2041) > 1, B(y2n) = 1 and ay2n41) > 1,
A(Tns Tp+1) = D(@n, To(Tn, yn)) and d(Yn, Yn+1) = D(Yn, T2(Yn, T0))-
Also,
d(Tpy1, Tnge) < d(max {d(zn, Tnt1), d(Yn,Ynt1)}) = ¢(rn)
and
A(Ynt1:Yn+2) < p(max {d(Tn, Tnt1), d(Yn,Ynt1)}) = ¢(rn),
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where 1, = max {d(2n, Znt1), dYn, Ynt1)}-
Arguing as in the proof of Theorem 2.1, we can prove that:
(i) (2.16) is satisfied;
(ii) {x,} and {y,} are Cauchy sequences in X and so there exist u, v € X such
that lim,, oo ,, = w and lim,,_, o Yy, = v;
(iii) (u,v) is a coupled fixed point of Ts, that is, u € Ty (u,v) and v € T (v, u).
From the definition of M and the construction of the sequences {z,} and {y,}, we
have
d(xo,21) = D(z0,T2(z0,90)) < H(T1(20,y0), T2(20,%0)) < M (3.1)
and
d(yo, y1) = D(yo, T2(yo, x0)) < H(T1 (o, x0), T2(yo, o)) < M. (3.2)

Using (2.16), (3.1), (3.2) and the properties of ¢, we have

d(wo, w) <Y d(wi, win1) + d(@nsr, u) <Y ¢ (ro) + d(wnsr, )

1=0 i=0

= ZW(maX {d(zo0, =1), d(yo, y1)}) + d(Tny1, ©)

n

=0
Z (max {M, M})+d(zns1, u) <Y ¢"(M) + d(zni, u).
=0

Taking limit as n — oo in the above inequality, we have
d(xo, u) < Zqﬁl M). (3.3)
Again, using (2.16), (3.1), (3.2) and the properties of ¢, we have

d(yo, v) <D d(yi, yir1) +d(Yns1, v) <D 6 (ro) + d(ynt1, v)

1=0 1=0

= ¢'(max {d(yo, 11), d(xo, 71)}) + d(Yn41, V)
1=0

<Z¢’ (max {M, M})+d(yns1, v <Z¢Z ) + d(Ynt1, V).
1=0

Taking limit as n — oo in the above inequality, we have

d(yo, v) < Z¢ M). (3.4)

Combining (3.3) and (3.4), we have
max {d(zg, u), d(yo, v)} < O(M), thatis, p((zo, yo), (u, v)) < O(M).

We have that for (xg,y0) € F(T1) there exists (u,v) € F(Tz) such that
p((xo,90), (u,v)) < O(M). Similarly, we can show that for (sg,tg) € F(T3)
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there exists (p,q) € F(T1) such that p((so,%o), (p,q)) < O(M). Then it follows that
H,(F(Th), F(13))) < ©(M).

Theorem 3.2. Let (X,d) be a complete metric space and o, f: X — [0, 00). Let
{T, : XxX = C(X): n€ N} be a sequence of multivalued mappings uniformly con-
vergent to a multivalued mapping T : X x X — C(X). Suppose that the assumptions
of Theorem 2.1 are satisfied by each T,, (n € N). Then, F(T},) # 0 for every n € N
and F(T) # 0. Also suppose there exist (xn,yn) € F(T,) (n € N) and (u,v) € F(T)
such that a(x,) > 1, B(yn) > 1 for alln € N and a(u) > 1, B(v) > 1, and ©(t) - 0
ast — 0, where O(t) = >_>° | ¢"(t). Then the sets of coupled fized points of T, are
stable.

Proof. By Lemma 3.1 and Theorem 2.1, F(T,,) # 0, for all n € N and F(T) # 0. Let

M, = sup H(Tn(x,y),T(x,y)).
(z,y) XXX

By Theorem 3.1, we have

Since T,, converges to T uniformly, we have
M, = sup(, yexxx H(Tn(z,y), T(7,y)) — 0 as n — oo. Taking limit as n — oo in
(3.5) and using the assumption on ©, we have

lim H,(F(T,),F(T)) <0,

n—oo
which implies that lim, . H,(F(T,), F(T)) = 0, that is, coupled fixed point sets of
the sequence {T,} are stable.

Example 3.1. Take the metric space (X,d) and the mappings «, 8, G and ¢ as
considered in Example 2.1. Let T,,, T : X x X — C(X) be defined as
64n 2

T (o, y) [HW/ 1}

and T(z,y) = [0, 1] for (z,y) € X x X. Now

|2ty —u—v
H Tn 9 ) Tn ) = i
(T, ), Tl 0)) .
for (z,y), (u,v) € X x X. Then as explained in Example 2.1, we can show that the
assumptions of Theorem 2.1 are satisfied by each T,, (n € N). Here

and
64n

1
Pt = { @) e < V< 5]
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where n € N. Also a(z) > 1 and S(y) > 1 for any (=, y) belonging to F(T,) (n € N)
and F(T). Here ©(t) — 0 as ¢ — 0, where

o0

() = 3 4() i (3) -

=1

We see all the conditions of Theorem 3.2 are satisfied. Here
lim H,(F(T,),F(T)) =0,
n—oo
that is, coupled fixed point sets of the sequence {T,,} are stable.

Remark 3.1. There is a similarity in the ideas regarding the concepts of data de-
pendence of the fixed point sets of multi-valued weakly Picard operators discussed in
[35] and the stability of multivalued coupled mappings and associated fixed point sets
discussed in our work. In fact, the difference is in the construction of the sequences
{z,} and {y,} in the proof of Theorem 3.1 which applies to coupled mappings, while
in the case of the function considered in [35], a single sequence is constructed in a
different manner.
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