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Existence and stability results for fixed points of multivalued
F' contractions and application to Volterra type non
homogeneous integral equation of second kind
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ABSTRACT. In this paper we introduce multivalued modified F-contraction on a metric space.
This is a multivalued mapping obtained by incorporating the idea of the recently introduced
F-contraction which has attracted much attention in contemporary research. We explore the
fixed point problem associated with the above contractive mapping. We also investigate the
data dependence and stability properties of the fixed point sets associated with these multival-
ued contractions. We discuss an illustration of the main result and present an application of
the single valued version of the main theorem to a problem of an integral equation of Volterra
type. The domain of the study is fixed point theory and set valued analysis.
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1. Mathematical background and preliminaries

Our consideration in this paper is a study related to fixed points of some multivalued
operators on metric spaces. We use rational terms in our inequality. The use of
rational terms in contraction inequalities in the domain of metric fixed point theory
was initiated by Dass et al. in their work [18] in which they extended the Banach’s
contraction principle [7] by using a contractive rational inequality. After that the
rational inequalities have been used in fixed point and related problems in several
works as for instances in [0, 10, 11, 28].

Fixed points of multivalued mappings have been treated extensively in its various
aspects. An early reference in this direction is due to Nadler [31] in which the Ba-
nach contraction principle [7] is extended to the domain of setvalued analysis. Some
references of fixed point results of multivalued mappings are noted in [2, 8, 36].

In the present paper we consider a multivalued mapping on a complete metric
space. The multivalued mapping is assumed to satisfy a contraction inequality where
there are rational terms on pairs of points which are connected by a specific way. We
show that the fixed point set of this mapping is nonempty. As special cases of the
fixed point result we obtain several corollaries which are infact multivalued extension
of certain results in metric fixed point theory of ordinary functions. We consider the
problem of data-dependence and stability associated with the fixed point sets of these
mappings.
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Our result is for a - dominated mappings. These concepts are defined here and
are conceptual extension of the admissibility condition. Various types of admissibility
conditions have been used in fixed point theory in works like [17, 20, 26].

Recently, Wardowski [37] introduced a new family of mappings so called F or
§ family. Using the mapping from this family, he introduced a new contraction
condition namely F- contraction. Many researchers have generalized his concept, see
for example [3, 4, 5, 19]. This F— contraction nicely generalizes famous contraction
conditions.

In this paper, we combine the ideas mentioned above to introduce some new con-
traction conditions for multivalued mappings and corresponding fixed point theorem.
We also show that many new results in different settings can be obtained from our
result. We also discuss Data dependence and stability of fixed point sets of affrosaid
contractive mapping.

It may be mentioned here that the problem of data dependence and stability have
been discussed in works like [33, 34] and [9, 16, 29, 30] respectively in recent times.
We use the data dependence to deduce stability result for our mappings. None often
than not, such problems are discussed for multivalued mappings. This is due to
the fact that the fixed point sets of setvalued mappings are generally wider than
their singlevalued counterparts and also have more complicated structures. Several
research papers on data dependence have been published in recent literatures of which
we mention a few in references [12, 13].

Let Ty, To : X — N(X) be two multivalued mappings, where (X, d) is a metric
space and N (X) is the set of nonempty subsets of X such that H(Tyz, Tex) <7, for
all x € X, where 7 is some positive number. Then a data dependence problem is to
estimate the distance between the fixed point sets of these two mappings. The above
is meaningful only if we have an assurance of nonempty fixed point sets of these two
operators. There are also some variants of the problem.

In continuation of the data dependence result in section four, by particularly consid-
ering a special case in which both the mappings are assumed to satisfy the conditions
of the main theorem in section three, we establish a stability result for fixed point
sets of these mappings.

Stability is related to the limiting behavior of a system which, in this case, is the
relation of the fixed point sets associated with a sequence of multivalued mappings
with the limit function to which the sequence converges. There are several studies
related to stabilities of fixed point sets, some of which are noted in [14, 16, 17].

2. Introduction and mathematical preliminaries

Let (X, d) be a metric space and N(X) := the collection of all nonempty subsets of
X, CB(X) := the collection of all nonempty closed and bounded subsets of X and
K (X) := the collection of all nonempty compact subsets of X. We use the following
notations and definitions

D(z,B) = inf {d(z,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).

T€EA yeB
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H is known as the Hausdorff metric on CB(X) [31].

Lemma 2.1 ([16]). Let B € K(X), where (X, d) is a metric space. Then for every
x € X there exists y € B such that d(z, y) = D(z, B).

Definition 2.1. Let (X, d) be a metric space, T : X — N(X) be a setvalued
mapping. Then a point x € X is called a fixed point of T if x € Tz.

Fixz(T) denotes the set of all fixed points of T

Definition 2.2. Let T : X — CB(Y) be a multivalued mapping, where (X, p),
(Y, d) are two metric spaces and H is the Hausdorff metric on CB(Y'). The mapping
T is said to be continuous at x € X if for any sequence {z,} in X, H(Tz, Tx,) — 0,
as n — oo whenever p(z, x,) — 0, as n — 0.

Recently, Kutbi and Sintunavarat [27] introduced the concept of the a-continuity
for multivalued mappings in metric spaces.

Definition 2.3 ([27]). Let T : X — CB(Y) be a multivalued mapping and o :
X x X — [0, 00), where (X, p), (Y, d) are two metric spaces and H is the Hausdorff
metric on CB(Y). The mapping T is said to have a-continuity at € X if for any
sequence {z,} in X, H(Txz, Txz,) — 0 whenever p(z, x,) — 0 as n — oo and
Xy, Tny1) > 1, for all n.

Remark 2.1 ([27]). The continuity of a mapping implies its a-continuity for any
a:X x X — [0, c0). In general, the converse is not true.

For our study, we introduce the a-dominated mapping which is a varied version of
admissibility conditions which are quite extensively used in fixed point theory now-a-
days. It was introduced in the work of Samet et al. [35] and was further elaborated
through works like [2, 15, 20].

Definition 2.4. Let (X, d) be a metric space, T: X — X and a: X x X — [0, o0)
be two mappings. Then T is called o~ dominated if a(z, Tz) > 1, for all x € X.

Definition 2.5. Let (X, d) be a metric space, T : X - N(X) and o : X x X —
[0, o0) be two mappings. Then T is called - dominated if a(z, u) > 1, for all z € X
and u € Tz.

Definition 2.6 ([35]). Let (X, d) be a metric space and o : X x X — [0, o0). Then
X is said to have a- regular property if for every convergent sequence {x,,} with limit
xz in X and a(z,, Tp41) > 1, for all n implies that a(x,, x) > 1, for all n.

For the purpose of our works we define the following classes of functions.

Let © denote the class of all functions € : [0, c0)® — [0, oo) having the properties:
(i) : 0 is continuous and nondecreasing in each coordinate,
(ii): ¢(t) <'t, for all t > 0, where ¢(t) = 0(¢, t, t, t, t).

Let & be the collections of all mappings G : [0, o0)® — [0, o) having the following
properties
(i) : G is continuous in each coordinate,
(ii) : for all ¢y, to, t3, ta, t5 € [0, 00), with t1.t2.t3.t4.t5 = 0, there exists 7 > 0 such
that

G(tl, t2, tg, t47 t5) =T.
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We introduce a generalized weak contraction. To fulfill our purpose we use the
recent technique, which was given by Wardowski [37]. For the sake of completeness,
we will discuss the basic lines [23, 24, 25].

Definition 2.7 ([32]). Let Q be the collections of all mappings F : (0, co) — R
satisfying the following properties:

(i) : F is strictly increasing,

(ii) : for any sequence {a,} in RY, lim, yo0 a, = 0 and lim,_, F(a,) = —oo are
equivalent, (iii): there exists k € (0, 1) such that lim,_,o+ ¥ F(a) = 0.

Now we define generalized F- weak contraction in case of single and multivalued
mappings.

Definition 2.8. (X, d) be a metric space, a : X x X — [0, o0), T: X — X be two
mappings. Let 6 € ©, F € Q, G € & and 7 > 0. Then T is said to be a generalized
F- weak contraction if for all z, y € X with a(z, y) > 1 and d(z, Tx) > 0,

G(d(@,y), d(@,Tx), dly,Ty), d(@,Ty), d(y,Tx)) + F(d(Tw, Ty)) < F(L(z, ),

(2.1)
where L(z, y) = G(d(x, v), d(z, Tx) ‘;d(y,Ty)7 d(z,Ty) —;—d(y,Tm),
d(z,Tz) d(y,Ty) d(z,Ty) d(y,Tx)>
L+d(z, y) =~ 1+d(=z,y) /

Definition 2.9. (X, d) be a metric space, o : X x X — [0, 00), T: X — K(X)
be two mappings. Let 6 € O, F € Q, G € & and 7 > 0. Then T is said to be a
generalized multivalued F- weak contraction if for all z, y € X with a(z,y) > 1 and
D(z, Tx) >0,

G(d(@. ), D@, Tx), D(y. Ty), D(w, Ty), D(y, Tx)) + F(H (T, Ty)) < F(M(x.y).

(2.2)
where M(zx, y) = 9(5[(;573/)’ D(z,Tz) ;—D(y,Ty)’ D(x,Ty) —;— D(y,Tat)’
D(x,Txz) D(y,Ty) D(x,Ty) D(y,Tx)>
1+ d(z,y) ’ 1+ d(z,y)

Definition 2.10. Let (X, d) be a metric space and {T,, : X — CB(X):n € N} bea
sequence of mappings. Then the fixed point sets F(T},) of a sequence {T;,} are called
stable if H(F(T,), F(T)) — 0, as n — oo, where T' = lim T,.

n—o0

3. Main results

Theorem 3.1. Let (X, d) be a complete metric space, T : X — K(X) be a multival-
ued mapping and a : X x X — [0, oo). Suppose that (i) (a) T is a- continuous or (b) X
has a- regular property ; (ii) T is a- dominated; (iii) there exist € ©, F € Q, G € &
and 7 > 0 such that T is a generalized F- weak contraction. Then T has a fixed point
in X.
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Proof. Let xg € X. Since Txg € K(X), by Lemma 2.1, there exists x; € Txg
such that D(xg, Txo) = d(zo, z1). By the condition (ii) of the theorem, we have
a(zg, 1) > 1. Again as Tz € K(X), by Lemma 2.1, there exists z2 € T such that
D(z1, Tz1) = d(z1, x2). By the condition (ii) of the theorem, we have a(z1, x2) > 1.
Continuing in this process we obtain a sequence {z,} in X such that

ZTpi1 € Txy, with a(zp, Tny1) > 1 and D(zy,, T2y) = d(2p, Tnt), for all n > 0.
(3.1)

If D(zy,, T2pn,) =0, for some ng then z,,, € Tx,, = Tz, , where T'z,,, is the closure
of Tz, and in such case z,, is a fixed point of T'. Therefore, we assume that

d(xp, Tpt1) = D(xp, Txy) >0, forall n>0. (3.2)

By condition (iii) and using (3.1) and (3.2), we have

G(d(@n, wns1)s Dl@ns Tan), D(@nsr, Tanin)s Dlwn, Tania), D(wnsr, Tan))
+ F(d(#n41, 2nt2))
:G<d(xn,:cn+1), D(zp, Txn), D(xpns1, Ttns1), D(xn, Tonyr), D(x,LH,T:cn))
+ F(D(@nt1, Tony1))
< G(d(xn,xn+1), D(zn, Txn), D(xpne1, Trns1), D(xn, Tonyr), D(an,Txn))
+ F(H(Txy, Txpt1)) < F(M(xp, Tpne1)). (3.3)

By the properties of G and 6, we have

G(d(l‘n,l‘n+1), D(J}n,T.’I}n), D(-rn+17Txn+l)7 D(xnaTxn—l-l)a D(mn-‘rl;Txn))

- G(d(xn,a:n+1), D(2n, Tn), D(@nsr, Tani1), D(an, Tnit), o) =7 (34)

and

M(xTH In+1)
D n’T n D n ’T n D n7T n D n ,T n
:9(d($n,wn+1), (2, Txp) + 2(x 41, T +1)’ (2, T H); (ng1, T )’

D(xy,Txy) D(xps1, Txnr1) D(xp, Txpir) D(xn+1,Txn))
1+ d(xrn anrl) , 1+ d(.’L‘n, anrl)
d ns n d n ) n d nsy n
< Q(d(wn;$n+l)a (@, Tn1) +2 (@01, +2)a @ 2$ +2)
A, 1) d(Tng1, Tngo)  d(Tn, Tng2) d(gjn+171’n+1)>
1+d(xn7 anrl) ’ 1+d(mn7 anrl)
d ns n d n ) n d ns n d n ) n
Sa(d(mn;xn+1); (Tn, @ +1)+2 (Tny1,2 +2)’ (Tn, @ +1)+2 (Tn+t1, Tno)
d(l’n,l’n+1) d(xn—&-lyzn-&-Z) O)
14+ d(xn, Tni1) ’
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d((ﬂn, xn+1) + d(xn+1, wn—&-?) d(xna xn+1) + d(xn—i-l, :En—&-?)

<0d nsy+n b b
< 0(d(zn, Tni1) 5 2

d(Tn+1, Tnt2), 0)
< O(max {d(xn11,Tnt2), d(Tn, Tpy1)}, max {d(Tni1, Tni2), d(Tn, Tni1)},

max {d(Tni1,Tnt2), d(@n, Tny1)}, max {d(Tny1, Tnge), d(@n, Tny1)},

max {d<xn+l,$n+2)a d(xn,xn+1)})
= ¢p(max {d(Tn41,Tn+2), d(@n,Tnt1)}) (3.5)
From (3.3), (3.4) and (3.5), we have

F(d(zni1,2n12)) < F(M(2n, Tni1)) — 7
< F(g(max{d(zni1, Tni2), d(@n,Tni1)})) — T (3.6)

Suppose that d(z,, zp+1) < d(Tpt1,Tne2). Then d(zpi1,2n42) > 0 and as 7 > 0
from (3.6), we have

F(d(znt1,Tnt2)) < F(A(d(Tni1,Tni2))) — T
< F(d($n+1, $n+2)) —7< F(d($n+1a xn+2))7

which is a contradiction. Therefore, we have d(zy+1, Tnt2) < d(xn,Zn+1) and also
d(xp, Tnt1) = D(@y, Tx,) > 0. From (3.6), we have

F(d(zn11,Tn+2)) < F(o(d(2n, Tnt1))) — 7 < F(d(T0, Tnt1)) — T (3.7)
By repeated application of (3.7), we have
F(d(Tp41,Tn42)) < F(d(Tn, Tny1)) — 7 < F(d(@p-1,20)) — 27
< Fld(zp—2,%n-1)) — 37 < ... < F(d(zg,21)) — (n+ 1)7. (3.8)

Also from (3.6), we have F(d(Zpn41,%ni2)) < F(¢(d(zpn,2nt1))), the property of F
implies that

d(Tpt1, Tnye) < d(d(xn, Tpy1), forall n>0. (3.9)
Let a,, = d(z,, Tnt1), for all n > 0. Then a, > 0, for all n > 0 and hence taking
limit as n — oo in (3.8) and using the property of F', we have lim,,—, o F(a,) = —o0,

which by the property of F' implies that lim, . a, = 0. Again from the property of
F, there exists k € (0, 1) such that lim,,_,o. a® F(a,) = 0. Therefore, from (3.8), we
have

afF(a,) — a®F(ag) < —afnr <0, for all n > 0.

Taking limit as n — oo in above inequality, we have lim, ..o n afl = 0. There-
fore, there exists n; such that n af < 1, for all n > n;. Therefore, we have
a, < L, for all n > ny. Let m > n > n;. Now we have

nk

) [e%S) ) 1
Zd(x'ru $n+1) - Zan S Z -1 < 00,
n=1 n=1 n=1 nk

which implies that d(x,, x,) — 0, as m, n — oco. Therefore, {z,} is a Cauchy
sequence in X. As (X, d) is complete, there exists z € X such that

Ty —> T, 88 N —> OO. (3.10)
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Suppose (i)(a) holds:
As a(zy, xpe1) > 1, for all n and x,, — x, as n — oo, the a— continuity of T implies
that H(Tx,,Tx) — 0 as n — oo. It follows that D(x,41, Tz) — 0 as n — oo, that
is, D(x, Tx) = 0, that is, * € Tx = Tz, where Tz is the closure of Tx. Therefore,
is a fixed point of T

Suppose (i)(b) holds:
By (3.1), we have that D(x,, Tx,) > 0 and a(zy, Tny1) > 1, for all n > 0. By (3.10)
and the assumption (i)(b), we have a(z,, x) > 1, for all n > 0. Using the assumption
(iii), (3.1) and the property of F', we have for all n > 0

G(d(zp,x), D(xn,Txy), D(x,Tx), D(x,,Tx), D(x,Txy,)) + F(D(2ht1, Tx))
< G(d(zn,z), D(xp,Txy), D(x,Tx), D(2H, Tx), D(x,TXY))
+ F(H(Tzy, Tx)) < F(M(zy, z)), (3.11)

where
D(zpn, Txyn)+ D(x, Tz) D(zy, Tx)+ D(z, Tzy)

M(zy, ) = Q(d(xn, x),

2 ’ 2 ’
D(zp,Txy) D(x,Tx) D(x,,Tx) D(;men))
1+d(z,, ) ’ 1+d(z,, )
< G(d(xn, o), d(xy, mn+1)2+ D(z, Ta:)7 D(zp, Tx)—;—d(x, xn+1)’
d(xp, xnt1) D(x,Tx) D(zy,Tx) d(x,xn+1)) (3.12)
1+d(z,, ) ’ 1+d(z,, ) ' '
From (3.11) using property of G, we have
F(D(xpt1, Tx)) < F(M(2y, x)).
Increasing property of F' implies that
D(zpt1, Tz) < M(xy, x). (3.13)
Taking limsup as n — oo in (3.12), we have
D T D T
limsup M (z,,, z) = 6(0, (=, a:)7 (=, 33)7 0, 0)
n—o0 2 2
D(z,Tz) D(z,Tx) D(z,Tz) D(z,Txz) D(x,Tz) D(z,Tx)
S 0( b b ) ) ) = ¢( )
2 2 2 2 2 (3.14)
We claim that D(z, Tx) = 0. If possible, suppose that D(z, Tz) > 0, then
D(z, Tx)

5 > 0. Taking limsup as n — oo in (3.13) and using (3.14) and using a

property of 8, we have D(z, Tx) < ¢(

D(z, Tx) D(z, Tx)
2 2

) <

tion. Therefore, we have D(x, Tx) = 0, which implies that # € Ta = Tx, where Tx
is the closure of Tx. Therefore, x is a fixed point of T'.

, which is a contradic-

Now we present a few special cases illustrating the applicability of Theorem 3.1.

Remark 3.1. In Theorem 3.1, taking a(z, y) =1, for all z, y € X and
G(t1, to, ts, ta, t5) =7, for all ¢y, ta, t3, tg, t5 € [0, 0c0) and choosing any one of
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1) H(tla t23 t37 t4) t5) = tl)

ll) 9(t17 t27 t37 t47 t5) = t2?

lll) e(tla t2a t3; t47t5) = t3a

iV) 9(t1,t2,t3,t4,t5) — Imax {tl, tQ, tg},

respectively, where 7 > 0, we have the following corollaries.

NN S

Corollary 3.2. A multivalued mapping T': X — K(X), where (X, d) is a complete
metric space, has a fixed point if for all z,y € X with D(x, Tx) > 0, T satisfies the
following inequality:

T+ F(H(Tz, Ty)) < F(d(z, y)), where 7 > 0.

Corollary 3.3. A multivalued mapping T': X — K(X), where (X, d) is a complete
metric space, has a fixed point if for all z,y € X with D(x, Tx) > 0, T satisfies the
following inequality:

T+ F(H(Tz, Ty)) < F(%[D(x,Tm) + D(y,Ty)])7 where 7 > 0.

Corollary 3.4. A multivalued mapping 7' : X — K(X), where (X, d) is a complete
metric space, has a fixed point if for all z,y € X with D(x, Txz) > 0, T satisfies the
following inequality:
1
7+ F(H(Tz, Ty)) < F(i[D(x,Ty) + D(y,T:c)]), where 7 > 0.
Corollary 3.5. A multivalued mapping T': X — K(X), where (X,d) is a complete
metric space, has a fixed point if for all z,y € X with D(x, Tx) > 0, T satisfies the
following inequality:

r 4 F(H(T2, Tg)) < P (mas {d(z,y), 2T P0T0 DTy + Dl Ta)yy
where 7 > 0.

Example 3.1. Let X = [0, oo) and d be the usual metricon X. Let T': X — K(X),
a: XxX =10, 00), F: (0, 00) = R,G:[0, 00)° = [0, o) and 0 : [0, o0)®> — [0, 00)
be defined respectively as follows:
T = [0’ %}’ forze X, alz, y) = { 8f+i)"cli(ferwfs§,X wdv s
F(t) =1Int, for t e (0, c0),
In8

G(t1,ta,t3,t4,t5) = : )
(1 2o J) 1+ min {t17t27t37t47t5}

for t1,ta,t3,t4,15 € [0, OO)

and
O(t1,t2,t3,ta,t5) = max {t1,t2,t3}, for t1,t,t3,%4,t5 € [0, 00).
(i) (a) As T is continuous, it is a- continuous or (b) Let {z,} be a sequence

T
converging to x and a(x,, Tny1) > 1, for all n. Then z,41 < gn, which implies

that x < %, for all n, which implies that a(z,, ) > 1. Hence, X has «- regular
property.
(ii) For all z € X and y € Tz, we have y < g and hence a(z, y) > 1. Therefore,

T is - dominated.
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(iii) Let =, y € X with a(z, y) > 1 and D(x, Tz) > 0. Then z € (0, oo) and
— d
y < % and for those value of z, y € X, we have H(Tz, Ty) = K 3 A = (x8, y) <
1
gM(x, y), that is,

In(H(Tz, Ty)) <In(M(z, y)) —In8
In8&
"~ 1+min {d(z,y), D(z,Txz), D(y,Ty), D(z,Ty), D(y, Tx)}’

<In(M(z, y))

which implies that
Ing&
1+ min {d(z,y), D(z,T), D(y,Ty), D(x,Ty), D(y, Ta)}
< In(M(z, y)),

+In(H(Tx, Ty))

that is, G(d(z,y), D(z,Tz), D(y,Ty), D(z,Ty), D(y,Tz)) + F(H(Tz, Ty)) <
F(M(x, 1)).

Then T is generalized F- weak contraction. Hence all the conditions of Theorem 3.1
are satisfied and T has a fixed point 0 € X.

4. Data dependence of fixed point sets

In this section, we investigate the data dependence result of fixed point sets of the set
valued contractions mentioned in section 3. For this section we consider the following
assumption:

(A): O(t) =37 ¢"(t) < oo, where ¢(t) = 0(t, t, t, ¢, t, t).

Theorem 4.1. Let (X, d) be a complete metric space, T; : X — K(X), j=1, 2 be
two multivalued mappings and . : X x X — [0, 00). Suppose that the assumptions of
Theorem 3.1 holds for the function T5 and the space X. Then Fiz(T3) is nonempty.
Also suppose that Fiz(T7) is nonempty, the assumption (A) holds and there exists a
n > 0such that H(Tyz, Tox) <m,forallz € X. Then sup D(z, Fiz(Tz)) < ¥(n).

z€Fix(Ty)

Proof. From theorem 3.1, the set of fixed points of 75 are nonempty, that is,
Fix(Ty) # (. By the assumption of the theorem, Fix(T}) is nonempty. Let xg
be a fixed point of 77, that is, z¢g € Fiz(11), that is, 29 € Thixo. Then by Lemma 2.1,
there exists x1 € Thxg such that D(zg, Tazg) = d(xg, z1). By the assumption (ii),
we have a(zg, x1) > 1. Again as Thx; € K(X), by Lemma 2.1, there exists zo € Thxy
such that D(zq1, Tox1) = d(x1, x2). By the assumption (ii), we have a(x1, x2) > 1.
Continuing in this process, we obtain a sequence {z,} C X such that

i1 € Towy, with a(zp,2p41) > 1 and D(zy,, Toxy,) = d(2n, Tp41), for all n > 0.

Arguing similarly as in the proof of Theorem 3.1, we can show that
e the inequality (3.9) is satisfied,

e {z,} is a Cauchy sequence in X,

e there exists © € X such that z,, - u as n — oco.
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e 1 is a fixed point of Ty, that is, u € Thu.
By repeated application of (3.9), we have

d<xn+1,$n+2) < ¢(d(xnvxn+l) < ¢2(d($n_1,l’n) <..< ¢n+1(d(.’1,‘07x1). (41)

From the definition of 7, we have
d(ﬂfo, Il) = l)(CC()7 T2I0) S H(Tlxo, Tgl‘o) S . (42)

By (4.1) and (4.2), we have

n

d(ffo, U) S d(*x’m m'H»l) + d(xn+17 U) S Zd)z(d(an xl)) + d(xn+17 U)
i=0 1=0

Taking limit as n — oo in the above inequality and using (4.2) and the property of
¢, we have

o0 (o)
dzo, w) <3 #(d(wo, 1) < 36 (n) = V().

i=0 i=0
Thus given arbitrary z¢ € Fiz(Ty), we can find v € Fixz(Ty) for which d(zg, u) <
U(n). Hence, it follows that D(zo, Fix(T2)) < ¥(n). As z¢ € Fix(T1) is arbitrary,

we have sup D(z, Fiz(T3)) < U(n). This completes the proof of the theorem.
z€Fiz(Ty)

5. Stability of fixed point sets

In this section, we investigate the stability result of fixed point sets of the set valued
contractions mentioned in Section 3 with the help of data dependence result, discussed
in previous section. For this section we take the following assumption

(B): Suppose that for a € X and any convergent sequence {y,} in X with limit
yelX,

ala, yn) > 1, for all n € N implies that «(a, y) > 1.

Lemma 5.1. Let (X, d) be a metric space and o : X x X — [0, o0). Let {7}, :
X — K(X) : n € N} be a sequence of a- dominated mappings converging to a
mapping T : X — K(X). Suppose that the assumption (B) holds and there exist
6 € O, a continuous function F' € Q, G € & and 7 > 0 such that each T, (n € N)
is a- dominated and generalized F- weak contraction. Then 7' is a-dominated and
generalized F- weak contraction.

Proof. First we prove T is a-dominated. Let x € X and y € Tx. Since T, — T,
as n — 0o, there exists a sequence {y,} in X such that y, € T,z and y,, — y, as
n — oo. Since T, is a-dominated, for every n € N, it follows that a(z, y,) > 1, for
every n € N. By assumption (B), it follows that a(z, y) > 1. Hence T is a-dominated.

Next we prove that T is a generalized F- weak contraction. Let z,y € X such
that a(z,y) > 1 and D(z, Tz) > 0. As the sequence {T,} is converging to T,
D(x, Tx) > 0 implies that there exists ng such that D(z,T,,z) > 0, for all n > ny.
As each T, is generalized F- weak contraction, for z, y € X with a(z,y) > 1, we
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have for all n > ng that
G(d(z, y), D(z,Thz), D(y, Tny), D(x,Tny), D(y, Tor)) + F(H(Taz, Thy))
D(z, T, D(y, T, D(z,T, D(y, T,
SF@(d(I’y% (z, x); (y y)’ (z y); (y x)’
D(z,Tnx) D(y, Tny) D(x,Tny) D(y,Tnm)»
L+d(z, y) 1 +d(z, y) '
Since the sequence {T,,} converges to T and G, 6 and F are continuous, taking limit
as n — oo in the above inequality, we have
G(d(z, y), D(z,Tz), D(y,Ty), D(z,Ty), D(y,Tz)) + F(H(Tz, Ty))
D(z,T D(y,T D(z, T D(y, T
< F@(d(%y)’ (@, x);r (y, y)7 (, y)-g (v, x))
D(z,Tx) D(y,Ty) D(z,Ty) D(y,Tx)))
L+d(z,y) = 1+d(z, y) '

Therefore, T is a generalized F- weak contraction.

Theorem 5.2. Let (X, d) be a complete metric space, {T}, : X — K(X) : n € N}
be a sequence of mappings converging uniformly to 7: X — K(X) and a : X x X —
[0, o0). Suppose that all the assumptions of Theorem 3.1 hold for each T, (n € N)
and the space X. Then Fix(T,), (n € N) are nonempty. Let F € Q be continuous
and the assumption (B) holds. Then Fiz(T) is nonempty. Also suppose that the
assumption (A) holds and ¥(t) — 0, as t — 0. Then lim,,_, o H(Fiz(T,), Fiz(T)) =
0, that is, the fixed point sets of T;, are stable.

Proof. By Theorem 3.1, we have Fiz(T,) # 0, for every n € N. Again, by Lemma
5.1 and Theorem 3.1, it follows that Fiz(T) # 0. Let n, = sup,cx H(Th,z, Tx),

for n € N. By Theorem 4.1, we have  sup  D(z,, Fiz(T)) < ¥(n,) and
zn€Fix(Ty)
sup  D(z, Fiz(T,)) < U(n,), for all n € N. Then it follows that
z€Fiz(T)

H(Fix(T,), Fix(T)) < ¥(n,), for every n € N. (

Ut

1)

Since T,, — T uniformly, we have n,, — 0, as n — co. Taking limit as n — oo in (5.1)
and using the property of ¥, we have

lim H(Fix(T,), Fiz(T)) < lim ¥(n,) =0,

n—oo n—oo
that is, lim, oo H(Fiz(T,), Fix(T)) = 0, that is, the fixed point sets of T), are
stable.

6. Application to the solution of nonlinear integral equation

Every singleton subset of (X, d) is a member of K(X), that is, {z} € K(X), for every
x € X. We can treat a mapping T : X — X as a multivalued mapping in which case
Tx is a singleton set for every x € X. Hence the following result is a special case of
Theorem 3.1 when T is a single valued mapping.
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Theorem 6.1. Let (X, d) be a complete metric space, T : X — X be a single
valued mapping and « : X x X — [0, 0o) be a mapping. Suppose that (i) (a) T is «
continuous or (b) X has a- regular property; (ii) 7" is - dominated ; (iii) there exist
O FcQGe G and 7 > 0 such that T is generalized F'— weak contraction.
Then T has a fixed point in X.

Fixed point theorems in metric spaces have several applications in integral equation
( see [1, 21, 22] and references there in). In this section, we present an application
of Theorem 6.1 to establish the existence of integral equation. Here we prove the
existence of a solution of an integral equation using Theorem 6.1.

We consider nonlinear Volterra type non homogeneous integral equation of second
kind as follows

(1) :f(t)+/ K(t, s, 2(s)) ds, (6.1)

where the unknown function z(t) takes real values, for ¢, s € [a, b)].
Let X = C([a, b]), where a < b be the space of all real valued continuous functions
defined on [a, b]. It is well known that C([a, b]) endowed with the metric

de(z, y) = max, | z(t) —yt) | e 7t for 7>0 (6.2)

is a complete metric space.
Define a mapping 7' : X — X by

()
T(x)(t) = f(t) + ' K(t, s, z(s)) ds, forall t€ [a, b]. (6.3)
g(t)

We designate the following assumptions by A;, A, and As:

Ay f, g, heC([a, b)) and K : [a, b] X [a, b] x R = R is a continuous function
and 7 > 0.

Ay | K(t,s,2) — K(t,s,y) |[<e ™ |xz—y|, for all z,y € X whenever
| 2 — Tz |> 0 and for all ¢, s € [a, b].

h(t)
Az : / el slgs < el tl,
g(t)

Theorem 6.2. Let (X, d.) = C([a, b], d;), T, f, g, h, K(t,s,x) satisfy the as-
sumptions A;, As and As. Then nonlinear Volterra type integral equation (6.1) has
a solution z € C([a, b]).

Proof. Let us define a mapping o : X x X — [0,00) by a(z,y) =1, for z,y € X. Tt
is clear that the mapping T : X — X defined by (6.3) is a a- dominated mapping and
X has a- regular property. By assumptions A;, Ay and As, for all z, y € C([a, b))
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with a(z, y) =1 and d,(z,Tx) > 0, that is for | x — Tz |> 0, we have for all t € [a, b]
| T(t) — Ty(t) |

h(t) h(t)
=] K(t,s,x2(s)) — K(t,s,y(s)) ds |= / | K(t,s,2(s)) — K(t,s,y(s)) | ds
g(t) g(t)

h(t) h(t)
< / T a(s) —y(s) | ds=e / | 2(s) —y(s) | ds  [by A
g( g(t)

t)
h(t) h(t)
=e 7 / elm sl | a(s) —y(s) | e Imolds<e™ / el™ sl s d (2, y) ds
g9(t) 9(t)

h(t)

=e " d;(z,y) x / elm sl ds < e do(x,y) xel [by As].
g(t)

Thus, we have

| Ta(t) =Ty(t) | e < e dr(a,y),
which implies that
dT(TxaTy) 6T S dT(xay)

g max dT(iL’, y), d‘r(l'v TCL') + d‘r(ya jjy)7 d‘r(l', Ty) + dT(y, TZL’)7
2 2

dr(z,Tx) d-(y,Ty) dr(z, Ty) dT(y,Tx)} _ Nz, y)
l+d;(z,y) = 1+d-(z, y) e
Taking 7 >0and 0 € O, FeQ, Ge & as

F(t) =Int, for allt € (0, 00), G(t1,ta,ts,t4,t5) =In7, for allty,ts,ts,ts,t5 € [0, 0),

and 0(t1,t2,t3,t4,t5) = max {tl, tz, tg, t4, t5}, for all tl, tg, t3, t4, t5 S [0, OO)

respectively, we obtain
G(ds(2,y), dr(x,T2), dr(y,Ty), de(2.Ty), dr(y,T2)) + F(d (T, Ty))
S F(NT(J;’ y)))

which implies that T is generalized F- weak contraction. Therefore, all conditions of
Theorem 6.1 are satisfied. Therefore, Theorem 6.1 applies to T, which guarantee the
existence of a fixed point z in X. That is, = is a solution of nonlinear Volterra type
non homogeneous integral equation (6.1) in C([a, b]).
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