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Abstract. In this paper, we introduce two new types of enriched contractions, viz., enriched A-contraction
and enriched A’-contraction. Then we obtain fixed points of mappings satisfying such contractions using
the fixed point property of the average operator of the mappings. Further, we study the well-posedness and
limit shadowing property of the fixed point problem involving the contractions, and give some examples
to validate the results proved. Our work improves Berinde and Pécurar’s recent results on different kinds
enriched contractions and some well known classical fixed point results. As an application, we prove an
existence and uniqueness theorem for an integro-differential equation.

1. Introduction and preliminaries

Fixed point theory is one of the most rapidly growing branch of mathematics due to its applicability in
different areas of pure and applied mathematics. Several researchers are engaged in this field to study fixed
point of a self-map by generalizing the underlying space as well as the contraction condition. One of the
main focus of this study is to find a set of sufficient condition(s) to ensure the existence of a fixed point which
is the self image of the map under consideration. To reach such conditions, several mathematicians have
introduced a number of contractions and used these in several structures to obtain fixed point, common
fixed point, coincidence point of a map. Some of such contractions are introduced recently and looks very
interesting to study. One such contraction is enriched contraction, which is introduced very recently by
Berinde and Pacurar, see [5]. We first recall the definition of enriched contraction.

Definition 1.1. ([5, p. 2, Definition 2.11). Let (X, || - ||) be a normed linear space. A self map T on X is called an
enriched contraction if there exist b € [0, 00) and 6 € [0,b + 1) such that

[lb(u —v) + Tu — To|| < 6||lu — ||
forall u,v € X. In this case the mapping T is called a (b, 0)-enriched contraction. The class of enriched contractions

contains the Picard-Banach contractions as well as some non-expansive mappings, e.g., a Picard-Banach mapping
with constant k is a (0, k)-enriched contraction.
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Berinde and Pacurar showed that an enriched contraction T defined on a Banach space possesses a unique
fixed point. They obtained this result by using the fixed point property of the map T,, where T;(u) =
1-MDu+ATu,0< A< 1.

It is to be noted that the enriched contraction introduced by Berinde and Pacurar involves the displace-
ment [[u—v|| only, which indicates that this contraction is basically the enriched version of Banach contraction.
We know that for two points u, v the other displacements are |[u — Tu|l, |[v—To||, |lu—Tol|, |lv — Tul| and there
are a lot of interesting contractions involving these displacements, some of them are due to Bianchini [6],
Chatterjea [7], Ciri¢ [8, 9], Kannan [10], Khan [11], and Reich [12] etc. (see [13] for more contractions of this
type). So it will be attractive to apply enrichment technique to the contractions by the above mentioned
mathematicians. Berinde and Pacurar did this task for Kannan and Chatterjea mappings, see [3, 4]. So it is
open in the literature to apply enrichment technique to the contractions of Bianchini [6], Ciri¢ [8, 9], Khan
[11], Reich [12] etc. If we want to apply this technique to the above-named contractions separately, then
we have to prove a handful number of results. So if we can establish a very few results involving enriched
contractions, from which all the enriched versions of the aforesaid contractions can be deduced, then it will
be simple and concise to the literature. Motivated by this observation, in the present article, we introduce
two new types of enriched contractions, viz., enriched A-contraction and enriched A’-contraction. Then
we prove two fixed point results showing that a self mapping T satisfying anyone of these two contractions
admits a fixed point if the underlying space is a Banach space. Further, we show that from our obtained
results, the enriched versions of the contractions due to Kannan, Chatterjea, Reich, Bianchini, Khan and
many other contractions can be deduced. Along with these, we show that the fixed point problems related
to these two contractions are well-posed and possess limit shadowing property. We give few examples to
support the validity of our results. Next, we study Ulam-Hyers stability of fixed point equation related to
enriched A-contraction. Finally, we apply one of our result to find a solvability condition to a certain kind
of integro-differential equation.

Throughout the paper, R, denote the set of all non-negative real numbers.

Before going to our main work, we first recollect a few result and definitions, which will be useful in
our next sections. At first, we recall the following result due to Akram et al. [1].

Theorem 1.2. cf. ([1, p. 29, Theorem 5]). Let a self map T on a complete metric space (X, d) satisfies the condition:
d(Tu, Tv) < a(d(u,v),d(u, Tu),d(v, Tv))
for all u,v € X and some o € A, where A is the collection of all functions a : R® — R, satisfying
(i) w is continuous on the set RS (with respect to the Euclidean metric on IR3).
(ii) a < kb for some k € [0, 1) whenever a < a(a, b, b) or a < a(b,a,b) or a < a(b, b,a) for all a, b.
Then T is a Picard operator.
Next, we recall the well-posedness and limit shadowing property of a mapping.

Definition 1.3. Let T be a self map defined on a metric space (X, d). Then the fixed point problem concerning T is
known as well-posed if the followings hold:

(i) T has a unique fixed point p € X;

(ii) for any sequence {u,} in X with lim d(u,, Tu,) = 0, we have
lim d(u,,p) =0.

Definition 1.4. Let T be a self-map defined on a metric space (X, d). Then the fixed point problem involving T is said
to possess limit shadowing property in X if for any sequence {u,} in X such that lim d(u,, Tu,) = 0, we have p € X
n—o0o

with lim d(T"p, u,) = 0.
n—o0
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Let us now recall the definition of Ulam—-Hyers stability for the fixed point equation.

Definition 1.5. Let (X, d) be a metric space and let T : X — X be a mapping. The fixed point equation x = Tx is
Ulam-Hyers stable if there is a constant K > 0 such that for each € > 0 and each v* € X with d(v*, Tv*) < ¢, there
exists an u* € X with u* = Tu" such that d(v*, u*) < Ke.

2. Enriched A-contraction and enriched A’-contraction

In this section we give the formal definitions of enriched A-contraction and enriched A’-contraction
mappings. To do this, we need two family of mappings which satisfy certain properties. Let A be the
collection of all mappings f : R3 — R, satisfying the following conditions:

(Ajy) fis continuous;
(Az) there exists k € [0,1) such thatif » < f(s,r,5) orr < f(1,5,5), thenr < ks for all ,5 € Ry;
(Az) for A >0and forallr,s, t € Ry, Af(r,s,t) < f(Ar, As, At).
Let A’ be the collection of all mappings f : R — R, satisfying the following conditions:
(A]) f is continuous;
(A)) thereexistsk € [0,1) such thatifr < f(r,s,5) orr < f(s,s,r)orr < f(s,0,r+s), thenr < ksforallr,s € R;
(A;) for A > 0and forallr,s,t € Ry, Af(r,s,t) < f(Ar, As, Ab);
(A} ift < ty, then f(r,s,t) < f(r,s,t1) forall 1,5, t, 1 € Ry;
(AY) ifr < f(r,7,7), thenr = 0.
Below we present few example of mappings f belonging to the class A:
(i) f(r,s,t) = a(s+1), where0 < a < 3;
(ii) f(r,s, t) = amax{s,t}, where0 < a < 1;
(iif) f(r,s,t) = amax{r,s, t}, where0 <a < 1;
(iv) f(r,s,t) = air + aps + ast, where 0 < aj,ap,a3 <land ag + ax + a3 < 1.
The following mappings f belong to the class A”:
(i) f(r,s,t)=a(s+1t), where0 <a < 3;
(i) f(r,s,t)=a(r+s+t), where0 < a < i;
(iii) f(r,s,t) = amax{s,t}, where0 < a < 1.
Next, we define enriched A-contraction and enriched A’-contraction in the following ways:

Definition 2.1. Let (X, || - ||) be a normed linear space. Let T : X — X be a mapping such that there exists an f € A
with
Ib(u —v) + Tu — Toll < f((b+ Dllu —ol|, llu — Tull, lv — Tol|) )

forallu,v € Xand b € [0, c0). Then T is said to be an enriched A-contraction.

Definition 2.2. Let (X, || - ||) be a normed linear space. Let T : X — X be a mapping such that there exists an f € A’
with
Ib(u = 0) + Tu = Toll < f((0 + Dllu = oI|, [I(b + 1)(u = v) + 0 = Tol, [|(b + 1)(v = ) + u — Tull) )

forallu,v e Xandb € [0, 00). Then T is said to be an enriched A’-contraction.



P. Mondal et al. / Filomat 35:15 (2021), 5017-5029 5020

Next, we give some examples of the above two types of contractions.
Example 2.3. Let X = R and take the usual norm on X. Consider the mappings T1, T, : X — X defined by
Tiu = -2u

forallu € X and

Tou = u+16, if uell,2]
716, ifuet,2)

Then T is an enriched A-contraction for b = % and f(r,s,t) = ST”, and T is an enriched A’-contraction for b = %
and f(r,s,t) = %r+ }IS + %t.
Next, we present an example which is not an enriched A-contraction.

Example 2.4. Let X = R be the Banach space equipped with usual norm. Define

) 1+u fux0
T“‘{o ifu<0

forallu e X.
We claim that T is not an enriched A-contraction on X. If possible, let T be an enriched A-contraction on X.
Then there exists b € [0, 00) such that

Ib(u —v) + Tu — To|| < f((b+ Dllu —oll, llu = Tull, ||lo — Tol|)

forallu,v e X.
Let us take u,v € X be such that u,v > 0. Then

Ib(u —v) + Tu = Tol| < f((b + Dllu = ol lu = Tull, llo - Tol))
= (b + D)(u = o)l < f((b + Dllu -2l 1,1).

Then there exists k € [0, 00) such that

b+ Dllu—o <k-1

forall u,v > 0 with u # v, which is a contradiction.
Hence T is not an enriched A-contraction on X. Note that T admits no fixed point in X.
3. Main Results

In this section, we present the following two results that ensure the existence of fixed point of the two
contractions, mentioned here, if the domain of the mapping is a Banach space.

Theorem 3.1. Let X be Banach space and T be an enriched A-contraction. Then T has a unique fixed point in X and
there exists A € (0,1] such that the sequence {u,} defined by u,+1 = (1 — A)u, + ATu,, n > 0 converges to that fixed
point, for any uy € X.

Proof. Letb > 0. Set A = 717 > 0. Then from (1), we get

1
T3 — Tholl < Af(XIIu — ol lu - Tull, lfo - Tvn)
< F(li = oll 1 = Toull, o — Taoll) 3)
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forall u,v € X with u # v.
Let up € X be arbitrary. Define u, = Tguo foralln > 1. Let us put u = u, and v = u,_1 in (3). Then we
have
”un+1 - un“ < f(”un - un—lll/ ”un - un+l”/ ”un—l - un”)-

Therefore, by (Ay), there exists k € [0, 1) such that

141 — wall < Ky — 1111
Continuing in such way, we get

Nttns1 = nll < K*llux = uoll.

Now for all m,n > 1, we have

n+m — Unll = n+m — Un+m-1 n+m-1 = Un+m-2 n+l = Y4n
[l | < ||u u Il + llu u I+ +lu Up||
< (kn+m—1 + kn+m—2 +eee gt kn)“ul _ uO”
1-—k™

=FTx

11 — uol|

which implies that [[ty+m — tsll = 0 as m,n — co. Hence {u,} is a Cauchy sequence in X and hence there
exists an element p € X such that u, — pasn — oo.
Now
ITap = wnaall < f(llp = uall, llp = Tapll, ity = taall)-

Taking limit as n — oo, we get
ITap —pll < fllp = pll, lIp = Tapll, llp = pll)

which implies that
ITap —pll < k- lp —pll = 0.
This implies that T)p = p and consequently Tp = p. Therefore, p is a fixed point of T.
Let g € X be another fixed point of T and consequently a fixed point of T). Then

llp — qll = [ITap — Tagll
< fllp =4l llp = Tapll, llg — Taqll)
= f(lp =4l llp = pll, llg — qll)
= f(llp — 4ll,0,0).

This implies that [|p — gl < k-0 = 0. Hence p = 4.
If b = 0, then (1) reduces to the form

ITu — Toll < f(llu = ol|, [lu — Tull, |[o — Toll)
for all u,v € X with u # v. Hence the result follows from Theorem 1.2. O

Theorem 3.2. Let X be Banach space and T be an enriched A’-contraction. Then T has a unique fixed point in X
and there exists A € (0, 1] such that the sequence {u,} defined by u,41 = (1 — A)u,, + ATu,, n > 0 converges to that
fixed point, for any ug € X.

Proof. Letb > 0. Set A = 75 so that 0 < A < 1. Now note that

u-—Tyw=w-v)+Av—-To)and v — T u = (v—u)+ A(u — Tu).
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Then from (2), we get

7

1
ITau — Tyl < )\f(xllu o,

%(v—u)+u—Tu

%(u—v)+v—TU

< fllu = ol|, (v = v) + A = To)||, (v — u) + A(u — Tu)ll)
= f(llu = oll, llu = Taol|, [l — Tarull) 4)
forall u,v € X with u # v.

Let up € X be arbitrary. Define u, = Tjuo for all n > 1. Let us put u = u, and v = u,_; in (4). Then we
have

w1 = wnll < fllwn — wnall, ot = vnll, tn-1 — Unsall)
< f(””n = Upall, ltn = wnll, ltn-1 = wall + ey — tpaall)
and hence by (A)), there exists k € [0, 1) such that
i1 = wnll < Kl — wp-1ll.

Proceeding in such way, we get
llttns1 — unll < K"y — woll-

Now for all m,n > 1, we have

”un+m - un” < ”un+m - Z/ln+m—1|| + ”un+m—1 - un+m—2“ +-oe+ ||un+1 - un”
< (kn+m—1 + kn+m—2 4ot kn)”ul _ Mo||

1 — k™

1-k

=k" [l — uol|

which implies that [[ty+y, — unll = 0 as m,n — co. Hence {u,} is a Cauchy sequence in X and hence there
exists an element p € X such that u, — pasn — oo.
Now

ITap = ttwiall < fllp = wnll, lIp = wniall, llen = Tapll).

Taking limit as n — oo, we get

ITap = pll < fllp = pll lIp = pll, llp = Tapll)
which implies that
ITap—pll <k-llp—pll =0.

Hence T p = p and consequently, Tp = p. Thus p is a fixed point of T.
Let g € X be another fixed point of T and hence a fixed point of T). Then

llp —qll = ITap — Taqll
< f(lp = qll llp = Taqll, llg — Tapll)
= f(lp = qll. llp = qll, llg = pl)
which implies, by (A7), that [|p — g|| = 0. Hence p = g.
If b = 0, then (2) reduces to the form
ITu = Toll < f(llu —oll, llu = Toll, [lo — Tull)

forall u,v € X with u # v.
Let ug € X. Define the sequence {u,} by u, = T"ug for all n > 1. Then just replacing T, by T in the above
proof, the result follows. O
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We now note an important observation about the above two results, which is presented in the following
remark.

Remark 3.3. In most of the contractions for Banach space valued mappings, we see that if the domain of the mapping
is a closed subset (not necessarily a subspace) of a Banach space, then the mapping possesses a fixed point. But this fact
is not true in case of enriched contractions. More precisely, in the above two theorems, if the domain of the mapping T
is a closed subset of a Banach space, then T may not acquire a fixed point. To support this, we consider the following
example.

Example 3.4. Choose X = R with usual norm and take C = (—oco, =1]U[1, 00). Define T : C — C by Tu = —2u for
all u € C. Then T is an enriched A-contraction for b = 3 and f(r,s,t) = % but T is fixed point free.

In view of Remark 3.3., we pose the following open question:

Open Question 3.5. Does there exist a self map defined on a subspace (not necessarily closed) of a Banach space
satisfying enriched A-contraction (resp. enriched A’'-contraction) having a fixed point?

By choosing particular f in above two theorems, we have the following remarks.

Remark 3.6. If we choose f(r,s,t) = ar, where 0 < a < 1; f(r,s,t) = a(s + 1), where 0 < a < %; f(r,s,t) =
air + aps + ast, where 0 < ag,a,a3 < land a1 + ax + az < 1; f(r,s,t) = amax|s,t}, where 0 < a < 1;
f(r,5,t) = aVst, where 0 < a < 1 in Theorem 3.1, then we get the enriched versions of the contractions of Banach
[2], Kannan [10], Reich [12], Bianchini [6] and Khan [11] respectively.

Remark 3.7. If we choose f(r,s,t) = a(s + t), where 0 < a < % in Theorem 3.2, then we get the enriched version of
the Chatterjea contraction [7]. Also, for f(r,s,t) = amax{s, t}, where 0 < a < 1; f(r,s,1) = a1¥ + @25 + ast, where
0 <aq,a0,a3 < 1land oy + ap + az < 1 in Theorem 3.2, the enriched versions of the following two contractions
respectively, can be acquired:

o ||[Tu —To|| < amax{|ju — Tv||,|[lv—Tull},0 <a < 1;
o ||[Tu—To|| < allu — 0|l + azllu — To|| + asllo — Tull, 0 < aq, a0, 03 < 1and ag + ap + s < 1.

Remark 3.8. One can perceive from the above remarks that Berinde and Picurar’s results regarding existence of fixed
point of different types of enriched contractions [3-5] are particular cases of our results.

For b = 0 and some particular f in Theorem 3.1 and Theorem 3.2, we obtain some classical fixed point
results, which is presented in the next remarks.

Remark 3.9. In particular for b = 0 and for f(r,s,t) = a(s +t), where 0 < a < % ; f(r,s,t) = anr + aps + ast, where
0<aj,ap,as<landa; +ar+az <1; f(r,s,t) = amax{s, t}, where 0 < a < 1; f(r,s,t) = a Vst, where 0 < a < 1
in Theorem 3.1, we can obtain the classical fixed point results of Kannan [10], Reich [12], Bianchini [6] and Khan
[11] respectively as corollaries.

Remark 3.10. For b = 0and f(r,s,t) = a(s + t), where 0 < a < % in Theorem 3.2, the classical fixed point theorem
of Chatterjea [7] can be deduced as a corollary. Also for b = 0 and f(r,s,t) = amax|s,t}, where 0 < a < 1;
f(r,s,t) = arr + azs + ast, where 0 < aq, a0, a3 < 1 and aq + ay + az < 1 in Theorem 3.2, two fixed point results
concerning the following contractions respectively, can be deduced:

o ||[Tu—To|| < amax{||ju — T, |[lv—Tull},0 <a < 1;
o ||[Tu —To|| < asllu — 0| + azllu — To|| + asllo — Tull, 0 < aq, a0, 03 < 1and ag + ap + a3 < 1.

We now take a couple of examples in support of Theorem 3.1.
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Example 3.11. Let us consider the Banach space (X, || - ||), where X = C[0,1] and || - || is the sup norm. Next, we

define a mapping T : X — X by (Tu)(t) = —2u(t) for all u € X and t € [0,1]. We choose f € A, defined by
f(r,s,t) = 3(s+t)and b = 2. Then for any u,v € X, we have

1
F(®+ D)l = oll, e = Tull, o = Tell) = 5 (llu = Tull + llo ~ Tell)

= |lull + [oll,
and
[b(u —v) + Tu — To|| = ||b(u — v) — 2u + 20||
3
= |b-2[[ju 9| = ZIIM -l
Therefore,

lb(u —v) + Tu — Tol| < f((b+ Dllu —ol|, [lu — Tull, |lv — To||)

holds for all u,v € X. So T is an enriched A-contraction. So by Theorem 3.1, T has a unique fixed point. Note that
u € X defined by u(t) = 0 for all t € [0, 1], is the unique fixed point of T.

Example 3.12. Let X = R be the Banach space equipped with the usual norm. Define T : X — X by Tu = 6 — u for
allu e X.
Let us consider the mapping f : RS — R, defined by f(r,s,t) = : max{s,t} for r,s,t € R,. Then f € A. Let
b = 1. Then we have
[1b(u —v)+Tu—"To|| =0
and ,
S+ Dl = oll, llu = Tull, llo = Toll) = = max{lizu — 6|, |20 - 6]},

which shows that

1b(u = 0) + Tu = Toll < f((b + Dllu = ol|, [lu = Tull, llo - Tol)
forall u,v € X. Therefore, T is an enriched A-contraction on X. It is to be noticed that 3 is the unique fixed point of
T.

Next, we present another couple of examples, which validate Theorem 3.2.

Example 3.13. Let us take the Banach space X = C[0, 1], equipped with sup norm. We define a mapping T : X — X
by (Tu)(t) = tu(t) forallu € X and for all t € [0, 1]. We chooseb = 1 and f € A, defined by f(r,s,t) = 55 max{r,s, t}.
Then for any u,v € X, we have

[b(u —v) + Tu — To||
= sup |bu(t) — bo(t) + tu(t) — to(t)|

te[0,1]
< sup |b+t] sup |u(t) — o)
te[0,1] te[0,1]
1
=-Jlu-vo
Sl ol

9
< = _
< zo(b + Dlju —oll

< (O + Dllu =2, 16+ 1) —v) +v—Toll, [I(b + 1)(v — u) + u— Tul]).

Thus T is an enriched A’'-contraction. So by Theorem 3.2, it follows that T possesses a unique fixed point in X and
note the fixed point is u’, where u’(t) = 0 for all t € [0, 1].
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Example 3.14. Let X = R be the Banach space equipped with usual norm. Define T : X — X by Tu = 2 — u for all
ueX.

Let us consider the mapping f : RS — R, defined by f(r,s,t) = 2 forr,s,t € Ry. Then f € A'. Let us choose
b = 1. Then we have

[lb(u —v)+Tu—To|| =0

and
=1+ o -1]

S(@ +Dllu = ll, I(b + 1)(u = v) + 0 = Toll, I(b + 1)(v — u) + u = Tul)) = 3

So
1b(u —v) + Tu — To|| < f((b+ Dllu =2, [|(b+ 1)(u—v) +v—To|l, |I(b + 1) (v — u) + u — Tul|)

forall u,v € X. Therefore, T is an enriched A’-contraction on X. It is to be noticed that 1 is the unique fixed point of
T.

Finally, we study well-posedness and limit shadowing property of fixed point problem for both types
of contractions defined in the present paper.

Theorem 3.15. Let X be Banach space and T be an enriched A-contraction. Then the fixed point problem involving
T is well-posed.

Proof. Theorem 3.1 ensures us that T possesses a unique fixed point p, say.
It has been shown in Theorem 3.1 that if b € (0, o), then the contraction condition

Ib(u —0) + Tu — Toll < f((b+ Dllu —oll, llu — Tull, llo — Toll)
for all u,v € X with u # v, can be reduced to the form
ITau = Troll < f(llu = o], [lu = Trull, [lo — Taroll)

for some A > 0. In this case it is to be noted that ||[u — Thu|| = Alju — Tu|| for all u € X.
Therefore, lim ||ju, — Tu,|| = 0 < lim ||u, — Tyu,|| = 0.
n—o00 n—oo

Now let {u,} be a sequence in X such that lim |[u,, — Tru,|| = 0. Then
n—oo

et = pll < ot = Tautnll + I Tasy, = pll

= lluy — Taunll + [ Tattn — Tapll
< Muw = Taunll + f(lun = pll, Nt = Tauall, llp — Tapl))-

Taking limit as n — oo, we get

i fla, = pll < f(lim [l = plI, 0, 0).
Therefore there exist k € [0, 1) such that lim [|u, — p|| < k - 0 which implies that lim ||u, — p|| = 0.
n—o0 n—oo
Now, if b = 0, then the contraction condition reduces to

ITu = Toll < f(llu = oll, llu = Tull, [lo — Toll)

forall u,v € X with u # v.
In a similar way;, it can be shown that lim [ju,, — pl| = 0. Hence the result follows. [J
n—oo

Theorem 3.16. Let X be Banach space and T be an enriched A’-contraction. Then the fixed point problem involving
T is well-posed.
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Proof. Theorem 3.2 ensures us that T possesses a unique fixed point p, say.
It has been shown in Theorem 3.2 that if b € (0, o), then the contraction condition

lb(u —v) + Tu — To|| < f((b+ Dllu—o||, [|(b+ 1)(u —v) +v = To|l, |I(b + 1)(v — u) + u — Tul|)
for all u,v € X with u # v, can be reduced to the form
ITau = Taoll < f(llu = oll, llu = Taoll, llo — Trull)
for some A > 0. In this case it is to be noted that
llu = Troll = ll(u = 0) + A(v = To)||

and
o — Trull = [I(v — u) + Au — Tu)||

forallu,v e X.
Therefore, for any sequence {u,} in X, we have

im ||, — Tu,|| = 0 = lim |ju, — Tru,|| =0.
n—00 n—o00
Now let {u,,} be a sequence in X such that lim |[u,, — Thu,|| = 0. Then
n—oo

lun = pll < Ny — Trugll + I Tru, = pll.
Now,
ITru, — pll = [[Tau, — Tapll
< flllwn = pll, lun = Tapll, llp = Tauall)
= f(llun = pll, llwn = pll, llp — Tawll)

Then we get a k € [0,1) such that [|[Thu, — pll < k- |lu, — pll.
Therefore, we have
lltn = pll < My = Tautull + k - [t = pll

for some k € [0, 1). This implies that

1
lfun = pll < 3= et = Taunl

and therefore by taking limit as # — oo, we have lim ||u,, — p|| = 0.
n—oo

Now, if b = 0, then the contraction condition reduces to
ITw — Toll < f(llu = oll, llu — Tol|, [lo — Tull)

forall u,v € X with u # v.
In a similar way, it can be shown that lim [ju,, — pl| = 0. Hence the result follows. [J
n—o00

Theorem 3.17. Let X be Banach space and T be an enriched A-contraction (resp. an enriched A’-contraction). Then
the fixed point problem involving T possesses limit shadowing property in X.

Proof. We have already shown in Theorem 3.1 (resp. in Theorem 3.2) that lim |ju, — p|| = 0, where p is the
unique fixed point of T. Then for any n € N, T"p = p and therefore

lim |[u, — T"pl| = 0.
n—00

That is
lim [|T"p — u,|| = 0.
n—oo

Hence the fixed point problems has limit shadowing property in both the cases. [
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We close this section with the following theorem concerning Ulam-Hyers stability of the fixed point
equation of an enriched A-contraction:

Theorem 3.18. Let X be Banach space and let T be an enriched A-contraction on X. Suppose that there exists an «
with 0 < a < 1 such that f(r,s,t) < ar +t forall r,s,t € R,. Then the fixed point equation x = Tx is Ulam-Hyers
stable.

Proof. Theorem 3.1 ensures that T has a unique fixed point, say u* € X.
Let € > 0 and let v* € X be an e-solution i.e.,

[lo* = Tv*|| < e.

Since u* € X and ||u* — Tu*|| = 0 < ¢, it follows that u* is also an ¢-solution.
Now,

[l — o7

= |ITu* -]

<|Tu* — To*|| + ||[Tv" — 0|

< flu =o' ' = Tu'll, [lo" = To*|l) + €
<al|lu =+ |lo° = Tv*|| + ¢

which implies that
[ — v*|| < Ke

where K = ﬁ Hence the result follows. [

4. Application to integro-differential equation

In this section, we study on solvability conditions of the following integro-differential equation:

t
xD(t) = Fi(t x(t)) + f Fa(s,x(s))ds, 0<t<1;
0

x(0) =x'(0)=x"(1) =x"(1) =0,

1)

where F1,F, : [0,1] X R — R are continuous functions.
Our main goal is to obtain sufficient conditions on Kj, K; in presence of which the equation (1) possesses
a unique solution. Equation (1) is equivalent to the following integral equation

1
X(t) = L G(t, S)Fl(s, x(s))ds + L

where G : [0,1] X [0,1] — R is the Green’s function, given by

ft-s)

Fa(s,x(s))ds, 0 <t <1, (2)

12(t—s), if 0<s<t<1;
G(t,s) = ?tz .
°Bs—t),if 0<t<s<l.

We now have the following theorem:

Theorem 4.1. Suppose that there exist two positive constants oy, oy such that
(i) |F1(t,a) — F1(¢, D) < aala — b;
(ii) |F2(t, a) — Fa(t, b)l < azla — bl
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forallt € [0,1] and a,b € R. Then equation (1) has a unique continuous solution if ‘2*—3 + 2—3 <1.

Proof. Let us consider the Banach space C[0, 1] equipped with sup norm, and define a mapping T : C[0, 1] —
C[0,1] by

1 ¢
(Tx)(t) = fo G(t,s)F1(s, x(s))ds + j; (t ;25)4

forall x € C[0,1] and ¢ € [0, 1]. Then an element u € C[0, 1] is a solution of (1) if and only if u is a fixed point
of T.
Let x, y € C[0,1] be arbitrary. Then for each t € [0,1], we have
I(Tx)(8) = (Ty)(®)l

~ 1 t (t _ 5)4 1
_‘ j(; G(t,s)F1(s, x(s))ds + f(; R Fy(s, x(s))ds — f(; G(t,s)F1(s, y(s))ds

Fy(s, x(s))ds

ft-s)
1

Fy(s, y(s))ds

<

1
fG(t,s)Fl(s,x(s))ds—f G(t, s)F1(s, y(s))ds
0 0

t A t A
fo ¢ . 25) Fa(s, x(s))ds — fo ¢ . 25) Fa(s, y(s))ds

(t—s)
12

+

1 t
< [t 90Fs, 00 - i velas + [ L et 16 - s, v
0 0

1 Lt —s)t
<m f G(t, S)|x(s) - y(s))ds + azf B )x(s) - y(s)|ds
0 0

1 Lt —s)t
Salllx—yllf G(t,s)ds+a2||x—y||f s
0 0

<S5k =yl + Z2lx = yll < e = il

Thus for any b € [0, ) and ¢ € [0, 1], we have

b(x = y)(&) + (Tx)(8) = (Ty)(D] < 1b(x = y)BO)] + [(Tx)(E) — (Ty) (D)l
< (b+ Dllx = yll.

Therefore,

Ib(x = y) + Tx = Tyll < (b + Dllx - yll
= Ib(x = y) + Tx = Tyll < f((b+ Dllx = yll, llx = Txll, ly = Tyl),

where f(r,s,t) = r (f € A).
Thus T is an enriched A-contraction. Therefore, by Theorem 3.1, T has a unique fixed point in C[0, 1],
and hence the equation (1) possesses a unique continuous solution. [
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