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1 Introduction

Fixed point theory is one of the most developed and applicable branches of nonlinear
mathematical analysis. It based on the well-known principle that every operator equation
can be transformed into a fixed point problem, and vice versa.

In essence, the fixed point theory has two branches, namely the metric fixed point theory
and topological fixed point theory. Topological fixed point theory is the most important
branch of nonlinear analysis. It has a strong and useful history of more than a century. In
1912 Brouwer proved his well-known fixed point theorem. Later in 1922, Banach proved
the most versatile result known as Banach contraction principle [38]. The most applicable
generalization of Brouwer’s theorem was presented in 1930 by Schauder using compact
operators. Banach and Schauder’s results remain most celebrated results in fixed point
theory. The following two results of Brouwer and Banach were established in 1912 and

1922, respectively, and are given as follows.

Theorem BR (Brouwer, [31]) Every compact convex nonempty subset B of R” has a fixed-
point property.

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The
images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise
in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not

L]
@ Sprlnger permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright

holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


https://doi.org/10.1186/s13660-023-03022-z
https://crossmark.crossref.org/dialog/?doi=10.1186/s13660-023-03022-z&domain=pdf
mailto:akbarazam@gaus.edu.pk
http://creativecommons.org/licenses/by/4.0/

Azam et al. Journal of Inequalities and Applications (2023) 2023:131 Page 2 of 17

Theorem BC (Banach, [31]) Any contraction mapping of a complete nonempty metric
space Q2 into 2 has a unique fixed point in ;.

Both theorems are crucial in the existence theory of differential and integral equations.
In the literature, there are many generalizations of these results. The most famous gener-
alization of Theorem BR is Schauder’s fixed point theorem.

Theorem SH (Schauder’s second theorem, [31]) Let Q2 be a nonempty convex subset of a
normed space L and S be a continuous operator of Q0 into a compact set B C Q1. Then S
has a fixed point.

A variety of generalizations of these results can be seen in [8, 13, 15, 18, 20, 21, 33, 35],
and in the references therein.

Writing the physical problems into mathematical form produces mathematical equa-
tions like differential, integral, linear, and nonlinear equations. All these equations can
be solved by fixed point techniques. Before solving them, the existence theory for the
fixed points of operators plays very a important role. A number of results regarding dif-
ferential and integral equations in connection with their existence theory can be seen in
[1,2,6,9,11, 17,23, 24, 28, 32].

In 1958, while studying the existence theory of neutral and delayed differential equa-
tions, it was observed that the solution might be expressed as a sum of compact and
contractive operators. Working on this idea, Krasnoselskii proved his fixed point results
for the sum of compact and contractive operators. The importance and applications of
such theorems for the existence of solutions to the equation x = Ax + Bx can be seen in
[10, 12, 14, 25-27, 30, 36, 37].

The Krasnoselskii fixed point theorem can be stated as:

Theorem 1 ([31]) Consider a Banach space X and let M be its nonempty convex closed
subset. Suppose A and B map M into X such that

(1) y, 2 € M implies Ay + Bsc € M;

(2) B is a contraction mapping;

(3) A is compact and continuous.
Then there is x € M such that Ax + Bx = x.

This Krasnoselskii’s theorem is a generalization of Schauder’s fixed point theorem and
Banach contraction principle, as we can see by taking B = O and A = O, respectively.

To weaken the compactness condition used in Schauder’s fixed point theorem, Darbo
and Sadovskii [38, p. 500] generalized Schauder’s fixed point theorem by introducing k-set
contractive and condensing operators (noncompact operators) in the following way.

Theorem 2 (Darbo) Assume that
(i) the mapping T : M C X — M is k-set contractive,
(ii) M is a nonempty, convex, bounded, and closed subset of a Banach space X.
Then there exists p € M such that p = Tp.

Remark 3 Since every compact operator is k-set contractive with k = 0, Darbo’s theorem
is a generalization of Schauder’s fixed point theorem.
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Theorem 4 (Sadovskii) Assume that
(i) T: M S X — M is a condensing operator,
(ii) M is a nonempty, convex, bounded, and closed subset of a Banach space X.
Then T has a fixed point.

Remark 5 Since every k-set contractive operator with 0 < k < 1 is condensing, Sadovskii’s
theorem is an extension of Darbo’s theorem. For more about the above discussed results,
one can see the related monographs and articles [3, 4, 16, 34].

Since Krasnoselskii combined the results of Banach and Schauder, in the above results
Darbo and Sadovskii generalized Schauder’s theorem. The next result was established by
Reich [29], which is a generalization of Kannan fixed point theorem and Banach contrac-
tion principle.

Theorem 6 ([29]) Consider a complete metric space X with metric d on it and let T : X —
X be a mapping with the following property:

d(1q, Tp) < a1d(q, 1q) + axd(p, Tp) + asd(q,p), qp €X,

where ay, a, as are nonnegative and satisfy a, + as + as < 1. Then T has a unique fixed
point.

Remark 7 Letting a; = a; = 0 gives Banach fixed point theorem, and taking a; = ay, a3 =0
gives Kannan fixed point theorem [19].

To combine the generalized Reich contraction and k-set contractive mappings in the
form of operator equation x = Ax + Bx and generalize Reich, Kannan, Darbo, Sadovskii,
and Krasnoselskii type fixed point results, we need the following definitions.

Definition 8 ([5, 7]) Let X be a Banach space and B(X) be the collection of all bounded
subsets of X. A mapping u of B(X) into [0, +00) is called a measure of noncompactness if
the following conditions hold for all E, F € B(X):

(1) w(F) = u(F);

(2) u(F U E) = max{u(F), u(E)};

(3) w(F) =0 & F is precompact.
The following conditions can also be deduced:

(4) n(E + F) < u(E) + u(F);

(5) E C F implies u(E) < u(F).

Definition 9 ([37]) Let X be a Banach space and T': M € X — X be a mapping. Then T
is called k-set contractive if the following conditions hold for any bounded subset E of M:
(1) T is continuous and bounded;
(2) (T (E)) < ku(E).
Also T is strictly k-set contractive if
(1) T is k-set contractive;
(2) u(T(E)) < k(E) with pu(E) #0.
Finally, T is condensing if T is strictly 1-set contractive.
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Now we define generalized Kannan contractions in Banach spaces.

Definition 10 Consider a Banach space X and let M be its nonempty subset. Suppose A

and B map M into X. Then B is called a generalized Kannan contraction if

|By =By || <a(|Ax - (I -B)y| + |Ax - - B)y

with o < % and all x,y,y € M.
Remark 11 If A = O (the zero operator), we obtain a Kannan contraction.

To investigate the novelty of the above definition, the following example is important.

Example 12 Let B: R — R be the mapping defined by

g if0<x<l,
_J1 .
Bx=4yz ifx=1,
0 elsewhere.

Then with usual metric induced from the usual norm | - | on R, we have

% - d(B(O),B(%)) - %[d(O,B(O)) ¥ d(%,B(%))} - %

so the condition of a Kannan mapping fails, but if we define Ax = %, then the condition of

a generalized Kannan contraction holds.
The above example and definition motivated us to define the following.

Definition 13 Consider a Banach space X and let M be its nonempty subset. Suppose A

and B map M into X. Then B is called a generalized Reich contraction if

||By—By/H <a ||Ax— (I—B)y“ +ay ||Ax— (I—B)y’” +as Hy—y/{

’

for nonnegative numbers a;, a;, and as with a; + a; + az <1 and all y,y,x € M.

Remark 14 Taking A = O (the zero operator), we obtain a Reich contraction.

Lemma 15 ([37]) Let M be a subset of a Banach space X and A be a Lipschitz mapping of
M into X such that

lAx — Ayl < kllx - yll

forx,y € M. Then u(A(E)) < ku(E) holds for every bounded subset E of M.
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2 Main results
The following theorem shows that a unique solution exists for the operator equation x =
Ax + Bx if A is a contraction and B is a generalized Reich contraction.

Theorem 16 Let X be a Banach space and M be its nonempty closed subset. Consider the
mappings A: M — X and B: M — X such that
(1) |By =By || < a1||Av— (I = B)y|| + ax||Av — (I = B)Y'|| + as|ly — ¥'|| with a; + a; + as < 1
and all y,y',v e M;
(2) |1Ax — Ax'|| <kl — || with k <
(3)Ap+Bqe M forallp,q € M.
Then there exists a unique » € M such that As + B = .

l-as,
l+ay’

Proof Fix x € M and define H : M — M by H(y) = Ax + By. Using (1), and since condition
(1) holds for all v € M, we have

[ -HG)| = [By-B |
<ai|Ax - (I -B)y| + az||Ax— (I = B)y | + as|y - ¥||
=ai|y=HO)| +aa|y - H(Y)| + as ]y -]
This shows that H is a Reich contraction. Hence by [29, Theorem 3], there is a unique
Gx € M that such that Gx = Ax + B(Gx). Now
|Gx — Gx'|| = | Ax + B(Gx) — (A" + B(GX)) ||
- [ (B(G%) - B(G¥)) - (A%’ - 4v)|
<ai|Ax - (I - B)Gx| + az|Ax - (I - B)GX|
+as]|Gx - Gx'|| + | Ax' — Ax||
= a|Ax — (I - B)GX | + a3||Gx - G| + | Ax’ - Ax|

=(ay + 1)|Ax - AX'| + a3| Gx - GX | .

Thus

|G- G| < <‘1’2 *ﬂl) |Ax - Ax'| < k(‘l’z *al) )
—u3 —u3

Thus G: M — M is a contraction. Using Banach contraction principle, there is an x € M
such that Gx = x. Since for this x € M there is a Gx € M such that Gx = Ax + B(Gx), this
implies that x = Gx = Ax + B(Gx) = Ax + Bx.
For uniqueness, suppose s,s’ € M are such that s = As + Bs and s’ = As' + Bs'. Then
”s -5 ” = H (As + Bs) — (As' +Bs') ”
= | (Bs-Bs') - (As' - As) ||
<||Bs-Bs'| +||As - As|

<m ||As— (I—B)s” +ady ||As— (I—B)S/H +as ||s—s’|| +k||s—s/||
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= a2||As—As/|| +a3||s—s’|| + k||s—s/||
<askls-5] +asfs -5 +kls—s]

= (ark +az +k)|s—5|.
This means that
(L-(ak+as+k)|s-s] <o,
showing that s = s'. O

Remark 17 If we substitute A = O in conditions (1), (2), and (3) of Theorem 16, we obtain
the well-known theorem of Reich (see [29, Theorem 3]).

Corollary 18 Let X be a Banach space and M be a nonempty closed subset of X. Consider
mappings A: M — X and B: M — X such that
(1) |By = BY|| < a(|Ax — (I = B)y|l + |Ax — (I = B)y'||) with a < % and for all x,v,y € M;
(2) |Ax — Ax'|| < kllx — &' || with k < 1=;
(3)Ap+ Bqge M forall p,q € M.
Then there exists a unique » € M such that As + B = .

Remark 19 Letting A = O in conditions (1), (2), and (3), we obtain Kannan fixed point
theorem (see [19, p. 406]). The above corollary is a combined form of contraction mapping

and generalized Kannan contraction mapping.

Corollary 20 Let X be a Banach space and M be a nonempty closed subset of X. Consider
mappings A : M — X and B: M — X such that

(1) ||By — BY'|| < a||Av — (I — B)y|| with a < 1 and for all v,y,y € M;

(2) |Ax — Ax'|| < kllx —x'|| with k < 1;

(3)Ap+ Bqe M forallp,q € M.

Then there is a unique » € M such that As + B = .

Corollary 21 Let X be a Banach space and M be a nonempty closed subset of X. Consider
mappings A: M — X and B: M — X such that

(1) |By =By || <clly—y'|| with ¢ <1 and for all y,y' € M;

(2) |1Ax — AX'|| < kllx —«'|| with k<1 -¢;

(3)Ap + Bq e M forall p,q € M.

Then there is a unique » € M such that Asc + B = s

In the next result, with the help of Sadovskii fixed point theorem and Reich contraction
theorem, we find that a solution of the operator equation x = Ax + Bx exists, where A is a
strictly k-set contractive mapping and B is a generalized Reich contraction.

Theorem 22 Consider a Banach space X and let M be a subset of X such that M is closed,
nonempty, convex, and bounded. Consider mappings A : M — X and B : M — X such that

(1) 1By - BY|| < a1llAx — (I - Byl + as || Ax — (I = BYY || + aslly - ¥ |l for ay + ay + as < 1
and for all x,y',y € M;
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(2) A is strictly ( }:Z; )-set contractive mapping;

(3) Ax + By e M.
Then there exists »x € M such that A + B = .

Proof Fix Ax € A(M) and define H : M — M by H(y) = Ax + By. Using (1),

|[HG) -H()] = By - BY|
<ai|Ax - (I -B)y| + a2 |Ax -~ U -B)Y || + as|ly-|
=aily=HO)| +aaly - H()| + as]y -]
This shows that H is a Reich contraction. Hence by [29, Theorem 3], there is a unique
G(Ax) € M such that G(Ax) = Ax + B(G(Ax)). Now
|G(Ax) - G(Ax) | = |Ax + B(G(A%)) - (Ax" + B(G(AX'))) ||
- | (B(Gt4) ~ B(G(Ax)) - (Ax' ~ ax)]|
< (a1|Ax - (I - B)G(Ax) | + a2 |Ax — (I - B)G(AX) |
+a3|| G(Ax) — G(AX') || + |Ax' - Ax|)
=a;|Ax - (I - B)G(AY) |
+a3]| G(Ax) — G(AX') || + ||Ax' - Ax|

=(ay + l)HAx —Ax’H +as || G(Ax) - G(Ax/) ||

Thus

a+1

”(GoA)x—(GoA)x’Hf( )HAx—Ax’H.

1—613

This shows that G o A is a continuous function of M into X.
From (2), the above inequality, and Lemma 15, we deduce

1(GoAN)) = n(G(AN))) < (j’z_:)u(A(N)) < (N)).

Using Sadovskii fixed point theorem, there is x € M such that (G o A)x = x. Also for Ax €
A(M) there is a unique G(Ax) such that G(Ax) = Ax + B(G(Ax)), therefore x = G(Ax) =
Ax + B(G(Ax)) = Ax + Bx. O

Remark 23 If we take A = O, we obtain Reich contraction theorem which is a generaliza-
tion of Banach contraction principle and Kannan contraction theorem (see [22, p. 400]).
Also taking B = O with b = ¢ = 0, we get Sadovskii fixed point theorem which is a general-
ization Schauder’s fixed point theorem.

Corollary 24 Counsider a Banach space X and let M be a subset of X such that M is closed,
nonempty, convex, and bounded. Consider mappings A : M — X and B : M — X such that
(1) B is a contraction mapping for ¢ < 1;
(2) A is a strictly (1 — c)-set contractive mapping;

Page 7 of 17
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(3) Ax + By e M.
Then there is » € M such that A + B = .

Proof Letting a; = 0 = a; and a3 = ¢ in Theorem 22, we obtain the above corollary. O

Remark 25 Since every compact operator is a strictly (1 — c)-set contractive mapping,
Corollary 24 and Theorem 22 are generalizations of Krasnoselskii’s fixed point theorem.

Remark 26 Theorem 22 is a generalization of Theorem 2.11 in [37].

Corollary 27 Consider a Banach space X and let M be a subset of X such that M is closed,
nonempty, convex, and bounded. Consider mappings A : M — X and B : M — X such that
(1) |By - BY|| < a(||Ax — (I = B)y|| + b||Ax — (I - B)y'||) for « < % and for all x,y,y' € M;
(2) A is a strictly (ﬁ -set contractive mapping;

(3) Ax + By e M.
Then there exists s« € M such that A» + B = .

Corollary 28 Cousider a Banach space X and let M be a subset of X such that M is closed
non-empty convex and bounded. Consider the mappings A: M — X and B: M — X such
that

(1) |By—=By|| <b|Ax—(I-B)y| forb<1,allxy,y € M;

(2) A is condensing mapping of M into X;

(3) Ax + By e M.

Then there exists s € M such that A + B = .

Suppose A and B are two operators of M into X. By using a measure of noncompactness,
it makes sense to impose a condition on the operators A and B such that

w(A(E) + B(F)) < w(E) forall E C F with u(E) #0.
For example, if A and B are compact operators, then
M(A(E) + B(F)) < u(A(E) + M(B(F)) =0< u(E) forall EC F with u(F) #0.
Also, if A is a condensing operator and B(F) lies in a compact subset of X, then
H(AE) + B(E)) < W(A(E) + u(B(E)) = w(A(B) < w(E)
for all E C F with u(E) #0.

Theorem 29 Counsider a Banach space X and let M be a subset of X such that M is closed,
nonempty, convex, and bounded. Consider mappings B: M — X and A : M — X such that

(1) 1By - BY || < a1l Ax — (I - BYll + asl|Ax — (I - By || + aslly - y'| for a + as + a3 < 1
and for all x,y,y' € M;

(2) w(A(E) + B(M)) < w(E) for all E € M with u(E) # 0;

(3) Ax + By € M for all x,y € M, where A : M — X is a continuous mapping.

Then there is x € M such that x = Ax + Bx.
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Proof Fix Ax € A(M) and define H : M — M by H(y) = Ax + By. Using (1),

|H») -HE)| = [By-BY|
<ai|Ax— (I - B)y| + az|Ax— (I = B)y| +as|y-|
=ai|y-HO)| +aa|y -H)| +as]y-y]-
Thus by [29, Theorem 3], there is a unique G(Ax) € M that such that G(Ax) = Ax +
B(G(Ax)). Now
|G(Ax) — G(Ax) | = |Ax + B(G(Ax)) — (Ax' + B(G(Ax)))|
= [ (B(G(4x)) - B(G(4x))) - (4%' - Ax) |
< (a1 |Ax - I - BIG(A%) | + az||Ax - (I - B)G(AX) |
+a3| G(Ax) - G(AX') | + |Ax' - Ax]))
=y |Ax — (I - B)G(AX') |
+a3|G(Ax) - G(AX') || + |Ax' - Ax|

=(a, +1) ||Ax —Ax’” +as ”G(Ax) - G(Ax’) H
Thus

(12+1

[(GoA)x—(G oA < ( )||Ax—Ax’H.

1—613

This shows that G o A is a continuous function of M into M. Using (2),
,u((GoA)E)) = /L(G(A(E))) = /L(A(E) +B(G(A(E)))) < /L(A(E) +B(M)) < w(E).

Using Sadovskii fixed point theorem, there is x € M such that (G o A)x = x. Also for Ax €
A(M), there is a unique G(Ax) such that G(Ax) = Ax + B(G(Ax)), therefore x = Ax + Bx. (J

Corollary 30 Consider a Banach space X and let M be a subset of X such that M is closed,
nonempty, convex, and bounded. Consider mappings B: M — X and A : M — X such that
B(M) lies in a compact subset of X and

(1) 1By - By Il < a1llAx — (I - BYyll + ax|Ax — (I = BYY || + aslly - y'| for ay +as + az < 1
and for all y',y,x € M;

(2) A is a condensing mapping;

(3)Ag+Bp e M forall q,p € M.

Then there exists s« € M such that A» + B = .

Proof Since A is a condensing mapping and B(M) lies in a compact subset of X,
w(A(E) + BM)) < u(A(E)) + n(BM)) = u(A(E)) < w(E).

Hence, by Theorem 29, the proof is complete. d

Page9of 17
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Corollary 31 Consider a Banach space X and let M be a subset of X such that M is closed,
nonempty, convex, and bounded. Consider mappings B: M — X and A : M — X such that
(1) Ax + By e M;
(2) B is a contraction mapping and B(M) lies in a compact subset of X;
(3) A is a condensing mapping.
Then there exists » € M such that A + B = .

Proof Putting a; = a; = 0 in Corollary 30, we obtain the required result. O

Remark 32 Corollary 31 is a variant of Krasnoselskii fixed point theorem and Theorem 2.6
in [37].

Corollary 33 Counsider a Banach space X and let M be a subset of X such that M is closed,
nonempty, convex, and bounded. Consider mappings B: M — X and A : M — X such that
(1) A is a k-set contractive mapping for 0 < k < 1;
(2) B is a contraction mapping and B(M) lies in a compact subset of X;
(3) Ax + By e M.
Then there exists s« € M such that A» + B = .

Proof Since every k-set contractive mapping for 0 < k < 1 is condensing, by Corollary 31,

we have the required result. g

Remark 34 If B = O (the zero operator) in Corollary 33, we obtain Darbo fixed point the-

orem.

Corollary 35 Consider a Banach space X and let M be a subset of X such that M is closed,
nonempty, convex, and bounded. Consider mappings B: M — X and A : M — X such that
(1) Ax + By e M;
(2) B is a contraction mapping and B(M) lies in a compact subset of X;
(3) A is a compact operator.

Then there exists s € M such that A + B = 3.

Proof As every compact operator is k-set contractive for 0 < k < 1, by Corollary 33, we

have a fixed point for the operator equation Az + B¢ = s. d

Remark 36 If B = O (the zero operator), we obtain Schauder’s fixed point theorem (see
(38, p. 56]).

Theorem 37 Consider a Banach space X and let M be a subset of X such that M is closed,
nonempty, convex, and bounded. Consider mappings B: M — X and A : M — X such that
(1) 1By - BY| < qllAx — (y — By)| for all x,y,y' € M with q < 3;
(2) w(A(E) + BIM)) < w(E) for all E € M with u(E) #0.
Then there is 3 € M such that A + B = .
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Proof Fix x € M and define a mapping H : M — M by H(y) = Ax + By. Now (1) implies
that
|H6) - H)| = [ By-BY]
<qly-(Ax+By)|
=qly-H()].

Thus by [22, p. 394], there is a unique Gx € M that such that Gx = Ax + B(Gx), where
G : M — M is a function. Now

|Gx — Gx'|| = |Ax + B(Gx) - (Ax" + B(Gx'))|
= [(B(Gx - B(G¥)) - (Ax' - 4|
< |B(Gx) - B(GX) | + |Ax' - Ax)||
<q|Ax' - (Gx-B(Gx))| + |Ax' - Ax|
= q||Gx - (A%’ + B(Gx')) || + || Ax - AX|

= q||Gx - Gx'| + | Ax - Ax'|.
Thus
|Gx - G || < —— [ Ax—Ax].
1-¢q

This shows that G is continuous.
Using (2), we deduce that

i(GE)) = w(A(E) + B(G())) < i(A(E) + BUM) < pu(E).

By Sadovskii fixed point theorem, there is x € M such that Gx = x. Also for x € M, there is
a unique Gx such that Gx = Ax + B(Gx), therefore x = Ax + Bx. O

Corollary 38 Consider a Banach space X and let M be a subset of X such that M is closed,
nonempty, convex, and bounded. Consider mappings B: M — X and A : M — X such that
B(M) lies in a compact subset of X and

(1) 1By - BY| < qllAx — (y - By)| for all x,y,y' € M with q < 3;

(2) A is a condensing mapping.

Then there is » € M such that As + B = s.

3 Application
Let X = C[0, 1], the Banach space of all continuous functions defined on [0, 1] with || - || -
Consider the following nonlinear integral equation;

1 t ) —
0= fo g(s,y<s>)ds+(c1_a”)y(t), te(01], )

where g:[0,1] x R— Rand c¢: [0,1] — R are continuous.
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1_1 a
l-a)  (-a

equation (/) can be written as

y(t) = /0 g(s,7(s)) ds + a 6_1 " /0 g(sy(s)) ds + (C(ly)_—ﬂﬂ >y(t).

We decompose the above integral equation into a sum of two operators

y(t) = Ay(2) + By(t),

where

M@:Ag@ﬂmm

and

BO0) - o [ o) as (L5 )y

Let us assume the following conditions first:
(C1) 1g(5,7(6)) - g(5, ()] < Aly(s) = ¥ S,
(C2) c+2a<1and A + ¢ <1, where max |c(t)] = c.
(C3) max |g(s,0)] = B.
First, we prove (3) of Theorem 16 and for this we define

2
S=1yeX: |yl <r,wherer> p
a(l-c)

and consider for y € S,

|M@+mmhwu am>%+(%§§ym’

1

1 t
(1 a/ ds - )/Og(s,O)ds+(1_

+

(=) @\

! [ els.6) -gts,00) s

‘u a)/ (5,0)ds <(w )ﬂ”

[ o) ds+
aJo

/\

+

1—

/0 t g(s,0)ds

/ |g(s,0)| ds + ( > ly(®))-

Page 12 of 17
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Now taking the supremum and using (C2) and (C3), we have

|4y + By(®)| < — ﬂ+<“c‘“)rgr,
l1-a l-a

proving (3).
We will show that the operators A and B satisfy (2) and (1) of our Theorem 16.

Claim: B satisfies (2) of Theorem 16.
For this, consider

BO(®) - B/ () = {(1‘_’—@ [ etsnsyass (¢ "“)W)}

l-a

B { (lila) /0 g(s,y/(s)ds+ (C(i/i;ﬂ>y/(t)},

which gives
(1-a){B(y()) -B(y(®))} = {a /0 tg(s,y(s)) ds+ (c(y) - a)y(t)}
- {a | g(sy(9) ds + (c) —a)y/(t)},
further implying
(BO®) - B/ ®)) = {a / elsy©)) ds + (c0) — a)y(®) + aBy(t)}
- {a | ey 9) ds + (co) -a)y B+ aBy’(t)}
= a{ /0 tg(syy(s)) ds — (I - B)y(t)] +c(y)y(t)
- a{ / g5y 9) ds— (I - B)y/(t)} — (Y)Y O
Thus we have

[B®) - B )] =

ﬂ{/() g(sy(s))ds - —B)y(t)} +c(y)y(t)

- ﬂ{ /0 g(s,(s)ds— —B)y/(t)} - c(y’)y/(t)'
< alAy(t) - (I - B)y(t)| + alAy' (t) - (I - B)y (¢)
+|c)||y®) - ¥ @).

Finally,

|By - By | <a|Ay—- (- B)y| +a|Ay - -By| +c|y-y

|

which shows that B satisfies (1).
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Claim: A satisfies (2).

For this, we write

lAy(@®) - Ay 0| <

t
/ Ads
0

Hence all the conditions of Theorem 16 are satisfied, so we obtain w € S such that w =

where A < 1
+a’

Aw + Bw, which is a solution of the integral equation (/).

We summarize all the above in the form of a theorem as follows.
Theorem 39 [fg satisfies (C1)—(C3), then a solution to the integral equation (I) exists in S.

In the next example, we apply our main Theorem 16 to obtain an approximate solution
of a given nonlinear integral equation.

Example 40 Consider a special case of the integral equation

1 ¢ ct—a
= ? d ) ) 1 ) 1
y(e) (l_a)/og(sy(s)) S+<1_a)y(t) te[0,1] (1)
namely
Vy(8)y(®) -1 0.2+ct-0.2
0 /0 < o () ) ds+|\ ——og ) o)
which has an exact solution y(¢) = ™%, £ € [0,1],for A = =2 =4andc = =. Clearly, 2a+c<1

for a = 0.2, so using these values, (C2) is satisfied. From ( ) and (J), one can see that

1
g(6.50) —g(6.Y 0)| = 7 @) -y @),

which implies that

le(6.50) ~g(e.0)] = % [y~

holds since JTE < 1. Therefore all the conditions of the above theorem are satisfied. Now

we consider the iterative procedure

o t)-/ Vu(s) ,,(t) ({0.2—ct}—0.2)yn(t)’

res/2 0.8
with an initial approximation yo(¢t) = 1 — ¢.

The graphs of exact and approximate solutions and absolute error are given below after
two iterations.

It can be seen that after two iterations the absolute error is not significant.
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0.91

0.84

0.6

Exactl © Approximate2

Figure 1 Show graphs of exact and approximate solutions

0.00015+

0.00010+

0.00005+

— Absolute error 1

Figure 2 Shows the absolute error obtained from exact and approximate solutions

4 Conclusion

In this article, Kannan and Reich contractions are generalized and used to obtain different
variants of Krasnoselskii’s fixed point theorem for compact and noncompact operators.
Examples and applications in the existence theory of integral equations are given to vali-
date our presented work.
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