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Abstract Our main goal is to investigate the fixed point results for enlarged Banach contraction map-
pings inspired by weak contraction mappings in metric spaces. We give some illustrative examples for
showing the usability of our results. As applications, we analyze the existence of solutions for implicit

functional integral equations using our theoretical fixed point results.
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1. INTRODUCTION AND PRELIMINARIES

In 1922, Banach [1] proved one of the famous results in mathematics named the Banach
contraction principle, which is used to establish the existence and uniqueness of a solution
for an integral equation. This principle says that if (X, d) is a complete metric space and
T : X — X is a self mapping satisfying

d(T2,Ty) < Ad (x.y) (L1)

for all z,y € X, where A € [0,1), then there exists a unique € X such that Tx = z,
that is, T has a unique fixed point. Since then, because of its simpleness, efficacy, and
fruitfulness, it has become very famous and a fundamental tool for solving existing several
problems in many branches of pure and applied mathematics.

Motivated by the Banach contraction principle, many mathematicians invented new
interesting fixed point results for several kinds of linear/nonlinear mappings in various
spaces. Fixed point results for Kannan contraction mappings and Chatterjea contraction
mappings in [7] and [3], respectively, are classical results in this trend. These two results
are shown below.
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Theorem 1.1 ([7]). Let (X,d) be a complete metric space and T : X — X be a mapping
satisfying the Kannan contractive condition, that is,

d(Tz, Ty) < Ad(z, Tx) + d(y, Ty)] (1.2)
1
for all x,y € X, where X € [O, 2>, Then T has a unique fized point.

Theorem 1.2 ([3]). Let (X,d) be a complete metric space and T : X — X be a mapping
satisfying the Chatterjea contractive condition, that is,

d(Tz, Ty) < Ald(z, Ty) + d(y, T'z)] (1.3)
1
for all x,y € X, where \ € [0, 2>, Then T has a unique fized point.

In 1972, the idea of three famous contractive conditions (1.1), (1.2) and (1.3) are
combined to only one generalization named Zamfirescu contractive condition which is
appeared in the following definition.

Definition 1.3 ([8]). Let (X, d) be a metric space. A mapping T : X — X is called a
Zamfirescu contraction mapping if there are constants « € [0,1) and 3,7 € [0,1/2) such
that for each z,y € X, one of the following conditions holds:

(Zl) d(T.Z’,Ty) < ozd(x, y);

(Z2) d(Tz,Ty) < Bld(z, Tx) + d(y, Ty)};

(Z3) d(Tz,Ty) < ~v[d(xz,Ty) + d(y, Tx)].

It is easy to see that for a self mapping T on a metric space (X,d), T is a Zamfirescu
contraction mapping if and if and only if there is a constant &k € [0,1) such that
d(z,Tx) +d(y,Ty) d(z,Ty) + d(y,Tx)

2 ’ 2
for all x,y € X. The following theorem is a fixed point result for Zamfirescu contraction
mappings.

(1.4)

d(Tz,Ty) < kmax {d(m,y),

Theorem 1.4 ([8]). Let (X, d) be a complete metric space and T : X — X be a Zamfirescu
contraction mapping. Then T has a unique fized point.

Inspired by the extensive literature devoted to all contraction mappings aforemen-
tioned, in 2004, Berinde [2] introduced the concept of a new contractive condition as
follows:

Definition 1.5 ([2]). Let (X,d) be a metric space. A mapping T : X — X is called a
weak contraction mapping if there are constants ¢ € [0,1) and L > 0 such that

d(Tz,Ty) < 0d (x,y) + Ld (y, T'x) (1.5)
for all z,y € X.

It is obvious that each of the contractive conditions of Banach [1], Kannan [7], Chatter-
jea [3] and Zamfirescu [8] implies (1.5). Moreover, the class of weak contraction mappings
covers the half class of Ciric contraction mappings in [4], which is one of the most general
class of several contraction mappings. The following theorem is the main fixed point
result for weak contraction mappings in [2].
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Theorem 1.6 ([2]). Let (X,d) be a complete metric space and T : X — X be a weak
contraction mapping. Then T has a unique fized point. Moreover, if there are constants
01 €[0,1) and Ly > 0 such that

d(Tz,Ty) < 01d(z,y) + Lrd(z, Tx) (1.6)
for all x,y € X. Then the fized point of T is unique.

Theorem 1.6 is an extension of the Banach contraction principle, Theorem 1.1, Theorem
1.2, Theorem 1.4 and many fixed point results. Over recent years, the idea of weak
contraction mappins is attracted many mathematicians to invent the new contractions.

On the other hand, the extension of Banach contraction principle through the rational
expression of the contractive condition is first investigated by Dass and Gupta [5]. After-
wards, many authors proved several fixed point results through contractive condition of
rational type in metric spaces. For instance, Jaggi [0] introduced the following rational
expression.

Definition 1.7 ([6]). Let (X,d) be a complete metric space. A mapping T : X — X
is called a rational type contraction mapping if it is continuous and there are constants
a,f €[0,1) such that « + 8 < 1 and

ad(z, Tx)d(y, Ty)
d(z,y)
for all x,y € X with z # y.

d(Tz,Ty) <

+ Bd (x,y) (1.7)

Jaggi [6] also gave the following fixed point result for rational type contraction map-
pings in the above definition.

Theorem 1.8 ([6]). Let (X,d) be a complete metric space and T : X — X be a rational
type contraction mapping. If TP is continuous for some p € N, then T has a unique fized
point.

This paper aims to introduce many new types of contraction mapping named enlarged
Banach contraction mappings. These contraction mappings are the new rational expres-
sion inspired by weak contraction mappings of Berinde [2]. Many fixed point results for
enlarged Banach contraction mappings are analyzed in metric spaces. Moreover, we give
some illustrative examples to show the usability of our results. Based on the interesting
impact of the theory of implicit functional integral equation, our theoretical fixed point
results are applied to claim the existence of solutions for implicit integral equations

2. ENLARGED BANACH CONTRACTION MAPPINGS

Several new enlarged Banach contraction mappings are first introduced in this section.
Moreover, fixed point results for such enlarged Banach contraction mappings are investi-
gated. We begin with the definition of the first enlarged Banach contraction mapping.

Definition 2.1. Let (X, d) be a metric space. A mapping T : X —X is called an enlarged
Banach contraction mapping type 1 if there are constants 6 € [0,1) and L, L > 0 such
that

(T, Ty) < 8d(w,y) + — =A@ TV, Tx)

(2.1)
Lld(z,y) —d(z,Tx)] + 1

for all x,y € X.
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Remark 2.2. It is easy to see that each Banach contraction mapping with the Banach
contractive constant k € [0,1) is an enlarged Banach contraction mapping type 1 with
constants 0 = k and L = L = 0.

Theorem 2.3. Let (X,d) be a complete metric space and T : X — X be an enlarged
Banach contraction mapping type 1. Then T has a fized point. Moreover, for each xy € X,
the Picard iteration {x,}, which is defined by x, = Tx,_1 for all n € N converges to a
fixed point of T.

Proof. Let xg € X. Define the Picard sequence {z,} in X by

Ty =Tp_1 (2.2)
for all n € N. From (2.1), for each n € N, we have
d(zp,2nt1) = d(Tzp_1,Txy)
Ld(xp_1,Txn)d(xn, TTm_
< 6d(xn,1,xn)+f (,T 1 €T ) (1‘ T 1)
L [d (xnflaxn) - d(xnflaTxnfl)] +1
Ld n—1» n d nsy n
= 0d(wn,mn) + =L @1, Tnr1) d (@0, Z0)
L [d (xn—lazn) - d(xn—la zn)] +1

= dd (-rn—h mn)

< 6”d(x0,:171).

For each m,n € N with n < m, we have

d(Tn,Tm) < d(@n,Tnt1) +d(@nt1,Tnp2) ..o +d(@Tm_1,Tm)
< (Snd(xo,l‘l)+5n+1d($0,$1)+... —|—5m_ld($0,l‘1)
= (5n—|—5n+1—|—... +5m71)d($0,$1)
< (5n—|—5n+1—|—... )d(ZEQ,[El)
gn
= 1_5d(5€0,l‘1). (23)

By taking the limit as m,n — oo in (2.3), we have d(zy,Tn) — 0 and so {z,} is a
Cauchy sequence in X. By using the completeness of X, we obtain x,, — z as n — oo for
some z € X. For each n € N, we have

d(xps1,Tz) = d(Tz,,Tz)

< Sd(zm,2) + = Ld(x,,Tz)d(z,Tx,)
L{d(zp,z) —d(zn, Ta,)] +1
Ld(x,,Tz)d(z,2n+1)
L[d(zn,2) —d(Tn, Tnp1)] +1
Taking the limit as n—oo in (2.4), we have d (z,7z) = 0 and so z = T'z. This completes
the proof. (]

= 6d(wn,2) + (2.4)

Example 2.4. Let X = [0, 3], d be a usual metric on X and T : X — X be defined by
if x €]0,3)

[\]

Tx =
- ifx=3.
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First, we will show that the Berinde fixed point theorem in [2] can not be applied in this
example whenever L in Definition 1.5 is greater than or equal to 1. To show this, we will
claim that T is not a weak contraction mapping with L > 1. Indeed, for z = 15—3 and

y = 3, we get and

d(Tz,Ty) = ’2—’

N Ot

13
= —3‘+|3—2

ot

5
1
> 5'533‘+L|32|

= dd(z,y) + Ld(y, Tx)

forall 6 € [0,1) and L > 1. Tt yields that T is not a weak contraction mapping. Therefore,
the Berinde fixed point theorem in [2] is not useful is this situation.
Second, we will show that the Banach contraction mapping principle can not be applied
in this example. To show this, we will claim that 7" is not a Banach contraction mapping.
8

Indeed, for z = £ and y = 3, we get

30 7 7
d(Tx,Ty) ‘ 5‘ 3 >k(5> kd(x,y)

for all k € [0,1). It yields that T is not a Banach contraction mappping. Therefore, the
Banach contraction mapping principle is not useful is this situation.

Next, we will show that Theorem 2.3 can guarantee the existence of a fixed point of T'.
To apply Theorem 2.3, we will show that T is an enlarged Banach contraction mapping
type 1 with constants § € [%, 1), L =0.1and L = 1. Suppose that z,y € X. We will
divide our showing into 4 cases.

Case 1: If 2,y € [0, 3), then

Case 2: If z = y = 3, then
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Case 3: If x € [0,3) and y = 3, then

d(Txz,Ty)

o — 2[13 -2
01(lz—=3|—]z—2])+1
Ld(z,Ty)d(y, Tx)
Lld(z,y) —d(z,Tz)] + 1

wl N ot

|z — 3|+

dd(z,y) +

Figure 1 shows the validity of the above inequality. In this figure, the solid line

is the value of d (Tx, Ty)

7
=3 and the dash line is the graph of a function

2 |z — 2|13 -2
0,3 Zlz—3 5
0.3) >z Sl =3+ G =3 e —2n 71
3__
P -'_-"
— '\ -ﬂ'--.
2 \\—.‘__'__c—--'-
l_._
0 | | |- —
0 1 2 3

The value of x

FIGURE 1. Showing the validity for Case 3 in Example 2.4

Case 4: If x =3 and y € [0, 3), then

d(Tz,Ty)

i

5

v

5

2 13—2[]y—2

13—yl + 2

3 0.1(3—yl—|3-2]) +
Ld(z,T T

Sd(,y) + d(x, Ty)d(y, Tx)

Lld(z,y) —d(z,T2)] + 1



The Enlarged Banach Contraction Mappings ... 891

Figure 2 shows the validity of the above inequality. In this figure, the solid line
7
is the value of d (T'z, Ty) = 5 and the dash line is the graph of a function

2
[O,3)9yH§|3—y|+O (2.6)

(B9l -[3-3)+1

iT -
o -
\ —
27T N _ - —-~—"
l__
0 | | Hi——
0 l 2 3

The value of y
F1GURE 2. Showing the validity for Case 4 in Example 2.4

From all cases, we obtain the inquality (2.1) holds for all 2,y € X. This means that T is
an enlarged Banach contraction mapping type 1. Therefore, all hypotheses of Theorem
2.3 hold and so the existence of a fixed point of T" can be obtained from Theorem 2.3.

It points out that the uniqueness of the fixed point for an enlarged Banach contraction
mapping type 1 can not be applied from the inequality (2.1). However, this situation
does not occur for an enlarged Banach contraction mapping in the following definition.

Definition 2.5. Let (X, d) be a metric space and T : X—X be a mapping.

(1) T is called an enlarggd Banach contraction mapping type 2 if there are con-
stants 6 € [0,1) and L, L > 0 such that

(2.7)

for all z,y € X.
(2) T is called an enlarged Banach contraction mapping type 3 if there are con-
stants § € [0,1) and L, L > 0 such that
Ld(z,Tx)d(y, Tx)

A(Ta,Ty) < 8d(a,y) + g s o (2.8)

for all z,y € X.

Similarly with Remark 2.2, each Banach contraction mapping with the Banach contrac-
tive constant k € [0,1) is an enlarged Banach contraction mapping type ¢ with constants

§=kand L =L =0 forall i € {2,3}.
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Theorem 2.6. Let (X,d) be a complete metric space and T : X — X be an enlarged
Banach contraction mapping type i for some i € {2,3}. Then T has a unique fized point.
Moreover, for each xo € X, the Picard iteration {x,}, which is defined by x, = Tx,_1
for all n € N converges to a fixed point of T.

Proof. Since the proof for ¢ = 3 is similar to the proof for ¢ = 2, we omit the proof for
i = 3 in this article. Now, we suppose that T is an enlarged Banach contraction mapping
type 2. Let zp € X. Define the Picard sequence {z,} in X by

Ty = TTp_1 (2.9)
for all n € N. From (2.7), for each n € N, we have
d(zp,2nt1) = d(Tzp—1,Txy)

L Tz, _ T
S 6d($n717xn)+7 d(-%‘ny Tn 1)d(l’n, x’ﬂ)
L [d (wnfluxn) - d(.’I;nflexnil)] + ]_
= 0d(xn_1,2n) + = Ld (20, ) d (T, Tns1)
Ld (21, 2n) = d(2n-1,2n)] +1

= 0d(zp_1,%n)

< 5"d(x0,:c1).

For each m,n € N with n < m, we have

d(@n,Tm) < d(Tp,Tni1) +d(@Tni1,Tot2) +.o0 +d (@1, Tm)
< 5nd($07l’1)+§n+1d($0,.’£1)+... +(5m71d(l’071'1)
= (6" +6" 4+ +6™ ) d(zg,21)
< (0" +6" + ... ) d(20,11)
gn
1_6d($0,{£1). (210)

By taking the limit as m,n — oo in (2.10), we have d (z,, ) — 0 and so {z,} is a
Cauchy sequence in X. By using the completeness of X, we obtain xz,, — z as n — oo for
some z € X. For each n € N, we have

d(xps1,Tz) = d(Tx,,Tz)
Ld(z, Tz, T
< od(wn, )+ =LA TE)d (= T2)
Lid(xn,z) —d(xn, Tay)] +
L T
— 6d(xn,z)+f d(Z,J?TH_l) (Z Z)
L [d (xn’ Z) —d (.’L‘n, $n+1)] + 1
Taking the limit as n—o0 in (2.11), we have d(z,Tz) =0 and so z = T'z.
Finally, we may assume that w is another fixed point of 7. Then

It yields that d(z,w) = 0 and so z = w. Therefore, T has a unique fixed point. This
completes the proof. n

(2.11)

= dd(z,w).
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Next, we give the definition of the remaining enlarged Banach contraction mappings
as follows.
Definition 2.7. Let (X, d) be a metric space and T : X—X be a mapping.

(1) T is called an enlarged Banach contraction mapping type 4 if there are con-
stants § € [0,1) and L, L', L > 0 such that L < L’ and

R e

(2.12)

for all z,y € X.
(2) T is called an enlarged Banach contraction mapping type 5 if there are con-

stants § € [0,1) and L, L', L > 0 such that L < L’ and

5d(w,y) — L'd(x, Ty)
Lld(z,y) —d(z,Tx)] +1

d(Tz,Ty) < Ld(z,Ty) + (2.13)

for all z,y € X.

Remark 2.8. If T' is a Banach contraction mapping with the Banach contractive constant
k € [0,1), then the following assertions hold:

(Q T is an enlarged Banach contraction mapping type 4 with constants § = 0,
L=0and L,L' >0 such that L — L' = k;
(2) T is an enlarged Banach contraction mapping type 5 with constants § = k,

L=0and L,L' > 0 such that L = L.

Theorem 2.9. Let (X,d) be a complete metric space and T : X — X be an enlarged
Banach contraction mapping type i for some i € {4,5}. Then T has a fized point. More-
over, for each xg € X, the Picard iteration {x,}, which is defined by x,, = Tx,_1 for all
n € N converges to a fixed point of T.

Proof. This theorem can be proved by using a similar argumentation as in the proof of
Theorem 2.3. [

Example 2.10. Let X = [0,1], d be a usual metric on X and T : X—X be defined by

1
— if 1
T [0,1)

1

Tx =

We will show that T" is an enlarged Banach contraction mapping type 4 with constants
L,L/,L=1and = % Suppose that z,y € X. We will divide our showing into 4 cases.
Case 1: If z,y € [0,1), then
0d(z, Tx) — L'd(z,y)
Ld(z,y) —d(z,Tz)] + 1
Case 2: If x =y =1, then

d(Tz,Ty) =0 < Ld(x,y) +

o0d(x, Tx) — L'd(x,y)
Lid(z,y) —d(z,Tz)]+ 1

d(Tz,Ty) =0 < Ld(z,y) +
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Case 3: If x € [0,1) and y = 1, then

11
d(Tz,Ty) = 14—7‘
1
T4
< Jz-1]+ 2o =il —le 1)
- (le—1—|z—&]) +1
Sd(z,Tx) — L'd

Lld(z,y) —d(z,Tz)] + 1

Figure 3 shows the validity of the above inequality. In this figure, the solid line

is the value of d (Tz, Ty) = ; and the dash line is the graph of a function

tle— & -lz—1
0,1) >z |z — 1|+ 2 14 .
[0.1)5 @ |z —1] (|:c—1|—|$—1—14|)—|—1

08T /
06T /
04T = /

02T

00 —t— -
0.0 02 0.4 0.6 0.8 1.0
The value of x

FicURE 3. Showing the validity for Case 3 in Example 2.10

Case 4: If x =1 and y € [0,1), then

1 1

d(Tz,Ty) = ARV
_ L
4

s3] —1—y

1— 2 7

SR e P

~ Ld(z,y)+ dd(z,Tx) — L'd(z,y)

- VT Tl y) — d@, To) + 1

IN

(2.14)

Figure 4 shows the validity of the above inequality. In this figure, the solid line

is the value of d (T'z, Ty) = & and the dash line is the graph of a function

s-F-n-y
(L =yl —[1—3])+1

0, 1)y |1—yl+

(2.15)
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A
0.8 T
06T s

04T T — =

02T

0.0 —t -
0.0 02 0.4 0.6 08 1.0
The value of y

FIGURE 4. Showing the validity for Case 4 in Example 2.10

From all cases, we obtain the inquality (2.12) holds for all 2,y € X. This means that T'
is an enlarged Banach contraction mapping type 4. Therefore, all hypotheses of Theorem
2.9 hold and so the existence of a fixed point of T can be applied from Theorem 2.9.

3. SOLUTIONS FOR IMPLICIT FUNCTIONAL INTEGRAL EQUATIONS

Motivated by the impact of the existence of solutions for a problem in implicit function
theory, we use the theoretical fixed point results for enlarged Banach contraction mappings
obtained from the previous section to investigate an existence theorem for solutions of
the implicit functional integral equation (3.1) in the next theorem.

Theorem 3.1. Let X = C'[0,1] be a set of all continuous real-value functions on [0, 1]
and d be a Chebyshev distance on X. Consider the mapping T : X — X, formulating from
the nonlinear implicit functional integral equation, which is defined for each x € X by

(Tz) (t) = oz (t) + /0 f@rx(r),(Tz) (1)) dr (3.1)

for all t € [0,1], where 6 € (0,1) and f : [0,1] x [0,1] x Rx R —[0,00) is a given
continuous mapping. Suppose that the following conditions hold:

(1) T is continuous;

(2) T(B)C B, where B:={z€ X :0<z(t) <1};

(3) there are § € [0,1) and L,L > 0 such that for each z,y € B, we have

¢ Ld(z, Ty)d(y, Tx)
[ 15 a0 0 £ em9 ) (T (e < BT

for allt € 10,1].
Then T has a fized point.
Proof. Tt is easy to see that B is closed in X. Then (B, d) is complete. From (2), we know

that B is T-invariant. Hence, we must to apply Theorem 2.3 with the restriction of 7" on
B. Now, we will show that T|p is an enlarged Banach contraction mapping type 1. For
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each z,y € B and ¢t € [0, 1], we have
[(Tz) (t) — (Ty) (2)]

- \5<x<t>y<t>>+ / f (b (r), (Ta) (7)) dr - / f 67y (7), (Ty) (7)) dr

IN

6z<t>y<t>|+\/0 f(tmx(r), (Tx) (r))dr—/o f 67y (7), (Ty) (7)) dr

IN

t
§ | (t) —y(t)|+/ \f (2 (7), (Tx) (7)) = f(t,7,y (1), (Ty) (7)) dr
0
Ld(z, Ty)d(y, Tx)
L[d(x,y) —d(z,Tz)] + 1
Taking the maximum on the right hand side for all ¢ € [0, 1], we obtain

|(T2) (1) = (Ty) (1)] < dd(,y) + — [dlz;l(;’ {y;éy,;;:]h :

< Olz(t) -y O]+

for all ¢ € [0,1]. This implies that

d(T,Ty) < dd(z.y) + [dfj(;j iiyc)l?iyéﬂih 1

for all z,y € X. Now, all conditions of Theorem 2.3 are satisfied. Therefore, T" has a
fixed point. [ ]

Remark 3.2. We can use Theorem 2.6 or Theorem 2.9 with a similar technique as in
the proof of Theorem 3.1 for making the new existence result of the implicit functional
integral equation (3.1).
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