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APPLICATION ON ATANGANA-BALEANU FRACTIONAL
DERIVATIVE VIA (7,0)-WEAK CONTRACTIVE MAPPINGS

KOTIN. V. V. VARA PRASAD!, VINAY MISHRA?*, HAPKA SURENDRA3

ABSTRACT. This paper introduces the innovative concept of (7, a)-weak con-
tractive mappings. We establish several fixed point results without relying on
conditions essential in prior works. Examples are presented to showcase our
key findings, particularly in scenarios where earlier research outcomes are not
applicable. Furthermore, we provide an application of our obtained results to
fractional differential equations involving non-singular and non-local kernels.

1. INTRODUCTION AND PRELIMINARIES

The Banach contraction principle stands out as a well-established and powerful
tool in the field of nonlinear analysis, renowned for its effectiveness. Several ex-
tensions and generalizations of the Banach contraction principle are documented
in the literature, including one introduced by Wardowski [12]. In 2012, he inno-
vatively presented a contraction condition known as §-contraction and applied it
to establish a unique fixed point theorem in a complete metric space. Wardowski
[12] examined a family of auxiliary functions § : (0,00) — R that satisfy the
following conditions:

$1: § is strictly increasing;
&2 : For every sequence {0;};en consisting of positive numbers, it holds that
lim 9; =0 <= lim §(93) = —oc;
J—oo

J—o0o

83 : Ir € (0,1) such that lim ?"F(d) = 0.
=0+

Let F denote the family of all functions satisfying conditions §1, §2, and §s.

Then a self-map ¥ on a nonempty set X is called as an F-contraction if for
0(%n, TY) > 0, it implies that 7+F(0(Tn, TY)) < F(9(n,9)),Vn, ¥ € X and some
7 > 0. Following the fundamental importance of this concept, numerous attempts
have been made to ease the assumptions initially proposed by Wardowski (See
[3, 4, 7,8, 11, 11] ). An exemplary effort in this direction was undertaken by D.
Gopal et al. [5], who introduced a variant of §-contraction by incorporating the
concept of a-admissibility,

Date: Received: Jan 5, 2024; Accepted: Feb 26, 2024.
* Corresponding author.
2020 Mathematics Subject Classification. Primary 47H10; Secondary 54H25.
Key words and phrases. weak contraction, triangular a-orbital admissible, strictly triangular
a-orbital admissible, Atangana-Baleanu fractional derivative.
232



APPLICATION OF (7,a)-WEAK CONTRACTIVE MAPPINGS 233

Definition 1.1. [10] Consider a self map T on a nonempty set X, and a function
a: X x X — R", then ¥ is said to be a-admissible if,

a(n,¥) >1 = a(Tn,3TY) > 1foralln,d e X >1.

Definition 1.2. [5] Let T be a self map defined on a metric space (X, d), then
T is considered as, a-type §-weak contraction, if ¥ satisfies

T+a(n, V)§(0(%n, T9)) <

(1.1)

For all n,9 € X, satisfying 0(Tn, T¥) > 0. Where § € F, 7> 0and,a: X x X —
(0, +00).

S<max{8(n, 9),8(n, Tn), D9, V), d(n, TY) + 0(V, Tn) }) .

2

By using the above definition, in 2016, Gopal et al. [5] proved the following
results.

Theorem 1.3. [5] Consider the complete metric space (X,0), and a self-map

T defined on it. Suppose T is continuous a-admissible map satisfying condition
(1.1), and

(I'1) there exists my € X for which a(ny,Tny) > 1.
Then T possesses a fixed point in X .

Theorem 1.4. [5] Consider the complete metric space (X,0), and a self-map
T defined on it. Suppose that § is continuous, T is a-admissible map satisfying
condition (1.1), and (I'1) holds with
(I'2) if {ny} be a sequence in X for which a(ng,ny+1) > 1, V3 €N, and ny — n
as J — +oo, then a(ny,n) > 1, VJ € N,
Then T possesses a fixed point in X .

In a recent development from 2018, Wardowski [13] revisited the F-contraction
definition within a broader context. Specifically, this revision involves the elimi-
nation of the §3 condition and the substitution of 7 with a function, outlined as
follows:

Definition 1.5. [13] Let T be a self-map defined on a set X, then ¥ is character-
ized as a (i, §)-contraction, also referred to as a non-linear F-contraction, under
the condition that there exist functions ¢ : (0,00) — (0,00) and § : (0,00) = R
such that,

(H1) Function § fulfills conditions (F;) and hnﬁ §(t) = —o0;
t—0

(H2) for all ¢ > 0 we have liminf, ,;+ ¢(s) > 0;

(H3) ¢(0(n, V) +§(0(%n, ) < F(9(n, V), ¥n,¥ € X such that Tn # T,
Definition 1.6. Consider a self-map ¥ on X, and a function a : X x X — RT,
then ¥ is considered as;

(1) a-orbital admissible [9] if,
a(n, Tn) > 1 = a(%n, %) > 1; (1.2)
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(1) triangular a-orbital admissible [9], if T complies (z) and
a(n,d) > 1 and a(d,%9) > 1 = a(n,3V) > 1. (1.3)

In this paper, we present two distinct and independent concepts encompassing
novel forms of weak §-contraction conditions. Furthermore, by making slight ad-
justments to the definition of a-orbital admissible maps, we introduce the novel
notion of strictly triangular a-orbital admissible mappings. This conceptual ad-
vancement enables us to deduce our fixed point results without the conditions §»
and §3, and concurrently, we relax the continuity requirements for both functions
$ and T.

Definition 1.7. Let (X, d) be a metric space, and there exist functions 7 : RT —
RT, a: X x X — (0,00) and § : R — R such that for every n, 9 € X satisfying
J(Tn, TP) > 0, T is said to be

(1) (7,a)-weak contraction of type I, if

7(0(n,0)) + a(n, 0)§(9(%n, T0)) < §(M(n, 7)), FeF, (1.4)
(17) (1, a)-weak contraction of type 11, if
7(0(n,9)) + §(a(n, 9)0(Tn, T)) < FON(n, 7)), T € F1, (1.5)
0n,9). 9n, T), o9, w0), A2 EEOWE),

where, 9t(n, ¥) = max (9, TI)[1 + d(n,Tn)] (I, Tn)[1 + d(n, TVI)]

1+0(n, ") ’ 1+ 09(n, )
In the above definitions, it can be noted that in condition (1.5), we have applied

condition §; only to function §, showcasing its wide-ranging applicability. The
following two examples show that conditions (1.4) and (1.5) are independent.

Example 1.8. Let us consider the non-empty set X = {0, 1,2}, and define the
metric 0 : X x X — R* by

0, ifn=27,
_ )5 i () € {(1,0),(0,1)},
o, v) = w5 if (m,9) € {(1,2),(2,1)},
i if (n,9) €{(0,2),(2,0)},

=
o

additionally, let T be self-map on X, such that T0 = %1 =0, and 2 = 1.

2 if 2,0),(2,1
and a: X x X — R by a(n,?) = 76 if n€{(2,0),(2,1)},

P otherwise.

By considering §n = Inn, ¥ n > 0, and 7(n) = £ (constant), we can observe
that the following cases are possible;
Case I if n = 0,0 = 2

7(9(0,2)) + a(0, 2)F(9(%0,52)) = g +31n (%) < 3(8(0,2)) < FON(0,2)).
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Case II: if n =29 =0
r(0(2,0)) + a2, 0/5(2(52.50) = £ +21n 3 ) < 5(0(2.0)) < 5OR(2.0),
Caselll: if n =1,y =9
7 1
7(0(1,2)) + a(L,2)F(9(1,T2)) = £ +21n ( ) < §(0(0,1)) < F(M(1,2)).

The case n = 2,9 = 1 can be solved similarly and the remaining cases vanish
trivially. Thus, ¥ satisfies (1.4).
But, for n = 0,9 = 2,

7(0(0,2)) + §(a(0,2)0(%0,%2)) = g +1In (2 X %) £ F(9M(0,2

Therefore, T does not satisfy condition (1.5).

Example 1.9. Let X and ¥ be as defined in Example 1.8, and let 9 : X x X — R*
be a metric such that

0, ifn=241,
)5, if (n,9) € {(1,0),(0,1)},
o, V) = 10, if (,9) € {(1,2), (2, 1)},
15, if (,9) € {(0,2),(2,0)}

1, it n =17.
3

And 7(n) = §; (constant), then again we can observe that;

Case : If n=0,9=20rn=2,9=0.
3

7(9(0,2)) +§(a(0,2)0(%0, T2)) = 15 +In(10) < F(9(0,2)) < F(MN(0,2)).
Case II:ifn=1,9=2o0rn=2,9=1.

7(0(1,2)) + §(a(1,2)0(%1,52)) = % +1n(10) < §(9(1,2)) < F(M(1,2)),

remaining cases can be solved similarly. Thus ¥ satisfies (1.5).
But, for n = 0, and ¥ = 2,

#(0(0,2)) + a(0, 2)F(9(T0, T2)) = % +21n(5) £ FEAM(0, 2

Then by considering §n = Inn, ¥n > 0, a(n,d) = {

Therefore, T does not satisfy (1.4).
The subsequent lemmas will be pivotal in deriving our main results.

Lemma 1.10. [9] Consider a triangular a-orbital admissible mapping T. Let
a(n,Tn) > 1, for some mqy € X, also {n3} be a sequence defined by ny+1 = Tny,
then a(ny,nm) > 1Ym,J € N wu‘hJ <m.

Lemma 1.11. [0] For every sequence {n;} defined on metric space (X,0), if
there exits X\ € [0,1) such that O(ny41,M34+2) < A3, M3+41), VI € N. Then {n;}
1s Cauchy.
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In the next section, we state and prove some fixed-point theorems for our
proposed contraction conditions, which are also supported by some illustrative
examples. Our findings are some real generalizations and enhancements of the
results of Wardowski [12, 13, 11] and Gopal et al. [5]. In the final section, we also
discuss an application for our discovered fixed point result within the context of
fractional differential equations, demonstrating the significance of our findings.

2. RESULTS ON (7, a)-WEAK CONTRACTION OF TYPE-I AND TYPE-II

We now demonstrate our first result.

Theorem 2.1. Let T be a self-map defined on a complete metric space (X, 0),
such that T is continuous, and satisfies the conditions (1.3), (1.4) with (I'1).
Then T has a fized point in X, provided liminf, ,;+ 7(9) > 0 for all n > 0.

Proof. Assuming condition (I'1), let n; € X be such that a(n;, Tn;) > 1. Define
the sequence {n;} in X by 13,1 = Ty, for all J € N. If there exists Jo € N such
that 13,41 = 13,, the proof is immediately concluded. Therefore, we consider the
case where 13,1 # 13, VJ € N. Utilizing Lemma 1.10, we establish a(ny,ny:1) > 1
for all J > 1. Now, since T is a (7, a)-weak contraction of type I, it follows that
for every J € N, we have

(03, m311)) = F(O(Tnz—1,Tny))
< a(my-1,73)F(Tny—1, Tny)-

Consequently,
T(O(My-1,m3)) +F(On3,m351)) < 7(O(my—1,m3)) + almz—1,73)8 (Znz—1, Tn)

< F(M(ny-1,m3))
D(ng,mg) + O(ng1,ma
O -1.10), D2, 1), D ), ) Ot )

O(nz, n341)[1 4 0(nz—1,m3)] O(nz, my)[1 + O(nz-1, M311)]
L+ 0(my-1,m3) ’ L+ 0(my-1,m3)

=5 | max

< F (max {d(ny—1,m3), 003, M341) }) - (2.1)

)
)} 5 80y, 7341), then
9(n3,M3+1)), a contradiction. Therefore, the

1)} is 9(ny-1,m3). Then the equation (2.1),

(n;
Suppose, max {9 (131, 73), I3, N3 11
T(A(n3-1,7m3)) + F(0(n3,1341)) <
maximum of {9(n3_1,n3), 0Nz, N3+
reformed

T(O(M3-1,m3)) + F(O(n3,M341)) < F(O(3-1,m3)), (2.2)

this leads to, F(9(ny, n3+1)) < F(O(n3-1,7m3)), by using the property §;. So we can
conclude that the sequence {0(n3-1,75)} is a decreasing sequence. Consequently,
there exists a non-negative real number 7, such that {9(ny-1,7;5)} — 7 as J — 0.
Also, since it is provided that liminf, .+ 7(n) > 0 for all n > 0, therefore 3 p > 0
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and Jo € N such that 79(n3-1,13) > p, V J > Jo. Now from (2.2) we have,

F(0(n3-1,m3)) < F(O(my—2,m3-1)) — 7(I(M3-2,M3-1))
<FOmy-3,m5-2)) — [T(O(n3-2,m3-1)) + T(I(M3-3,m3-2))]

[3—1

<T@, m)) — | > T(0ni—r.m) ]
?jo_ 1 J—

= 3(9(n0.m)) — Z (Mi-1,m:)) Z (Mi-1,7:) ]
i=1 =30

< §(0(m0,m)) = Ip, 3= Fo (2.3)

by taking the limit as J — oo on both sides, we have §F(d(n;-1,71;3)) — —o0, and
according to property §a, we deduce that d(n;_1,n;) — 0. Utilizing property s,
we can ensure the existence of r € (0,1) such that

Jim (O(ny—1,m3))" F (9(13-1,m3)) = 0.
It follows from (2.3) that
(0m-1.m))" (§(003-1,1)) = (Dm0, m))) < —(D(mg-1,m5))"Ip <0,
and letting J — oo, we obtain
Jim 3(9(3-1,m5))" = 0. (2.4)

From (2.4), it can be observed that 3 J; € N, such that J(9(n;-1,7n;))" < 1 for
all J > J1. Therefore, we have

Lo n
A(ny-1,m3) < g V3> (2.5)
Now by using triangular inequality, for all m > J > J;, we get
oo o 1
O 15) < Oy 1) + +oe + O41,m5) < D 01, mi) < g (By (2.5))
i=3 i=3 V"

Since the series » ., 3% is convergent, it implies that the sequence {n;} is a

Cauchy sequence in the complete metric space X. Hence, there exists an element
R € X such that lim 7; = K. Moreover, as T is continuous, we can assert the

J—oo
following,
O(R,TR) = lim Dy, Tng) = lim O, m341) = 0.
J—oo J—oo
This indicates that £ is a fixed point of ¥. O

In the next result, we impose continuity of § in place of mapping ¥ in Theorem
2.1.
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Theorem 2.2. Let T be a self-map defined on a complete metric space (X,0),
satisfying the conditions (1.3),(1.4), where § is continuous, and (I'1), (I'2) holds,
then T has a fized point in X, provided liminf, ..+ 7(n) > 0 for all n > 0.

Proof. Assuming condition (I'1), let 1, € X be such that a(n;, Tr;) > 1. Utilizing
the steps outlined in the previous theorem, it is evident that the sequence {n;}
forms a Cauchy sequence in the complete metric space X. Consequently, there
exists an element & € X, such that lim n; = &

J—oo
From Lemma 1.10 we have a(ny, n341) > 1, then by (I'2) we get
a(ny, 8) > 1, V3 € N. (2.6)

Now, we analyze two possible cases,
Case I: Suppose that for every J € N, 3 i3 € N such that 7;,;; = TR where
Zj > 2'3_1. Then,
£ = lim 9,4, = lim Tn;, = TR, (2.7)
J—o0 J—o0
i.e., R is a fixed point of T.

Case II: Now, let’s consider 3 Jy € N such that 311 # TR, VJ > Jo.
Then, we have

T(0(ny, R)) + F(0(n341, TR)) < 7(0(my, B)) + a(ny, B)F(O(Tny, TR))

O(R,n341) + 0(ny, TR
a(nﬁuﬁ)ua(nﬁanﬁ+l)aa(ﬁ7 Tﬁ)a ( 77\5+1) 9 (nd )7 (28)

(R, TR)[L + 0(ny, my1)] (R, my41)[1 + O(mgy, TR)]
1+a<7737‘ﬁ> 7 1+a(7]37ﬁ)
If O(R, TR) > 0, then by the fact that 3lim d(ny, R) = 3lim J(R,n341) = 0, there

exists J1 € N, such that
O(R, My51) + O(ny, TR
d(ny, R), 0Ny, My41), O(R, TR), (R, m341) , (13 )’

(R, TR)[1 + (g, my+1)] O(R, ma41)[1 + O(1y, TR)]
1+ d(ny, R) ’ 1+ d(n, R)
for all § > J;. Then from (2.8), it follows that
T(9(n3, 8) + F(0(ny+1, TR))) < F(O(R,TR)), VI = max{Jo, J1 }-
Since § is continuous and liminf,_,;+ 7(n) > 0 for all n > 0,
T(O(R, R) + F(0(R,TR))) < F(O(R,TR)),

This leads to a contradiction. Therefore, T must possess a fixed point in X. [

< max

— (], TR),

max

Definition 2.3. Consider a self-map ¥ defined on X, and a functiona : X x X —
R* such that

(i) a(n,Tn) > 1 = a(Tn, T2) > 1;

(i7) a(n,¥) > 1 and a(9,%T9) > 1 = a(n,TY) > 1.
If T satisfies conditions (i) and (i7) then we call it strictly triangular a-orbital
admissible.
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Remark 2.4. The notions of strict triangular a-orbital admissible maps and tri-
angular a-orbital admissible maps are mutually independent.

Now, consider the following conditions;

(I'3) a(n1,%Tm) > 1, for some n; € X,

(I'4) if {n3} is a sequence in X for which a(ny,n341) > 1, VJ € N, and
lim n3 = n, then a(n;,n) >1 for all J € N.
J—0o0

In the next results for removing conditions §» and §3, we consider strict triangular
a-orbital admissible mapping along with (7, a)-weak contraction of type II.

Theorem 2.5. Let ¥ be self-map defined on a complete metric space (X, 0), such
that T is continuous strictly triangular a-orbital admaissible mapping satisfying the
condition (1.5), and (I'3) holds. Then ¥ has a fized point in X.

Proof. For any arbitrary point 1y € X, we can define a sequence {n;} € X as
Ny+1 = M3, ¥V J € N. Suppose that n3, = 13,41 for some Jy > 0, then 7y, is
a fixed point of ¥, and then the proof is completed. We presume that for any
J €N, ny # ny11, then we get 9(ny, my41) = O(Tny_1, Tny) > 0.

Now from (I'3), suppose 1y € X for which a(ny, Tng) > 1, and since ¥ is strictly
triangular a-orbital admissible, therefore

a(no, m) = a(no, Tno) > 1 = a(Zno, Tny) = a(n1,m2) > 1.

Inductively we can obtain that, a(ny,n;11) > 1. By the fact that ¥ is (7, a)-weak
contraction of type II, for every J € N, we get

(3, My+1) + F(alny, m3+1)0(My11, My+2)) < FMUny, my+1)), (2.9)
where
M(ng, n3+1) =
(03, My+1), 0(03, M+1)s (M1, My+2), %[3(773+1,773+1) + 0(n3, ny+2)],
= max [

+ 03, m3+1)] 0341, Ma+1)[1 + (M3, Na42)]

Y

O(M3+1, M3+2)
1+ 8(77\17 77J+1)
= max {13, 7311), (341, May2) }-

1+ 9(n3,m341)

(2.10)

If max {0(13,73+1), O(M+1,M3+2) } = O(Ny41,My+2). Then from (2.9), we get

73, M341) + S(anz, m311)0(M311, Mar2)) < F(O(N341,M342))
ie. F(a(my, m311)0(M341,M312)) < F(OMa11,M342))-

Since § is increasing, therefore a(ng, 7341)0(My+1, M3+2) < O(N341, Myv2),
which implies that a(ny,n341) < 1, a contradiction.

Consequently, max {9(n3, n341), 0341, m342) } = O(ny,my+1). This leads to the
sequence {0(ny, N341) 52, is a non-increasing, and it is bounded below by 0. Then
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from (2.10), we obtain that

7(0(n3, my+1)) + F(ang, m341)0(351, my42)) < F(0(n3,m341))
we can write the above term in the following way

S(a(n, 1341)0(N341, M342)) < F(0(n3, 1311)) — 7(9(n3, M3+1)) < F(0(03,7M341))-
Since § is strictly increasing, therefore a(ny, 7341)0(N341, N3+2) < (N3, M3+1),

which implies, d(n341, 73+2) < A0, 34+1), (A= 1/a(ng, nz41) <1).  (2.11)

Lemma 1.11 implies that the sequence {n;} is a Cauchy sequence. As X is
complete, there exists an element & € X such that lim n; = &. Additionally,

J—00
since ¥ is continuous,

R = lim 734, = lim Tny = TR
J—o0 J—00
O

In our next result, by incorporating an additional condition (I'4), we establish
a fixed-point result, without the condition of continuity for both the mappings T
and §.

Theorem 2.6. Let T be a self-map defined on a complete metric space (X,0),
such that ¥ is strictly triangular a-orbital admissible mapping satisfying the con-
dition (1.5), and (I'3), (I'4) holds. If liminf, ,;+ 7(n) > 0 for all n > 0, then ¥
has a fized point in X.

Proof. Let {n;} € X be a sequence in X defined as 13,1, = Tn; for any J € N. By
following the steps of Theorem 2.5 we can show that {n;} is a Cauchy sequence
in X. Consequently, there exists a point & € X, such that liminf; . 7y = &
We have to show that R is a fixed point of T. On the contrary, suppose that K is
not a fixed point of ¥, i.e., & # TR. Then from (1.5), we get

S(a(ny, 8)0(n311, TR)) = F(alng, R)0(Tny, TR)) < F(M(ny, R)) — 7(ny, §)
< F(M(ny, K)).
Since § satisfies §1, therefore we get
a(ng, 8)0(n341, TR) < M(1;, K). (2.12)
Meanwhile, on the other hand,
(R, TR) < M(ny, K)

a ﬁv J + 8 ~7$ﬁ
a<n37 ﬁ)a 5(7737 773+1), a(ﬁ, Sﬁ), ( n‘H_l) 2 (77‘5 ) :

O(R, TR + Oy, my+1)] (R, my+1)[1 + Oy, TR)]
1 +8(773»ﬁ) 7 1 +a(7737~ﬁ> '
Now, taking the limit J — oo, we get (&, TR) < lim M(n;, R) < I(R, TR).
J—00

= Imax

i.e., lim M(n;, R) = I(R, TR). (2.13)

J—oo
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It follows from (2.12) and (2.13)
~hm a(7737 ﬁ)a(nﬁ—l-h ‘z‘ﬁ) < a(ﬁv ‘Sﬁ)u (214)
J—oo

by using the triangular inequality, we get
a(%? ﬁ)a<ﬁa sﬁ) < 0(7737 ﬁ) [0(ﬁ, 773+1) + 8(773+1a Tﬁ)]a
taking the limits on both sides
Jim a(ny, R)0(R, TR) < lim [a(n, 8)0(ny11, TR)] < I(R, TR
—»00 J—00

Let lim a(n;, R) = B > 1, then S(0(R, TR)) < 0(RK, TR), a contradiction, thus K
J—00
is a fixed point of T. O

Theorem 2.7. Let ¥ be a self-mapping defined on a complete metric space (X, 0),
such that for any n,9 € X, Tn # V.

T+ 5(0(%n, T9)) <FM(n,9)), FeF,7>0.
Then T has a unique fixed point in X if either T or § is continuous.

Proof. By taking 7(9(n,vY)) = 7(constant) and a(n,?) = 1, the proof of the
theorem follows easily from Theorem 2.1 and Theorem 2.2. 0

Theorem 2.8. Let T be a self-mapping defined on a complete metric space (X, 0),
such that for any n,v € X, Tn # 0.

T+ 3(0(Tn, TV)) < F(M(n, 7)), Fe€TF1,7>0and,y>1.
Then X has a unique fized point in X.

Proof. By taking 7(0(n,?)) = 7(constant) and a(n,?J) = =, the proof of the
theorem follows easily from Theorem 2.6. OJ

Remark 2.9. Let’s say the set of all the fixed points in T is denoted by Fiz(¥).
Next, we define the following condition for this set

(V) a(n,¥) > 1, Vn,9 € Fiz(T).
The uniqueness of fixed points can now be attained by applying the condition
(V) to our results that have been proven.

Example 2.10. Let X, 0, and T be the same as in Example 1.8 and,

a(n,9) = {17 if (n,9) € {(0,0),(0,1),(0,2), (1,2)},

%, otherwise.

By choosing § : RT — R defined by §n = Inn,Vn > 0 and 7 : RT — R* defined
by 7(n) =n+ 15 for n > 0. Then 0 is a fixed point of T in X

Verification. Tt is easy to observe that (X, 0) is a complete metric space, and §
satisfies conditions §1, §2, and §3. Now, we have to show that condition (1.4)
holds. By the definition of a(n, ), it is clear that

7(0(n,9)) + a(n, 0)§(9(Tn, T0)) < 7(d(n, V) + F(9(Tn, TV)). (2.15)
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Therefore, there are two possible cases;

Case I: If n = 0,9 = 2, then 0(%0,%2) = 9(0,1) = % > 0,

10°

3 1 1 1 18 3
d 9) — A s G
and, (0, 2) max{m’o’ 10’10’13’65}

Now, 7(9(0,2)) + §(0(%0,%2)) = 5 + L +1In (;) <In (i> < F(M(0,2)).

10 10 10
(2.16)
Case II: If n = 1,9 = 2, then 9(%1,%2) = 0(0,1) = 1

111 3 6 3 3

and, 9)?(1,2)—max{1—0 "5 10 20" 5 ﬁ} iR
Now, 7(9(1,2)) + F(A(TLT2) = = + = +1n [2) < (=) < 3em(1,2)
o THAS =00 M) S ) = <))
(2.17)

From (2.15),(2.16), and (2.17) it can be observed that condition (1.4) holds.
Consequently, from Theorem 2.2 we can conclude that ¥ has a fixed point.

Remark 2.11. If for any 7 € [£, 2], then (1.1) does not hold. In this regard,

Theorem 3.8 and Theorem 3.9 of Gopal, Abbas, Patel, and Vetro [5], are not
applicable.

Remark 2.12. Every a-type §-weak contraction [] is (7, a)-weak contraction of
type I, but the converse is not necessarily true.

Example 2.13. Let X = [0, %] and 9(n,9) = |n — 9| for all n,¥ € X. Define T

by
0, ifne|0,2],
‘z'(m:{g 0,2

5, otherwise.
Also consider §(n) =1lnn, V7 >0,and a: X x X — (0,00) by
2, ifn,9€0,2,n9 € (2,2],
ﬂ(n,ﬁ) — , un . [ ] n ( 2]
5, otherwise.

It can be easily observed that ¥ is strict triangular a-orbital admissible and
also (I'3), (I'4) holds.
Now, for any n € [0,2] and ¢ € (2, 3], it is easy to see that

o0n.0), 00, T), 009, 79), XV LIE )

inf =2,
pepdweed | ) W, TO)1 + Ay, Tn)] O, Tn)[1 + (n, TV)] 2
1+ 09(n, V) ’ 1+9(n,9)

And, 7(9(n,9)) + §(a(n, 9)0(Tn, T9)) = 7((n,¥)) + In (3 x 3) -
Therefore T satisfies condition (1.5) for any 7(n) € (0,In2]. Clearly, T satisfies
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all the hypotheses of Theorem 2.6, and consequently, ¥ has at least one fixed
point.

11
5

(1(25)) o (a(m)) 2 () (2 5)

for every 7 (d (2, %)) € R*. Hence, condition (H3) is not satisfied. consequently,
Theorem 2.1, presented by Wardowski [13] cannot be applied in this context.

Remark 2.14. In above example for n = 2 and ¥ = =, we get

Remark 2.15. Every (¢, §)-contraction (or nonlinear §-contraction) [13] is (7, a)-
weak contraction of type II, but the converse is not necessarily true.

3. APPLICATION ON ATANGANA BALEANU FRACTIONAL DERIVATIVE

In the last few decades, remarkable development has been accomplished in the
field of fractional calculus, with widespread applications across various scientific
disciplines such as Mathematics, Physics, Biology, Medicine, Fluid dynamics,
Finance, Signal processing, and more. These extensive applications led the re-
searchers to formulate various definitions for fractional derivatives, with the most
commonly used being the Caputo and Riemann-Liouville derivatives. Recently,
Atangana and Baleanu introduced a new fractional derivative with the general-
ized Mittag-Leffler function as a non-local and non-singular kernel in [2], along
with some useful properties.

Let H'(0,x) = {g € L*(0,k) and ¢’ € L*(0,x)}, where L?*(0, k) is the space
of square integrable functions on the interval (0, ), then the Atangana Baleanu
fractional derivative is defined as

Definition 3.1. [2] Let ¢ € H'(a,b),a < b, and 0 < k < 1. The Atangana-
Baleanu fraction derivative in the Caputo sense of g of order k is defined by

renye) = T8 [y -5

11—k 1—k
where E, is the Mittag-Leffler function defined by Ex(z) = > 7 F(#nﬂ) and R (k)
is a normalizing positive function satisfying S(0) = 9(1) = 1. The associated
fractional integral is defined by

1—k 2
ABTRG(¢) = —~g(s) + =~ oI*

R(k) R(k)
where ,I* is the left Riemann-Liouville fraction integral given as
1 S
a[k - = . k—1 dv.
09 = 7 | (6= 0wy
We discuss the following problem
(6P D*5) (s) = Qs,0(s)) s € I,0< k < 1, (3.1)

with the initial condition 6(0) = &y, where D¥ denotes the Atangana - Baleanu
derivative in the Caputo sense of order k and €2 : [ x X — R is a continuous
function with ©(0,6(0)) = 0.

g(s),
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Proposition 3.2. [I] For 0 < k < 1, we have ( *PI#BOD*§) (¢) = 6(s) — 6(b).

Theorem 3.3. Suppose X = C(I,R), assume that there exists a function J :
R? — R and §; € X such that for all 6,7, € X ands € I, J(0:1(s),Td1(s)) >0,
where T : X — X is defined by T(s) = do +§F I*Q(s, 5(<)).

(m1) J(6(s),7(s)) =0, T(v(s),¢(s)) =0 = T(d(s),¢(s)) > 0;
(m2) J(6(5),7(<)) 20 = T(Té(s), Ty(s)) = O;
(m3) if {6,} C X and lim 6, =5, = J(0,,0) >0,Vn e N,§ € X;
R(E)T (k) |16(<) = () +4/18() = (<)]
() 1006, 5(6)) — s, (e))] < SOOI AL VED 0]
holds, then ¥ possesses at least one fized point, which serves as the solution to
the problem (3.1).

Proof. Applying the Atangana-Baleanu integral to both sides of (3.1) and using
Proposition 3.2 , we get, §(s) = dg + 5PI*Q(c,6(s)) = TI(s). In the next step,
we will show that ¥ has a fixed point, let a: X x X — [0, 00) be given by,

(3.2)

1

3, otherwise.

a(6.7) = {/\, J(0(s),v(s)) > 0,¥s € I where A > 1,
Then for each 6,7 € X,
a(6,T0) >1 = J(T(s),T?(c)) > 0, i.e. a(T,T?*5) > 1, and
a(0,7) > L a(y,Tv(s)) > 1 = J(6(c),7(c)) = 0, and T (7(c),Tv())= 0,
which gives J(4(s), Tv(s)) > 0, (using (m1)) and therefore (9, Ty) > 1.
which shows that ¥ is a triangular « orbital admissible map, now we will show
that T satisfies condition (1.5),

16() = TA(9)] = | SE1(Qs, 8(6)) — QA5 1()))]
1—k

g (Cs:0(9) = Qe (o)) +
k

R(k)

oI* (s, 0(5)) = s, 7(s))) |

k k
Gk
_ BB
= (1= kAT (k) + 4

(sup 16(s) — 7(s)| + \/sup |6(s) — 7(§)|)

sel cel

[ (92s,0(5)) = 9, 7(6)|

(550 * s o) >

3
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RET(E)  (1—k k1
(1 = k)AT(k) + 4 (m(k) ) kF(k)> X

(sup 16(s) —~(s)| + \/sup |0(s) — v(@l)

sel sel

< 411 <sup 18(<) = (<] + \/Sup 9(<) = 7@') i %

sel sel

_ supe I8(s) —(6)]
(/5 P + 2)2

1 - \VO(0,7) + 2
VAR, DY)~ o)
1 _ 1 c_ 1
VaB,7) VAT TY) T VAE)
By taking 7(z) = 1+ \/LE, and F(x) = —\/LE we get

)

this yields that,

which implies, 1 +

7(0(9,7)) + F(AI(TS,%Tv)) < F(I(6,7)).

Now using F; and form equation (3.2), it can be clearly observed that,
7(0(6,7)) + Fla(z,y)0(%0, %)) < 7(9(6,7)) + F(A(T4, Ty)) < F(9(0,7)) <
F(0(6,7))

also there exists §; € X such that J(61(s), Td1(<)) > 0, which implies a (1, Tdy) >
1, and using (m3), (I'4) can be obtained. Thus ¥ satisfies all the hypotheses of
Theorem 2.6, consequently T possesses a fixed point and which will be a solution
of the problem (3.1). O
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