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Abstract. This paper presents a systematic investigation of an extension of the developments concerning
the O-contractions, which were proposed in 2014 by Jleli and Samet. This paper generalizes the notion
of the O-contractions to the case of non-linear 6 -contraction mappings, and prove multi-valued fixed
point results in b-metric-like spaces. The paper also includes a tangible example, which displays the mo-
tivation for such investigations as those presented here. This paper is completed by giving an application
of the proposed non-linear 6;-contractions to the Liouville-Caputo fractional derivatives and fractional
differential equations.
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1. INTRODUCTION

The Banach fixed point (or contraction) theorem opened a door to a new area of pure mathe-
matics and functional analysis. It states the conditions sufficient for the existence and unique-
ness of a fixed point, and the theorem also provides an iterative system by which we can find
approximations to the fixed point and the error bounds. Iterative systems are used in several
branches of applied mathematics, and the criteria of convergence proof and the error estimates
are very often produced by an application of the Banach fixed point theorem. The idea of fixed
point theory was explored and furthered by a good number of researchers (see, e.g., [1, 2, 3, 4]).
Banach’s concept was prolonged by either extending metric spaces in many different ways or
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by modifying the structure of the contraction itself. In 2012, Wardowski [5] developed the con-
cept of a contraction principle mapping, which is known as the F-contraction, and proved some
fixed point theorems, which provide generalizations of the Banach contraction principle. Also,
while extending the idea of the F-contractive principle mappings to the case of non-linear F'-
contractions and proving fixed point theorems via the dynamic iterative system, Jleli and Samet
[6] presented a study of a new class of contractions, which they called the 6-contractions. This
has provided new aspects of the Banach contraction principle in a unified approach.

2. PRELIMINARIES

Recently, Jleli and Samet [6] introduced the following concept:

Let (I',0) be a complete metric space and [ : I' — I'. Then there exist 0 € E and a € (0,1)
such that
)ul,ﬂ,z el 6(12,1,112) >0 = 9(6([/11,112)) é Qa(ﬁ(ll,ﬁg)),

where .
6% (0(A1,42)) = <9(5(117/12))> :
and E is the set of mappings 6 : (0,c0) — (1,00) satisfying each of the conditions (6;), (6;), and
(6iii):
(6;) 0 is non-decreasing and right-continuous;
(6;) for each {s¢} in (0,00), it is asserted that
lim O(s;) =1 < lim(s;) =0;

T—r0 T—y00
(64 there exist r € (0,1) and A € (0,0] such that
—1
lim 6y =1 =A.
s—0+ 8"

Then [ has at least one fixed point.

Example 2.1. The functions 6 : (0,00) — (1,00) defined, in terms of the exponential function
e’, by

01 (x) = e, B(x) =eV*, B3(x) =€, O4(x) =eV™® and Os5(x)=1+/x
are all in .

Nadler [7] used the idea of the Pompeiu-Hausdorff metric, and discussed the contraction
theorem for many-valued functions rather than single-valued functions. We recall here the
definition of the Hausdorff-Pompeiu metric and some related results.

Let (I',0) be a b-metric-like space. For A € I"'and P; C T, let

0o (A,P1) =inf{O(A,y) :y € P2}

Define a mapping Hy, : CB (I') x CB (I') — [0, ) by

Hy (Pp, Py) = max { sup Op(A,P>), sup Op(y, Pl)}
rcp YEP,
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for all P;,P, € CB(I'). Then H, is known as the Hausdorff-Pompeiu b-metric-like induced
by 0-metric-like on CB (I"), where CB (I') is the class of all non-empty, closed, and bounded
subsets of I'. A point A € I is said to be a fixed point of / : I' — CL (I") such that A € /A, where
CL(I') is the class of all non-empty and closed subsets of I".

Some other related recent developments are being recalled here as Theorem 2.1, Lemma 2.1,
and Lemma 2.2.

Theorem 2.1. (see [7]) Let (I',0) be a complete metric space, and let I : I" — CB(I"). Then
(I',0) is a Nadler contraction if there is y € [0,1) such that

Hy(IA1,1A;) < vO(A1,A2) (YA, €T).
Furthermore, I possesses at least one fixed point.

Lemma 2.1. (see [7]) Let (I',0) be a metric space, P, € CB(I'), and A € I'. Then, for all € > 0,
there exists y € P> such that

O(A,y) S0(A,P) +¢.

Lemma 2.2. (see [3]) Let (I',0) be a metric space, and let P, P, € CB(I") with Hy(P(,P;) > 0.
Then, for all h > 1 and A € Py, there exists y = y(A) € P, such that

0(A,y) < hHy(P1,P,).

Matthews [8] put forward the concept of a partial metric, which was augmented by Alghamdi
et al. [9] to b-metric-like spaces. While comparing it with the partial metric, they proved that
every partial metric is an b-metric-like, but that the converse is not true, confirming that a
b-metric-like space is more general than the partial metric space. They also derived some inter-
esting results on fixed points in this newly-defined approach. Their idea was further exploited
by various authors in many ways (see, e.g., [10, 11]).

Definition 2.1. (see [9]) A b-metric-like space on I' # ¢ is a function b : ' x I’ — RT U {0}
such that, for each A;,4;,A3 € I" with s = 1, the following conditions hold true:
(b;) the condition:
0(A1,4) =0

implies that A; = Ay;
(bij) the following condition is satisfied:

5(11,7@) = 5(/12,2,1);
(biij) the following condition is satisfied:

0 (A1,A3) < 5[0 (A1,A2) +0 (A2, A3)].
The pair (I",0) is called a b-metric-like space.
Example 2.2. LetI'={0,1,2},and let0: T x ' — RT U{0} be given by
0(0,0) o(1,1) ©(2,2) 9(0,1) 9(0,2) o(1,2)
0 2 2 4 2 1

with

0(A1,42) =0 (A2, 1)
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for every A;,A; € I'. Then (I',0) is a b-metric-like space with s = 2. Owing to Example 2.2
above, it is neither a b-metric nor a metric-like space since

9(0,1)=4>3=05(0,2)+0(2,1).

Remark 2.1. Every partial metric is a b-metric-like space, but the converse is not true in general
(see [9)]).

Example 2.3. Let ' = {0, 1,2}, and suppose that

2, M =2 =0,
0 (M) = %, otherwise.

Then (I',0) is a b-metric-like space with s = 2.

Definition 2.2. Let (I',d) be a b-metric-like space. Then
(i) a sequence {A;} of I converges to A € T if and only if

lim 8(2,2) = B (A, A)3

(ii) a sequence {A;} of b-metric-like space (I",0) is said to be a Cauchy-sequence if and only if

i 3252

exists (and is finite);
(iii) a b-metric-like space (I',0) is said to be complete if and only if every Cauchy-sequence
{A:} € T converges with respect to 7(9) to A € I" in such a way that

Jim_3(2e,A) =8 (A,2) = lim B (A, Ac).

Definition 2.3. Let (I',0) be a b-metric-like space. Then each b-metric-like space on I" gener-
ates a Tp topology 7 (0) which is the family of open J-balls, given by
{Bs(A1,r): 2y €T and r >0},
where
B{)()L],r) = {lz el |6(/11,)Lz) —6(11,&1)‘ < r}
forall Ay € T"and r > 0.

Definition 2.4. The criterion of a convergent sequence is not to be necessarily unique in a
b-metric-like space. Indeed, if we let A, =2 forall t=1,2,3,---, then

lim §(A,2) =9(2,2)

and
lim 0 (Ag,1) =0(1,1).

T—poo

Definition 2.5. Let (I',d) be a b-metric-like space.
(i) The function I : " — T is said to be continuous at ¢ € I" if, for a given € > 0, there exists

8! > 0 such that
1(35 (z,5l)> C By (It,¢).
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Indeed, we call 0 to be continuous on I'if 7 is continuous for all r € T}
(ii) the function I : I" — I" is said to be sequentially continuous on v € I" if, for all sequences
{uj} inl, I (uj) — I (v), that is, if

lim 8 (Iu;,Iv) =3 (Iv,Iv).

J—reo
The function [/ is said to be sequentially continuous on I if it is sequentially continuous on each
vels;
(iii) the continuous mapping / : G — G such that

Tli_r)r;fﬁ(?tf,l) =0(A,A) — Tli_rgﬁ(l%,]l) =0(IA,IN).
We now recall the following result on a sequence in the b-metric-like space.

Lemma 2.3. (see [9]) Let {QLJ’};:O be a sequence in the b-metric-like space (I',0) with con-
stants s 2 1. Then

3 (A, ) < 59 (Ao, A1) + 573 (A1, A2) + -+ + 5718 (Ar1, Ar).

The main purpose of this paper is to introduce and investigate a new concept of the 6y-
contraction in b-metric-like spaces. We relax the restrictions on the function 6 : (0,e0) — (1,e0),
which was considered by Jleli and Samet [6], by eliminating the condition (6;;;). We suppose
instead that there exist » € (0,1) and A € (0,00) such that

lim 901

s—0+ s”

=A.

We then prove some multi-valued Suzuki type fixed point results in a b-metric-like space. This
paper also includes an interesting example which displays the motivation for such investigations
as those presented here. Our investigation is completed by giving an application of the proposed
non-linear Oy -contractions to the Liouville-Caputo fractional derivatives and fractional differ-
ential equations.

3. MAIN RESULTS

First, in order to give our general definition, we denote by =; the family of functions 6y :
(0,00) — (1,00) such that the following statements are true:
(6;) O is non-decreasing and 0y is right-continuous;
(6;) for each {A;} C (0,00), lim;_,e O (A7) = 1 <= lim; 00 (A) = 0.

Lemma 3.1. Let (I',0,s) be a b-metric like space. For a mapping I : ACT" — K (I"), where
K (') is a compact subset of T, the following assertions are equivalent:

(a) the mapping I is continuous;

(b) since K (') is a compact subset of T, for every convergence subsequence Ay — A*,

IA; = IL*, VA €A.
Proof. (a) = (b): Given an € > 0, there is 6 > 0 such that
|0(A,A%) =3 (A*,A%)|<d and [O(A,A")—0(A,4)| <9,
which imply that
|0 (IA,IA*) =0 (IA",IA*)| <& and |0(IA,IL*)—0(IA,IL)| < €.
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Now, owing to the fact that the sequence A;;) — A* so that IA;;) — IA, we have
|5 (li(f),?t*) —5(&*,/1*)‘ <6 and ‘5 (?Li(f),/‘t*) —0 (li(f),li(f))’ <9,
which yield
|0 (IAi(z), IA*) =B (IA*IA*)| <& and |0 (IA;5),IA") =0 (Ii(), L)) | < €.
Consequently, I li(f) — IA*. We have thus proved that (a) = (b).

(b) = (a): Assuming, on the contrary, that [ is not continuous, there is € > 0 such that 6 > 0,
|0(A,A%) =3 (A*,A%)|<d and [O(A,A")—0(A,4)| <9,
which imply that
|0 (IA,IA*) — 0 (IA",IA*)| =2 € and |O0(IA,IL*)—0O(IA,IL)| = €.

Setting
5 | (VieN:={1,2,3,---}),
Ai(z)
we find that 1
|6 (Al(r)al*) _5(l*,l*)‘ < A/i(‘[)
and
i 1
10 (Aige)p A7) =8 (Aige), Aigm) )| < 7
i(7)
which yield
|8 (Ii(z), IA7) =0 (IA",IAT)| 2
and

10 (1i(a)sT2") =8 (Ti(a), i) | 2 €
Consequently, A;;) — A* while /2;(;) does not converge to /A*, which is a conradiction. We
have thus proved by contradiction that (b) = (a). U

Definition 3.1. Let (I', 3, s) be a b-metric-like space. A mapping I : I" — CB () is called multi-
valued 6; -contraction if there exists 8 € X; such that

1
(A1) <3 (M ha) = 0(Hy (170,1%2)) S 0(2 (M1, 42)), 3.1)

where

[9d5 (lz,]/h)] (690 (A1,1A2)]
2s 25

forall A;,Ay €A, a, b, c,d,e € RT, Hy, (IA1,IA;) >0,and 0 < a+b+c+d+e< 1.

Q (A1, h) = [899 (A1, A))] [95(5 (x],ml))} 08 (A2, [1)]

Remark 3.1. Let (I',0,s) be a b-metric-like space, and let / : A — CB (') be a multi-valued
mapping satisfying the following condition:

lnG(Hb (Il],[lz)) é yln9(5 (A],lz)) < 1[19(8 (l],lz)).
Thus, in view of (6;), we have

H[,(Ill,llz)<5(),1,lz) (V)Ll,lz€/\; I)L]%I)Lz).
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Theorem 3.1. Letr (I',0,s) be a complete b-metric-like space, and let I : A — CB(I') be a
multi-valued O -contraction. Then I has a fixed point.

Proof. Let Ay € A and define the class of iterative sequences {A;} by A;+; = IA;. In case that
there is Ag, € N such that Ay = A5, , for some 7p € N, our proof of Theorem 3.1 proceeds as
follows. If we let A; # A,y for every T € N, then

1
£6(117111)<6(AT72’T+1) (VT€N> (3.2)
From (3.1), we can write

0 (6 (Ar+l7m~1+l)) § 0 (Hb (ULT,I/L%I))
< [6(9(Ar Aes1))] |07 (B (A, 1Ac)) | 16° (8 (Acs1, IAe 1))
[67(3 (e, TAes1))] [6° (3 (Ars1, 1))

(VTeN). (3.3)

2s 2s
Next, we examine the following inequality:
E§(7Lr+1;ULr+1) < 8(Ar7”br)- (3.4)

Assume, based on the contrary, that there is 7y € N such that
0 (Agyt1,IAgy41) 2 0 (Agy, IAg,) .
Then, in view of (3.3), we have
0 (8 (Aeys1.125011)) < O (Hy (Iay, gy 11)
< [6(0 (R Ay 1)) [0° (0 (A 1)) | [6° (8 (R 11,2y 1))

[69(0 (A, TAgy1))] [6° (B (Agyi1,1Ag,))]
2s 2s

< [6(9 (Ao ey 1))] | 6 (8 Ay, 12)) | [6°(8 (A1, Ay 41)]

) [ed (S6(ATQ7)'T()+1)+56(A'10+171)L'T0+1 :| 96 zsa(ﬂ‘l’oallm))]
2s 2s

< 6 (0 (hayy ey 1)) [ 07 (3 (e 2,)) | 66 (3 (1.1 A1)
[0 (0 (a1, 1Aay1)) ] 16° (8 (R 2],

L—

which implies that

atbte

0/ (8 (Aayi1.125011)) < OTFF (B(Agp, Ay 41)) < 0 (8 (Aays Aeyi1))
From this, together with the equation (3.2), we have
0 (;LT()-H ;I)'To—H) <0 (2'1707 )LT()—H) )

which is a contradiction. Thus, (3.4) holds true.
In view of the above observations, 0 (A, A1) is a decreasing sequence with respect to real
numbers and is bounded from below. Suppose that there is A = 0 such that

A= lim 8 (A, Ary1) = inf{0 (Ag, A1) - TENF. (3.5)
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We now show that A = 0. Assume, based on the contrary, that A > 0. Then, for every € > 0,
there is & € N such that

00 (Ao, Aa+1)] S O[A+€]. (3.6)
Also, by applying (3.2), we have

3= 0 ) < 0 (R ). (3.7)
Since [ is a multi-valued 6; -contraction, we obtain
0 (0 (Ag+1,1Aq+1)) = 0 (Hy (1A, IA041))
< [ea (5 (Aa, A1) )] [eb (5 (Ao, TAg41) )] [96 (5 (Aas1:1Aq41) )]

. (090 (Ao, [Aa11))] [6¢(0(Aat1,1Rq) )]
2s 2s

< [0(9 (A A1) [ 6 (9 T2a) ) | [6°(8 (Recs1,TAa 1))

[Od (s5 (Aes Aat1) + 0 (Aot Agv1) )} [96 (2s5 (Aot1,1Aq) )}
2s 2s

< [69(8 (Aais Ao 1) )] [eb(z~5 (xa,ma))] [0°(3 (Aas 1,1 Aar1))]
6902 A1) | [6°(8 (A 1) )]

which implies that
atbtetd

0(5 (Rt 1,1 has1)) < 0T (3Rt Aecy1) )

Since
%mlaﬂ,llaﬂ) <0 (Aa+1,Aa+2)
by appealing to (3.1), we can write
6 (0 (Aat2:1Aa+2)) < 0 (Ho (IAgi1,12042))
< [6°(0 (a1, 2a2))] [0°(0 (Aas1,72a1)) | [6°(0 (Rarr2, 2a2) )]

‘ (090 (Ag+1,1Aa12) )] [0°(0 (Aqs2,1Aa41))]
2s 2s

< [ea(5 (Aa+1,7ta+2))} [Gb(5 (laﬂ,llaﬂ))] [96(5 (la+2,ma+2))]

‘ [Gd (5 (Ags1,Aqi2) +0 (AQH,M(XH))] [96 (2s?§ (Aaﬂ,llaﬂ))]
25 2s

< [64(0 (Aat1,Aas2) )] [Gb(5 (la+1,1)~a+1))] [0°(0 (Aq+2:1A042) ) ]
: [ed@ (la+1,la+2))} [6¢(0 (Aag2,1Aat1))] s

which implies that

atbtet+d

0 (?5 (A«a+2a”“a+2)> g 0 T (6 (Aa+17)~a+2) )
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Continuing the above iterative process along with (3.6), we have

0 (3 (Aot I Agi(c1))) < 0 (H (IAaso I Ag i (r11)))
<0 (0 (A (r-1): Aate))
T (0 (s -2 A e1)
SEE) (0 (A 1))
o(“ ) (A 1 e]. (3.8)

< gl

C < (™

A

A

Upon letting T — oo, we obtain

T—roo
Also, in view of (6;), we have lim;_.., 0 (Aa+f7lla+(r+l)) = 0. So, there is Ny € N such that

which is a contradiction with respect to A. Therefore, we have

}22105 (A, Ary1) =0. (3.9)
Next, we show that
lim 0 (A;,Ay) =0. (3.10)
T, /m—>o0

On the contrary, let us assume that, for a given € > 0, {(7) and £(7) are sequences in N such
that

8(2{(1-),1&(1-)) z £, 6(2,4’(,[)_1,1&(7)) < E, (:(T) > 5(’5) >T (V TE N) 3.11)

So, we have

O(Ag(n)s Ae(r)) = 50(Ag(2)s Ag(r)—1) +50(Ag (-1, Ae(r)

< 50(Ag (o) Ag(z)—1) + €. (3.12)
In light of (3.9), there is N, € N such that
(A Ae (1) <€) Agyen) <& and B(Agrydemn) <& (B13)
(V 7> Nz),
which together with (3.12) yields
O(Ag(r)Aery) <258 (VT>Ny). (3.14)
By (3.11) and (3.13), we obtain
1 €
2_8 5(){(@,%4’(1)_’_1) < 2_S < 6(%(;(1),){(1)) (V T> Nz). (3.15)

Applying the triangle inequality, we find that
& =0(Ag (o) Ae(n) S 50(Ag(eps A1) +5°0(Aeryan A r)01) +5°0 (e (o)1, e ) (316)

Now, if we proceed to the limit as T — oo in (3.16), and make use of (3.9), then we have

—< lim infO(A¢ (7)1, Ag(2)41)-

52 = 1500
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Also, there is N3 € N such that 5(AC(1)+1>)L§(1)+1) > 0, V7 > Nj. Further, from (3.1), we can
write

0 (3(A¢(0) 10 Ae(n)11))

< 6 (Hy (I2¢(x) 1 2¢(r)))

< (070 (Ag(ep 2e(e)))] |07 (8 (Ao TAeo))) | [6°(0 (Ao o))

670 (Ac(e) T e(s))] [6° (B (Ae(e) TAg ()]
25 2s

[0(9 (Ao (o)) [0 (B (Reie) 2 (o)) | [6° (9 (Ao e )]

[09(@ (A¢(): Ae() +0 (Ae (o), TAs ()]
2
167 (0 (Aee)0 Ag() 3 (Ag (o) TA¢(0))]
2
for T > max {Nj,N3}. In view of (3.13) and (3.14), inequality (3.17) yields

0 (0(Ag(z)+1:A¢(r) 1)) = [0°(0(25€))] [91’ (0 (lcmﬂcm))} [0° (8 (Ag(c) T2 (c)) )]

e (2szs) + €] [6° (2s2£) + €] (3.18)

for T > max {Np, N3} . Taking the limit as T — oo in (3.18), we have
lim 6 (0(Ag ()41, Ag()1)) = 1,

T—ro0

A

(3.17)

which, by vertue of (6;;), implies that lim;—,e 0(A¢ (7)41, A (£)41) = 0.

Next, (3.16) implies that lim; . 5(7LC(T),A§(T)) = 0, which contradicts (3.11). Hence (3.10)
holds true. Therefore, {A;} is a Cauchy sequence in A. Since A is complete b-metric-like, there
is a point A* € A such that

(A" A") = Tli_r}r;{?)(lr,l*)} = 172300{6@7’)"”)} =0. (3.19)
We show further that
1 1
% O(Ag,IA;) < O(Ag, A7) or x?)(?tfﬂ,]?tﬁl) < O(Apg1,A7). (3.20)

We assume, on the contrary, that there is my € N such that
1 . 1 .
2_S 6(27”0712‘1110) 2 6(Am07)~ ) or 2_S6(2’m0+1312’mO+1) Z 6(lm0+1,ﬂ, ) (3~21)

Then, from (3.4) and (3.21), we have
O (Amgs Amg+1) = 8O (A, A™) +50 (A, A1)

1
é =0 ()vmoal}tm(» + 56 ()Lm0+lvlkm0+1)

1 1
< §6<lmovlmo+1) + _6(/1”107)%0-1-1)

2
=0 (;Lmoalmo—i-]) ;

DN | —
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which is a contradiction. Hence (3.20) holds true. Thus we can write
0 (0(Art1,ILY) = G(H[, (I)LT,UL*))
< [6°(8(1e,A%))] [67(8(Ae.12) )| [0°(B (A", 12))]

(698 (A 12))] [6° (02", 122) )]
25 2s

(3.22)
or

0 (B(Aes2,IA") £ 0 (Hy (IAes1.I0"))
<16 ((7%+17 N[0 (@ (e, Aei))| [6°(B(A7127))

[ T-l-lulz‘ ))] [66(6(2‘*711“E+1))]
2s 2s '
Let us now discuss the following two cases.

Case 1. Assume that (3.22) holds true. By (3.22), we have
0 (0(Ary1,IA™) < 0 (Hy (IA;,ILY))
< [6°(0(Ae, A))] |07 (3R, 1Ac) | (6° (B(A7,1A7))]
[64(0(Ae, A1) 40 (A7, 117))]
2
[09(0 (A7, A¢) +0(Ar,1A7))]
> )
By (3.9) and (3.19), we see that there is Ny € N such that, for some & > 0,

O(A,A") <& and O(Ag,IA;) < &(V 17> Ny). (3.25)
From (3.24) and (3.25), we have
0 (0(Ars1,IA7) = 0 (Hy (IA;,ILY))

< [6°(3 (A, ")) [6 <<xf,mf>>] 6° (0(2",12))]
[@ronm)

(3.23)

(3.24)

[6° (€0)] (3.20)
for T > Ny. Taking the limit as T — oo in (3.25), we find that
1im /(3 (Ae1,/A7)) =
By means of (6;;), we have
Tli_r}oloé (Ar11,IA™) =0. (3.27)
On the other hand, we see that
O(A*ILY) S s0 (A%, Ary1) +50 (Agsq,IAT).

Taking the limit as T — oo, and by (3.19) and (3.27), we obtain d (1*,IA*) = 0. Thus, clearly,
A* is a fixed point of 1.
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Case 2. Let us assume that (3.23) holds true. Then, by (3.23), we have
6 (0 (Ars2,I1%)) < 0 (Hy (IAr41,ILY))

= [69(0(Aet1,47))] Gb(5(7tf+171/1r+1))} [6°(B(A7,147))]

_ [Gd(ﬁ(ﬂtf+1,7t*)+5(/1*,I?L*))]
2
00 (A", Act1) 0 (Aey1,1A211))]
2
By (3.9) and (3.19), we see that there is N5 € N such that, for some & > 0,
0 (A,AH_I,A,*) <& and O ()L,T+1,I}l,f+1) <& (V T> NS) (329)
Also, from (3.28) and (3.29), we have
0 (0(Ar12,I17) = 0 (Hp (IA141,IA7))
= [69(0(Ac11,17))] [Gb(?ﬁ(lm,ﬂm)) [6€(0(A7,1A7))]

_ [Gd (81+52(7L*,I}L*))} 6% (£1)] (3.30)

for 7 > Ns. Thus, taking the limit as T — oo in (3.30), we find that
gggoe (0(Apg2,ILT)) = 1.

X (3.28)

Also, in light of (6;;), we have
rh_r)n 0 (Ags2,IL*) =0. (3.31)

On the other hand, we see that
O(A"IL") S sO (A", Apy2) + 50 (Apyn,ILT).
If we now proceed to the limit as T — oo and apply (3.19) and (3.31), then we obtain
(A%, IL*) =0.
Thus, A* is a fixed point of 1. This completes our proof of Theorem 3.1. 0

Corollary 3.1. Let (I',0,s) be a b-metric-like space. Suppose that the mapping I : A — CB (')
is multi-valued 0y -contraction, that is, there exists 0 € Ej such that

%5(11,1&1) < 6(11,12) =0 (Hb (Il],]lz)) § Q(Q(ll,/ﬂb)), (3.32)

where

Q (M1, 22) = [0 (A1, 2)] [ 6" (3 (A1, 124) ) | 100 (A, 120)]

forall A\{,Ay €A, a, b, c € RT, Hy (IA1,I1A;) >0, and 0 < a+b+c < 1. Then I has a fixed
point.

Corollary 3.2. Let (I',0,s) be a b-metric-like space. Suppose that the mapping I : A — CB (')
is multi-valued Oy -contraction, that is, there exists 0 € Xy such that

1
% 5(/11,[11) < 6(%1,12) — G(Hb (I/h,]lz)) § 9“(6 (/h,lz)) (3.33)
forall M, A € A,a € RY Hy (IA1,I1A2) >0, and 0 < a < 1. Then I has a fixed point.
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Here, if we consider 6 (r) = eV”a in Theorem 3.1, then we obtain the following results.
Corollary 3.3. Let (I',0,s) be a b-metric-like space. Suppose that the mapping I : A — CB (T)
is multi-valued 0y -contraction, that is, there exists 0 € Ej such that
1

2—S5(/11,1M) <0(M,A2)

implies that

v/ Hy (111,]2,2) §a\/5(11,2’2)+b\/5(ll,lll)+C\/5(A2,Ilz)
+d\/3(7tz,m~1) +e\/3(7tl,112) (3.34)
2s 2s

forall A\y,22 € A, a, b, c,d,e € RT, Hy (IA1,IA2) >0, and 0 S a+b+c+d+e<1. Thenl
has a fixed point.

Corollary 3.4. Let (I',0,s) be a b-metric-like space. Suppose that the mapping I : A — CB (T")
is multi-valued 0y -contraction, that is, there exists 0 € Ej such that

6 (Hy (IM1,122)) < 6(Q(41,42) ), (3.35)

where

Q (M1, 22) = [0°0 (A, 2)] [0 (3 (A1, 1)) [60 (22, 12)
(690 (A2,1M1)] [6°0 (A1,12)]
2s 2s

for all 2,Ay € A, a, b, ¢, dje € RT, Hy(IA,I;) >0, and 0 < a+b+c+d+e<1. If
0 (IA,IA;) S0 (A1,A1), then I has a fixed point.

Corollary 3.5. Let (I',0,s) be a b-metric-like space. Suppose that the mapping I : A — CB (T")
is multi-valued 6y -contraction, that is, there exists 0 € Ej such that

0 (Hy (121,1%2)) < [6°0 (A1, 22)] |6 (3 (A1, 124))] (6D (A2, 122)] (3.36)

for all Aj,A; € A, a, b, c € RT, Hy(IA1,IA2) >0, and 0 S a+b+c < 1. If 0(IA,1A;) <
0 (A1, A1), then I has a fixed point.

Corollary 3.6. Let (I',0,s) be a b-metric-like space. Suppose that the mapping I : A — CB (')
is multi-valued Oy -contraction, that is, there exists 0 € Ej such that

v/ Hy (111,112) < a\/5 (;L],)Lz) —l—b\/é(lbl/h) +C\/5(12,I;Lz)

+d\/6(7tz,1/11)+e\/5(%1/12) (3.37)
2 2s

for all A\, €A, a, b, ¢, dye € R, Hy(IA1,I2;) >0, and 0 S a+b+c+d+e <1 with
6 (r) = eV7a as in Theorem 3.1. If 8 (IA,122) < 3 (A1, A1), then I has a fixed point.
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Corollary 3.7. Let (I',0,s) be a b-metric-like space. Suppose that the mapping I : A — CB (')
is multi-valued O -contraction, that is, there exists 0 € Ep such that the following implication
holds true:

%min{ﬁ(ll,lll) (A, IA)} < B (A1, 2)
= 0(Hy (IM1,122)) < 6°(Ui (A1, 12) ), (3.38)
where
Ui (A, 40) =3 (A1, A2)
and
(090 (A2,1M1)] [6°D (A1,127)]
2s 2s

forall M,A, € A, a,b,c,dye e R i=1,2, Hy(IA1,IA2) >0, and 0 < a+b+c+d+e< 1.
Then I has a fixed point.

Uy (A1, A2) = (090 (A1, 42)] |67 (O (/‘LI,I)LI))] [0°0 (A2,127)]

Example 3.1. Let I' = [— 10, c0) be an b-metric-like 0 defined by
(A1, A) = (max{A,1})> (VA A el).

Also let I : A — CB(I") be defined, in terms of the exponential function e*, as follows:

)
. {o, 2—62] (A €10,4))
{0,1} (A € [~10,0) U (4,0)).

Clearly, we have
1
Z—SF)(M,I/II) <O (A1, A) <= 41,4, €[0,4].

Firstly, we claim that / satisfies the inequality (3.1) with
a=-— and O(r)=evV’™.
e
For A1, A; € [0,4], we thus find that

O1H (1A, 135)] = (max{ll,lz} )

\/ max{)Ll }‘2} max{7L21 /12}

||/\

= [6(0(41,4))]".

Hence the requirement of Corollary 3.2 are fulfilled, and 0 is a fixed point of /. For A; = 0 and
Ay =5, we find that

O[H (I, 1Ay)] = B[H(10,15)] = 0(25) > [6(25)] = [0(3(A1,A2))]*

forall @ € E; and a € [0, 1). Thus, clearly, Corollary 3.2 cannot be satisfied.
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4. AN APPLICATION

In this section, we deal with some new aspects of the Liouville-Caputo fractional differential
equations in the context of the b-metric-like spaces. Several earlier developments on fixed
point theory and its applications involving fractional calculus can be found in, for example,
[12, 13, 14], and also in the references cited in each of these works.

We first define the Liouville-Caputo fractional differential equation based on the Liouville-
Caputo fractional derivative operator LCP . of order k, which is defined by (see, for details,
[15]; see also the recent developments in [16, 17, 18, 19, 20]).

1

KD (®(g)) = m/og (g—0)" @™ (1) dr, 4.1)

wherene N;n—1<x<n(n=[x]+1),PecC"(]0,o]) and I" denotes the familiar (Euler’s)
Gamma function.
Let the b-metric-like space . : C(I) x C (I) — R™ be given by

= 8. (e1,&) = sup (|e; (k)| + |2 (k)])*. (4.2)
s=2 kel

6;(8s717€s)

We also consider the following family of fractional differential equations and its integral boundary-
valued problem:

YD (¥ (g)) = L(g, ¥ (8)) (4.3)
where g € (0,1), k € (1,2], and
¥, (0) =0,
9 4.4
v = ["Wde  (9e@), o
where I = [0,1], ¥ € C(I,R),and L: I x R — R is a continuous function.
Let P: A — A be defined by
- 1 g xK—1 2g ! xK—1
Pv(r)—m/o (g—1) L(t,v(t))dt—m/o (=0 Lt,v (1)) dr
2g v 81 K—1
+m/o (/0 (g1—11) L(fl,v(tl))dfl)df (4.5)

forv € Aand g € [0,1]. We now state our proposed application as Theorem 4.1 below.

Theorem 4.1. Let L : I X R — R be a continuous function and non-decreasing on the second
variable. Suppose also that there exists 0 € Ey such that, for €1,& € A, g € [0,1] and a € [0,1),
5 0(e1,1e1 NA) < 0(g1, &) implies that

o 2
(IPe (r)|+|P82(F)|)2§Q< 1+%§g;<{6<sl,sz><r>}] —1) S e

where
2k—1)T'(k+1)
2(5x+2)
Then the equations (4.3) and (4.4) have precisely one solution, that is, €* € A.

o (




84 H. M. SRIVASTAVA, A. ALI, A. HUSSAIN, M. ARSHAD, H. A. SULAMI

Proof. For each g € I and owing to the operator P, we can write

(|Per ()| +|Pes (r)])?

(ﬁ/og(g—t)’HL(t,sl (r))dr

s 1
+(2%f)r(1<)/0 (/Og (g1 —1) 'L, & (tl))dll) dl)

— ({% /Og (g—1) " "L(r,e2(¢) )ar

)T (k)
s g
ot ([ oo el
g% Og(g—t)’c_1 |L(t,e1(r)) —L(t.& (1)) | dt

2g s
+<2—192)r(1<)/0 0

Next, we observe that

(1Per ()| +|Pes (r)])?

a 2
FLIC)/()g(g_t)K_lgz( 1+\/?2X§(81 gz)()] —1) dt
2
2g K—
+m/o e 1Q(”V‘“’m"€2 ] 1) !

81
e TR (B

A

o 2
maxi‘i (e1,8)( )] —1) dt dt

/ (g—1)  ar
0

o 2 i
1+\/I(IglélX6(81 82)( )] —1) +ﬁ/@ (I—I)K—ldt

81 _
2 02/ / g1 l‘l dlldl )

)

gg<
~—I'(x)
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o 2
(|P81(r)|+P£2(r)|)2§%< 1+\/r£§;<5(el,ez)(r)] —1)

g 2¢ 1 2g BrFl )
<a(

PR T Ay v iy P
2 2 ,L9K+1
- sup {gK+( g + & }
)

which yields

o 2
1+ \/1?2;(6(81,82)(0] —1)
ge(0,1 2-92)  (2-0?) (k+1)

o 2x—1
~2(5x+2)

sup {gK—f— 28 + 28 ﬂKH}
ge(0,1) 2-92) (2-92)(x+1)

o 2
:%< 1+\/r£3;<u(el,ez)(r)] —1> .

This last observation implies that

o 2
1+ \/maxﬁ(sl,sz) (r)] —1

gel

o 2
1+ \/maxa(el,ez)(r)] —1> . (4.7)

gel

(|Per ()| +|Pes(r)])* < (

Therefore, we have

(|Per ()| +|Pex (r)])* = sup (|Pey (r) | + |Pea (r)])°

kel
o 2
< ( 1—|—\/max6(81,£2) (r)] —1> . 4.8)

gel
Now, by applying (4.8), we find that

14+/3(e,e) < [1+\/6(81,82)]a.

Thus, by the contractive condition (3.33) upon setting

6(e)=1+ve (e€R),

we obtain
0[H, (e 18)] < [0(3(e1,8))]" (Ve,een),

where a € [0,1). Thus, all of the required hypotheses of Corollary (3.2) are satisfied, and we
conclude that the problem P involving the equations (4.3) and (4.4) has at least one solution. [



86 H. M. SRIVASTAVA, A. ALI, A. HUSSAIN, M. ARSHAD, H. A. SULAMI

Example 4.1. Based upon the Liouville-Caputo fractional derivative operator “CD, of order
K, let us consider the following integral boundary-value problem:

3 1 ¥
LD, (¥(g)) = e 11%5(1)] (4.9)

and, analogous to the equations (4.3) and (4.4),

¥ (0)=0,
3
3 3 4.10
v()= ['was  (9=Fe0n). @10
0
where we have setK:%, ﬁ:%,and
1 Y(g
L(g,¥(g)) = E )

(g+3)* 1+[¥(g)]

The above setting is an example of equations (4.3) and (4.4). Hence, the pair of equations (4.9)
and (4.10) has at least one solution.

5. CONCLUDING REMARKS AND OBSERVATIONS

In this paper, we introduced and systematically studied an extension of the developments con-
cerning the 0-contractions which were proposed, in the year of 2014, by Jleli and Samet [6]. We
fruitfully generalized the notion of the 6-contractions to the case of non-linear 6;-contraction
mappings and proved several multi-valued fixed point results in b-metric-like spaces. This
paper also includes an interesting example, which displays the motivation for such investiga-
tions as those presented here. An application of the proposed non-linear 6y -contractions to the
Liouville-Caputo fractional derivatives and fractional differential equations was given. With a
view to motivating the interested readers, we included some related recent developments (see,
for example, [21] and [22]) on fixed points, contractive and multi-valued mappings, and their
applications to integral equations (see also the related works [23, 24, 25, 26, 27, 28]).
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