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1. Introduction

Banach’s contraction principle, is one of the most important and significant results
in the fixed point theory. Due to its effective applications in various areas of pure and
applied mathematics, it has attracted a wide research interest in this theory. Indeed, the
related existing literature is fulled with different results extending Banach’s principle in
two main directions: in the sense of the contraction mappings or (and) in the frame of
generalized spaces. The metric space has been generalized in many different directions.
One of the most main generalizations directly related to this work, is the gauge space
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which come back to Dugundji [1]. Briefly, a gauge space is a topological space whose
topology is generated by a separating family of pseudo-metrics. It is distinguished from
the metric space by the fact that the distance between two distinct points may be zero.
For more details on the gauge spaces and related fixed point results, we refer to [1-5]. An
other generalization of the metric space which relaxes the triangular inequality’s axiom,
is known in the fixed point theory as b-metric space. To be more precise, we state the
following definition.

Definition 1.1. [6] Let X be a nonempty set and let s > 1 be a given real number. A
mapping d : X x X — R, is said to be a b-metric, if for all u,v,w € X, the following
conditions hold true

(b1) d(u,v) =0 if and only if u = v;

(b2) d(u,v) = d(v,u);

(b3) d(u,w) < s[d(u,v) + d(v,w)].

In this case, (X, d) is called a b-metric space with constant s.

It should be noted that this structure is found in the literature under other names
such as quasi-metric space [7] and metric type space [§8]. For more information on the
concept and origins of b-metric spaces, we reefer to the recent survey [9]. Recently, Ali et
al. [10] extended gauge spaces in the setting of b-pseudo metrics and introduced the so
called b-gauge spaces and proved some fixed point results for multi-valued mappings in
this new space. Further generalizations of the metric structure, such as generalized metric
space (known as Branciari metric space), rectangular b-metric space (known as Branciari
b-metric space) and extended b-metric space and other generalized metric spaces can be
found in [11-26].

The following generalized contraction condition called an a-1) contraction in a met-
ric space (X,d) is introduced and fixed point results for such type of contractions are
established by Samet et al. [27]

a(z,y)d(Fz, Fy) < ¢(d(x,y)), Y,y e X,

where « and 9 are auxiliary functions satisfying some conditions. Many other results in
this direction have been obtained later in the setting of b-metric spaces and gauge spaces
with applications, see e.g. [5, 28-35] and the references therein. While so far in the ex-
isting literature, there are not enough contributions on this or even other trends in the
frame of b-gauge spaces, expect in a few papers such as [36-38].

Motivated by the last observation and inspired by [27, 33, 39], we aim through this
work to extend and generalize the concept of a-W contraction mappings in the setting of
b-gauge spaces, where a new aspect of extension has been added. Subsequently, we give
some related fixed point results that generalize many existing ones in the literature on this
topic. Some of their applications to nonlinear integral equations on unbounded domains,
including fractional differential equations with maxima, are also presented.
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2. Preliminaries

We start by recollecting some definitions from [10] to define b-gauge spaces introduced
therein.

Definition 2.1. [10]

Let E be a non-empty set and let s > 1 be a given real number. A mapping d :
E x E — R, is said to be a b-pseudo metric on E, if for all u,v,w € E, the following
conditions hold true

1. d(u,u) = 0;
2. d(u,v) = d(v,u);
3. d(u,w) < s[d(u,v) + d(v,w)].
The d-ball of radius € > 0 centred at u € E is the set:
B(u,d,e) = {v e E: d(u,v) <e€}.

Definition 2.2. [10] A family ® = {d,},c, of b-pseudo metrics on E is said to be
separating if for every two distinct points w and v, there exists d,, € ®© such that d, (u,v) #
0.

Definition 2.3. [10] Let E be a nonempty set and ® = {d, },., a family of b-pseudo
metrics on E. The topology generated by the family © and denoted by 7 (D), is the
topology whose subbase B(T) is the family of all balls d,, (u, €), namely:

B(T)={d,(u,e): ue E,e>0,veN}.
The pair (E,B(T)) is called a b-gauge space and is Hausdorff if © is separating.

The notions of convergent sequences, Cauchy sequences and completeness in b-gauge
spaces, are similar to those in metric spaces. For more details on these notions and further
properties and examples on b-gauge spaces, we refer to [10].

In the aim of generalizing the contraction conditions, various families of auxiliary
functions are introduced in the existing literature. In this regard, we introduce now one
of such families.

For s > 1, let W® be the family of functions ¥ : Ry — R, satisfying the following
conditions, where ¥ denotes the i*" iteration of 1.

(¥%1) : 9 is non-decreasing;

(WSy) = Y(st) = syp(t), Vi > 0;

(W33) : Z:l s4p*(t) < +oo for each t > 0;

(‘1154) : ¢(t1) + Iﬂ(tg) < P(t; + tg), Vi, ta > 0.

~
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Example 1.

(i) Let v : Ry — Ry be the function defined by: ¥(t) = ct.
Then, ¢ € WS, for all s > 1 such that sc < 1.

t2
=:0<t«1
(ii) Let ¢ : Ry — R4 be the function defined by: ¥(t) = {f . >*1
2 b=
Then ¢ € W,
Lemma 2.4.
For every ¢ € W3, the following properties are satisfied:
(i) (1) < U(st) < t, ¥t > 0;
i) i t) =0.
(i) lim (o)
Proof.
We begin by demonstrating the following statement:
P(st) < t, Vt> 0. (2.1)

To this end, we proceed by contradiction.
Let us suppose that ¥ (stg) > to for some ¢y > 0. From (¥%;) and (¥%s), we get:

s*2(to) = sy (¥ (sto)) > svb(to) = P(sto) > to.
Similarly it can be easily deduced by induction that:
Vi>1: s'i(to) > to.

Consequently:
lim s'9'(tg) > to > 0,
11— 00
which is a contradiction with (¥®3). Hence, (2.1) is proved. The first inequality in the
statement (1) follows directly from (¥%;) (recall that s > 1).
Note that from (1), we have:

0< lim ¥(t) < lim t=0.

t—0+ T t—0t
Hence, (2) is proved.
Remark 2.5.
Note that if ¢ is a function satisfying (¥%;), (¥S;) and (¥®4) such that ¢(st) < t, then

A

is non-decreasing. Indeed, we

to conclude that ¢ € W* it is sufficient to show that

have:

si+1¢i+1(7§) _ 8¢i+1(7§) _ w ($¢Z(t))
s"Pi(t) V(1) CHON
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On the other hand, from the statement (1) in Lemma 2.4, we deduce by induction that:
Vi>1: i(t) <t

Hence, from the fact that ¥(s.) is non-decreasing, we obtain:
1,41
S st b
sipi(t) ¢ ¢

which is a sufficient condition leading to (¥®3).

For a mapping o : E x E — R, and a non-decreasing function ¢ : Ry — Ry,

such that > 1(t) < +oo for all t > 0, the concepts of a-admissible mappings and a-¥
i=1

contraction mappings in a metric space (E, d), were introduced for the first time by Samet
et al. [27].

Definition 2.6.
A map F : E — E is said to be

e a-admissible, if for all z,y € E: a(x,y) > 1 implies a(Fx, Fy) > 1
e «-VU contraction mapping, if

ofx,y)d(Fz, Fy) < ¢(d(z,y)), Y,y € E.

Later, other contraction conditions of such type have been considered by many authors
to extend the Banach’s principle. In these results, the following condition for a-admissible
mappings F', is often imposed

32Y € E, such that a(2®, F2°) > 1. (2.2)

In [33], the authors introduced the following relaxed condition

iN e N*, 3 (:L“p)fovzo C E, with V¥ = Fz°, such that a(zP~1,2P) > 1,Vp=1,..,N.
(2.3)
Where N* = N\ {0}. For a-admissible mapping F, it is clear that if (2.2) is satisfied, then
(2.3) is satisfied too with N = 1. But the following simple example illustrates that the
converse is not necessarily true.

Ezxample 2.
Let X ={0,1,2,3},
F: X —X
01 a: X xX —{0,1}
1—0 0: (:Uay) 6{(()’ 1)3(1’0)a(273)a(372)}
and a(z,y) = .

23 1: otherwise
32

It can be easily seen that F' is a-admissible and (2.2) is not satisfied.

Whereas, there exist 20 = 2, 2! = 1 and 2?2 = Fz2° = 3, such that a(z",2!) =

a(zt,2?) =1 > 1. That is (2.3) is satisfied with N = 2.
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3. Main results

Throughout the sequel, E is a non-empty set endowed with a separating complete
b-gauge structure © = {d, }, .\, where N is an index set.

Inspired by [27, 39], we give in what follows generalized concepts of a-admissibility and
-V contractivity in the setting of b-gauge spaces. To this end, we start by introducing
the following auxiliary family and mapping.

We denote by ay,, the following family: a, = {a, : EXE — Ry}, ).

w: N — N is a mapping from the index set A into itself, such that:

YWweN, Vu,v e E: dy(u,v) < dyp)(u,v). (3.1)

Definition 3.1.
A mapping F': E — E is said to be a,,-admissible, if

Vv e N, Yu,v € E: ay(u,v) > 1 implies «,(Fu, Fv) > 1.

Definition 3.2.
Let F': E — E be a given mapping and {9, },c, C ¥*.
F is said to be a generalized (a,,¥*w) contraction if

o (u,v) dy (Fu, Fv) < iy, (dy)(u,0)) , Vu,v € E, Vv € N (3.2)

Remark 3.3. It should be noted that many a-W¥ contractive type mappings in the literature
are generalized by that given in (3.2) in two distinct aspects. The introduction of a family
of mappings @, = {ay,}, 5 instead of only one mapping « is the clear first aspect of
generalization. While the introduction of the mapping w is the second one. Indeed, since
some a-V¥ contraction conditions introduced in similar studies in this direction correspond
to w = Iy [4, 10, 33, 36], then in view of (3.1), our contraction condition (3.2) is weaker
than those mentioned above.

Ezxample 3. Let X be the space of all real sequences:
X ={u=(u1,u2, ..., Upn,...) : up, € R, n € N*}.

For each n € N*, let 1, : X — R be the mapping defined by 7, (u) = uy,.
Let {dn}, e+ be the family of b-pseudo-metrics with constant s = 2 defined on X by

dn(u,v) = |7, (u) — mp(v)]?

Let w : N* — N* be the mapping defined by w(n) =n + 1.
Consider the map F': X — X defined as follows:
((1 - %)(2 - Ug), (1 - %)(2 - U3), cevy (1 - %4-1)(2 - un+1)7 )7 dn € N*: Un S 27
Fu=
(2ug — 2,2u3 — 2, ..., 2Up11 — 2, ...), otherwise.
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Let e, = {a}, where o : X x X — R, is the function given by:

{1: Uy, Uy < 2 for some n € N*
a(u,v) =

0 : otherwise

Now, let ¥2 be the family of the functions 1),, defined for each n € N* by:

1

VYn(t) = CETE t

Let u,v € X, we distinguish two cases:
Case 1: There exists n € N* such that u,, v, < 2. Then:

a(u,v)dy(Fu, Fv) = dp(Fu,Fv)=[(1—-25)(2—upt+1) — (1 — 2=)(2 — vpg1)

2
n+1 n+1 ‘

2 2
= (1- #1)2 [Unt1 — Vny1|” = m |Uns1 — vnpi]

= tn (dn-i-l(uv U)) =n (dw(n) (uv ’U))
Case 2: For every n € N* : u,, > 2 or v, > 2. Since a(u,v) = 0, clearly we have:
a(u, v)dp (Fu, Fv) = 0 < ¢y (dyn)(u,v))

Consequently, F is a generalized (a,,¥2,w) contraction.

We state now our first main result.

Theorem 1.
Let F : E — E be a a generalized (a,,®°,w) contraction. Suppose that the following
conditions hold:

(C1) F is o, -admissible.
(C2) 32° € E, N e N* and (af))_, C E, with af = 2° and aff = Fa°, such that:
(i) a,,(ag_l,ag) >1,Vp=1,..,N, Vv eN;
N
(ii) Zspdwi(l,)(ag_l,ag) < M, (2°) < 400, Vi€EN, Vv € N.
p=1

(C3) Vv eN, Iy, € T () <1y, Vi €N

(C4) (i) F is continuous or
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(ii) For every sequence {uk}keN of E, such that for all k € N and the same positive
integer N given in (C2):

3 (ai)évzo CE, st a)=uF o =u**"and ay(az_l,az) >1,Vp=1,N,YVv e N,
(3.3)

ook : k k

ifu m u, then there exists a sub-sequence {u l}leN of {u }keN and lgp € N

such that o, (uP, u) > 1 for all 1 > .
Then, F' has a fized point.

Proof.
Note first that according to (C2(i)) and (C1), we deduce by induction that

Vp=1,..,N, Vke N, Vv e N': a,(FFal ™", FFab) > 1.
Consequently, using (3.2), the following inequalities hold true:

d, (Fkagfl,Fka@ < oz,,(Fk_lagfl,Fk_lag)dV (Fkagfl,Fkag)

< by (dw(y) (Fk—lagfl’Fk—lag)) :

foralve N, keNand p=1,...,N.
Now, since 1, is non-decreasing for each v € N, repeated application of the previous
inequalities yield:

d,,(Fkagfl,Fkag) <, (ww(y) (...¢wk71(y) (dwk(y)(agfl,a€)> )) ,

forall k € N, v € N and every p=1, ..., N.
Hence, by means of (C3), we obtain:
dy(Fraf™" Fhaf) <" (duegy(af ™ b)) (3.4)

Let now 2° be the element introduced in (C2(i)) and let {z*} ey De the sequence in
E defined by z¢t1 = FaF.

Assume that zFT1 = 2% for all k € N, since otherwise the result is clear. Recall that
a8 =20 and aév = F29, then for all k£ € N, we have:

dy (FF20 FF120) < sd, (F*al, F*al) + s%d, (F*ad, FFad) + ... + sV d, (F*al ™, FFal).
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Hence, using (3.4) together with (¥%;), (¥%3) and (¥%,), we obtain:
dV(Fkx07 FkJrle) < 31/;1/]{: (dwk(u) (CL8, a%))) + 5° 77b~l/k (dwk(u) (a(l)a a%)) +ot sV Qﬁl/k (dwk(y) (atj)v_lv aé\/))

= q/;l,k (dek(l,)(ag, a(l))) + dzyk <$2dwk(y) (a}, a%)) + ...+ w}k (sNdwk(l,)(aéV*I,aéV))
=1y (%k_l <8dwk(u)(a87a(1))>) + 1y (%k_l (32dwk(1/)(a(1)7a%)>> + ..
+ 1y (%kil (SNdwk(u) (ag ", ag)))

~ k—1 ~ k-1
<y (% <dek(u)(a87 a(l]) + Uy (32 dwk(u)(a(lhag)) + .

Since 9, is non-decreasing, repeated application of the above inequalities yields:

N

du(Fkxoa FkJrle) < q/guk Z s” dwk(u) (a’g_lv ag)
p=1
Consequently, it follows from (C2(ii)):
d, (F*2°, F*12%) < 4, (M., (%)) (3.5)

We are now ready to prove that {xk} kN is a Cauchy sequence. Indeed, let k¥ € N and
m € N*. We have:

dy (Fa®, Fma0) < sd, (FFa® FE*1a0) 45 d,, (PR a0, PR 20 4

4+ smlq, (Fk+m—2w0 Fk+m—1xo> 4 osmd, (Fk+m—1xo Fk+m$0) .
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It follows so from (3.5), that

~ k41 ~ k+m—1 (

Ay (F*a®, FFma0) < s, (M (2%)) + 520, (Mo (2%) + oo+ 5™, M, ("))

)

— Skzl—l [skqﬁyi (Ms,,,(aco)) + 8k+1¢~,,i (Ms’l,(xo)) + ...+ Sk+m_1w~yi (MSJ,(.CI}O))]

1 o=, ~i
o 2 (M)
i=k

IN

(3.6)
Since in view of (¥®3) together with the second statement of Lemma 2.4, we have:

lim Z s' 'Lﬁui (Ms,l/<$0)) =0,
i=k

k—o0 4

then we deduce from (3.6) that {Fkxo = xk}keN is a Cauchy sequence in the complete
b-gauge space E and so convergent to some z* € E. That is, for all v € N:
lim d,(z*,2%) = 0.
k—o0
On the other hand, the continuity of F' guaranteed by (C4(7)), implies that for all

veN:
lim d,(z*, Fz*) = d,(Fz*!, F2*) = 0.

k—o00

Thus, for all v € N:

dy(z*, Fz*) < s (dy(w*, o) + d, («F, Fx*)) — 0.

k—o0

Since the b-gauge structure is separating, we conclude that z* = Fz*.

Suppose now that (C4(ii)) is satisfied. Note first that (C2(7)) means that (3.3) is
satisfied for £ = 0. Since F is a,-admissible, it follows by induction that (3.3) is satisfied
for each k > 1 with a} = Fa}_,, for all p =0,..., N. Thus, according to (C4(ii)), there
exists a sub-sequence {xkl} leN and some [y such that for all [ > [y and v € N, we have
oy (zh, ) > 1.

Hence, applying (3.2), we obtain:

dy(Fzk Fa*) < oy, (2P, 2%) d (Fz, Fa*) < 4, (dw(y)(xkl,x*)) .

Now, letting I — o0 in the right hand side of the above inequality taking into account
the second statement of Lemma 2.4, we deduce:

llim dy(Fzk Fz*) =0, Yv e N.
— 00
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That is

lim Fzf = Fa*.
l—o0

Noting that

we deduce that x* = Fxz*. The proof is complete.

Remark 3.4. Condition (C2(i)) is an extension of (2.3) in the setting of b-gauge spaces.
Thus, according to Example 2, this condition is weaker than the condition (2.2), frequently
imposed in the existing literature on this topic, like in [37, 38, 40].

Sufficient conditions guaranteeing the uniqueness of the fixed point is given in the
following theorem.

Theorem 2.
Let F : E — E be a generalized (o, W*,w) contraction satisfying conditions (C1),
(C3) and (C4) in Theorem 1. Suppose that the following condition holds

(C2) Va,y € E with x # y, there exists N = N(z,y) € N* and (ag,y)éyzo C E such that:

(1) ag,y =z, aﬁy =y, and a,,(agg,l,agy) >1,Vp=1,..,N,YwveN;

N
(i1) > sPdyiy(ab, ab ) < My, (z,y) < +oo, Vi€ N, Vv e N.
p=1

Then F has a unique fixed point.

Proof.
The existence of a fixed point for F results from Theorem 1. Indeed, let z° be an
arbitrary element in E.

o If 20 = Fz% then 2V is a fixed point.

o If 2 # F2°, then with # = 2° and y = F2° condition (C?2) reduces to condition
(C2) in Theorem 1, from which follows that F' has a fixed point.

_ Suppose now that x,y are two fixed points of F' such that = # y. By means of (C1),
(C2), (C3) and in a similar way as that used to get (3.5), we have also the following
inequality:

~k
d,,(Fkl', Fky) < 'QZJV (Ms,u (may)) »

for all k € N and all v € A/. Hence
~ k
dy(x,y) = dy(FF 2, F*y) <4, (M, (z,y)), (3.7)

for all k € N and all v € A/. Noting that
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and by letting k¥ — oo in (3.7) taking into account (¥®3), we deduce:
dy(z,y) =0, Vv e N,
which is a contradiction with x # y, since ® is separating. The proof is complete.

Ezample 4. Let X = R be the complete b-gauge space with constant s = 2, endowed
with the separated family of b-pseudo-metrics D = {d,,,n > 1} defined by: d,(z,y) =

n(lz| — |y|)?. Let Fz =2, ¢y(t) = n%rlt and w(n) = (n+ 1) for all n > 1.

_fn o z#y
(2, y) = { 0, otherwise.
For z,y € R with = # y we have:
2
n 2
(e, (P, Fy) = (2] — ly)

and
Uiy (2,9)) = (n+1)%(Jz| — |y])?
Then, for x # y and n > 1 we have:

an(2,y)dn(Fz, Fy) < tn(dy(2,y)) = (n+1)%(J2] — [y])®

Hence, F is a generalized (a,, %2 w) contraction. Let us now show that F verifies the
other conditions of Theorem 2. Indeed, for (C}) we have, for all n > 1

an(z,y) > 1= ap(Fz,Fy) =n > 1,

then, F is a,,-admissible.

It can be easily seen that (C3) is satisfied with U, = 1y, for all n > 1.

Let z,y € R such that @ # y. Then, there exists z € R such that x # 2z and y # 2. Hence,
for all n > 1, we have ap(2,2) =n > 1 and ap(2,2) = n > 1. Then (C2)-(i) holds with
N =1 and (C2)-(ii) follows immediately from the fact that 1 < 4, for all i € N.

It is not hard to see that F' is continuous and so (Cy) is satisfied. Thus, all conditions of
Theorem 2 are fulfilled and consequently F' has a unique fixed point, which is 0.

Let us state the following conditions

(Pc2) There exists 2° € E such that a, (2%, F2°) > 1, Vv € A and furthermore:
dwi(y)(xO’Faj'O) < 400, VieN, Vv eN;

(Po2) Y,y € E with o # y, there exists z € E such that a,(z,2) > 1, and a,(y,2) >
1, Vv e N;

(Pcy) (i) Fis continuous, or
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ii) for every sequence {uF of E, such that oy, (v~ uF) > 1, Vv e N,
keN

if u¥ —— w, then there exists a sub-sequence {ukl}l N of {u and lp € N
k—o0 €

such that o, (uf,u) > 1 for all I > I.

“Fren

as spacial cases of (C2), (C2) and (C4) respectively. The following corollaries follow
immediately from Theorem 1 and Theorem 2.

Corollary 3.5.

Let F : E — E be a generalized (a,,¥°,w) contraction. Suppose that in addition
of conditions (C1), (C3) and (C4) of Theorem 1, (Pc2) holds true. Then, F has a fized
point.

Corollary 3.6.

Let F : E — E be a generalized (a,,¥*°,w) contraction. Suppose that in addition of
conditions (C1) and (C3) of Theorem 1, conditions (Pca) and (Pcs) hold. Then, F has a
unique fized point.

4. Application

In this section, we focus on the existence of solutions of some nonlinear integral equa-
tions as an application to the results proved in the previous section.
Let us consider the following integral equation:

©(0) + /0 G(t,7)f(r,z(1),gz(T))dT, t>0

(t) (4.1)

o(t), t <0,

where G : R2 — Ry, f: Ry x R? — R, ¢ :] — 00, 0] — R are nonlinear continuous
functions and g : C(R) — C(R) where C(R) denotes the set of all real continuous functions
on R and gz is a delay function.

Let E = C(R) be the complete b-gauge space with constant s = 2, endowed with the
separated family of b-pseudo-metrics {df } i defined by:

i (z,y) = sup {e= [a(t) - y()*}
teK

where A is a positive real number to be specified later and K is the set of all compact

sub-sets of R.

Note that, for dx defined above, conditions 1. and 2. of Definition 2.1 are clearly satisfied.

Moreover, for all x,y, 2z € E and for every t € K € I, by means of Young’s inequality, we

get:

() =y < () = 2(0)] + [2(t) — y(t)])?
< 2 (l2(t) = 21 + |2(t) — y(O))
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Consequently:
e Ma(t) =y < 2(dx (z,2) + dk (2,9))

Thus, taking the supremum over K on the left-hand side of the above inequality, we
obtain condition 3. of Definition 2.1.

Let w : X — K be the mapping defined by:

K, if KcR_=]—o0,0],
w(K) = (4.2)
[0, K*], otherwise,

where K* = sup K.
Let us now consider the following assumptions:

(B1) f is a positive function, non-decreasing with respect to the second and third argu-
ments, and for some real valued function W defined on R, the following inequality
holds:

|f (8, 2(t), gz(t)) — f (£, y(t), gy(t))| < \/dw(K)(xay) MW (1), (4.3)

forall z,y e E; t € Ky and A > 0.

(B2) There exist p,q > 1 with %4—% =1, p > 1 such that for all A > 0, the following hold:

+oo  _par »
i) Ru(\) ;:/ ¢ WE(r) dr < oo;
0

e (o

t
(i) vt >0, Sui(N) ::/ Gi(t,T)e 2
0
(iii) Ru(N) Spue(N) PN 0, Vt>O0.
—00

(B3) For every z,y € E such that x(t) = y(t) for ¢t < 0, if z(t) < y(¢) for ¢ > 0, then
gx(t) < gy(t).

Theorem 3.
Under assumptions (B1)-(B3), the problem (4.1) has at last one global solution in E.

Proof.
Let F: E — E be the mapping defined by:
t
PO+ [ G0 alr)gor)dr, >0
Fzx(t) = 0

o(t), t<0.
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The solutions of (4.1) are the fixed points of F.
Let a: E x E — R, be the function defined by:

1:z(t)<y(t):Vt>0 and z(t) = y(t) = p(t): t<0
a(z,y) =
0 : otherwise.

Let us check the generalized (a,,,¥*,w) contraction condition (3.2), where {ax } oy = {a}
and {Yx } jeexc is the family of functions ¢x defined by (4.8).
The following obvious fact is necessary for the final conclusion.

Ve,y € E s.t. a(z,y) =0, o(z,y)dg(Fz,Fy)=0, VK € K (4.5)
Let now x,y € E such that a(z,y) = 1. For K € K and ¢t € K such that t < 0. We have:
[Fa(t) — Fy(t)] = |e(t) — p(t)] = 0.
Hence, for all t € K such that ¢ < 0 we have
e |Fa(t) — Fy(t)|> = 0. (4.6)

Now, for t € K such that ¢t > 0, using (B1) we obtain:

[Fa(t) — Fy(t)] < /OG(taT)f(TaSC(T),ng(T))—f(T,y(T)vgy(T))!dT

t
1/dw(K)(ac,y)/O G(t,7)\/ MW (T)dr.
Now, multiplying the above inequality by e_%, we get

e |Fx(t) — Fy(t)] < dw(r) (T, Y) {/ G(t,T)e ERVALG dT:|
0
t (it —Ar 2
= duw(x)(T,Y) [/ _MG(t T) eMgLZ m W dT:| )
0

i is the constant introduced in (52).
In view of (B2(7).(i7)), Holder’s inequality gives:

IN

_At b e M[—
e Fe) - Fy0)] < oo ([ F W /Gq (tr)e
0
= () (2, )R’” 1t (A)-
In conclusion, for all £ € K such that t > 0 we have:
2 2

e M Fa(t) = Fy(t)]* < dui)(z,y) RED) S (V). (4.7)

where
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Let us now define the function ¢ x : Ry — R as follows:

2 2

REN) S (M) 1, K*>0
Y (t) = (4.8)
0, K* <0,

where, thanks to (B2(#ii)) A is fixed such that

2 2

2RA(N) 8 - (A) < 1. (4.9)

It is clear that 1k satisfies (¥%1), (¥52) and (¥5,). Furthermore, Vrels

thus non-decreasing and in view of (4.9), it satisfies also g (2t) < t. Consequently,
according to Remark 2.5, ¥ € WS.
Combining (4.6) and (4.7) taking into account (4.8), leads to

is constant,

Ve,y € E s.t. a(z,y) =1, o(z,y)dx(Fz,Fy) < Yk (dw(K)(:x,y)) , VK e K. (4.10)

Now, (3.2) follows immediately from (4.5) and (4.10). In other means, F' is a general-
ized (a,,¥*,w) contraction.

Condition (I): Let (z,y) € E x E such that a(z,y) > 1. Then for ¢t > 0, we have
x(t) < y(t), which implies according to (B3) that gx(t) < gy(t). The following inequality
follows so for t > 0, from the fact that f is non-decreasing with respect to the second and
third arguments

/ G(t,7)(r,x(r), gae(r))dr < / G(t,7) f (r, (7). gy(r))dr,
0 0

which clearly leads to Fz(t) < Fy(t) for ¢ > 0. On the other hand, from (4.4), we have
Fzx(t) = Fy(t) = ¢(t) for t < 0. That is a(Fz, Fy) > 1, and consequently (C1) is satisfied.

Condition (II): Let 2% € E be the function defined by:

»(0), if t>0
20(t) =
e(t), if t<0.

Since f is positive, then:

/0 G(t,7)f(r,2°(7), gz°(7))dr > 0.

Hence, for t > 0, we have:

2%(t) = ¢(0) < ¢(0) +/0 G(t,7)f(r,2°(r), 92°(7))dr = Fa°(t),
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and for t <0, FzO(t) = ¢(t) = 2°(¢). That is a(z°, F2°) > 1.
Furthermore, we have:

dwi(K)(l'O,FJ)O) = dw(K)(:):O,FxO) = s[élg ]e_M |x0(t) — F:L'O(t)‘Q < 00,
te[0,K*

for all + € N. Consequently (Pc2) is satisfied.
Note also that:
VK € K, ¥t >0: ¢g(t)= T,Z)wi(K)(t),

for all i € N*, and so (C3) is satisfied with ¢x = .
Let {z},cn be a sequence of E such that:

a(Tp, Tnt1) =1, YneN.
That is:
Tn(t) < xpya(t), forallt >0 and z,(t) = zp41(t) = @(t) for all t <O0. (4.11)

Suppose now that {z,}, cy converges to some z € E, that is:

VK € K, sup {e—M |2 (t) — 2(t)|2 —— 0, } ,

teK n—o0
which implies that
VteR, {xn(t)},cy convergesto z(t) in R.

Hence, according to (4.11), {z,(t)},cy is a non-decreasing real sequence for ¢ > 0 and
therefore for all n € N:

zn(t) <z(t), Vt >0 and z,(t) = z(t) = p(t), Vt <0.
This means that a(x,,z) > 1 for all n € N and consequently (Pc4) is satisfied.
Then, all conditions of Corollary 3.6 are fulfilled and the proof is complete.

The following Corollary illustrates the efficiency of Theorem 3 in the study of some
fractional differential equations with "maxima”, namely:

CDox(t) = f <t,x(t), max m(a)) , t>0

o€la(t), b(t)]
x(t) = Qp(t)v t <0,

(4.12)

where “D?® denotes the Caputo fractional derivative operator of order § € 10,1], a, b, are
real continuous functions defined on Ry such that a(t) < b(t) <t, f: Ry x R2 — R is
a nonlinear continuous function and ¢ :| — oo, 0] — R is a continuous function.

Corollary 4.1.
Assume that the following conditions hold:
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(H1) f is a positive function and non-decreasing with respect to the second and third
arguments, such that

(i) |f (t,&,m) — f(t,&,m2)| < \/T (t, |&1 — 52\2 ym = 772\2), whenever the left hand
side is defined;

(i) T : Ri — R4 is a non-decreasing function with respect to the second and
third arguments;

(iii) there exists a real valued function W defined on Ry, such that:
Vz>0: Y(,zz2) <zW().

(H2) There exists p > 1 such that:

+o00 7(1+6)>\T 146
(1) Ru(A) == / e W (r)dr < oo, forall\>0.
0

(ii) Ru(\) — 0, ¥t >0,
A—00

Then (4.12) has at least one global solution in E.

Proof.
Using the properties of fractional integral and derivative operators, problem (4.12) is
transformed into the following integral equation, see, e.g. [28, 31, 34, 41-43].

tm T, T\T max x\0o T
a(t) = SO(OH/O I'(6) f( 2l )’o—e[amb(rn( )>d’ =0 (4.13)

(), t<0,

which is identified to (4.1), with

_ )1
= and gz(t)= max z(0).

G, 7)=
(t,7) r'(d) o€la(t), b(t)]

Therefore, it is sufficient to show that conditions (B1)-(B3) are fulfilled, to deduce then
the result from Theorem 3.
Let z,y € E, K € K and t € K such that ¢t > 0. Using (H1(7), (ii)) we obtain:

t,z(t), max x(0))— f(t,y(t), max o)) <
‘f( ) o€la(t), b(t)] (@) =1t o€la(t) t%
) 2
Tt |x(t) —y(t max — max y(o) <
< [#(t) = y(®)] ocla(t), b(t)] () o€la(t), b(tﬂy )
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"refat), b(t)]

which yields to (4.3) thanks to (#1(¢i7)). Consequently, (B1) is fulfilled. (H2(¢)) implies
(B2(i)) with p = 14 5. Let us now check (B2(ii)) where ¢ =1+ 4.
We have:

¢r(au@w—mwﬁ max 0(2) = 1)) < /X (6 (090, Mg .9),

pt2

Spi(A) = 15)/0t(t— T)Q(éfl)e—%[t—(T)T] "

T

t _Aq(pt2Y 4y
< rql(5>/o(t_r)q<5—1>e #(450) 0 g

Performing the change of variable X = % (‘%“2) (t —7), we get:

1 /°° 2 o X90-De=X gx
9@ Jo Aq(p+2)

52
— 1 2 2
= iy () T
Consequently, (B2(i7)) is satisfied and furthermore S, ¢(\) = 0, Vt>O0.
— 00

The last fact, combined with (Hz(ii)) implies (B2(ii1)).
Let x,y € E, such that z(t) = y(¢) for ¢t < 0. If z(¢) < y(¢) for ¢ > 0, then we have:

{() y(0), o€ la(t),b(t)s
y(o

Spt(N)

IN

(@) =y(o), o €la(®),bt)]-,

where [a(): (o) = o) (0] 1 R and fae) MO = fae) b0 1R
Then
sup z (o) < sup y (o)

o€la(t), b(t)]+ o€la(t), b(t)]+
max x (o) = max ag).
o€la(t), b(t)] - () ae[a(t),b(t)f( )

Consequentl max z (o) < max y (o), that is (B3) is satisfied.
yae[a(t),b(t)}( ) o€la(t) b(t%( ) ( )

Then all conditions of Theorem 3 are fulfilled and the proof is complete.

5. Conclusion

In this work, we have introduced a new concept in b-gauge metric spaces called gener-
alized (ay,,¥*®,w) contraction, which extended a-1 contraction in ordinary metric spaces.
Some related fixed point results were given using such concept, where weaker conditions
have been applied in comparison with existing results. Moreover, applications to delay
integral equations on unbounded domain, including fractional differential equations with
maxima are provided.
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