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1. Introduction

It is widely recognized that fractional differential equations (FDEs) become one of the most
important research topics in numerous different disciplines such as mathematics, physics, biology,
chemistry, finance, economics, and engineering, etc, see [1-4]. The elementary knowledge of
fractional calculus can be found in the books of senior scholars [5, 6]. While some notable
developments on this topic can be found in the monographs of several mathematicians [7-9].


http://www.aimspress.com/journal/Math
http://dx.doi.org/10.3934/math.2021151

2487

In (2017), Almeida [10], investigated a novel fractional derivative called W—Caputo fractional
derivative, which was already mentioned in Kilbas et al., book [5] under the concept of fractional
integrals and derivatives of a function with respect to another function and which was extended by
several famous scientists [5, 11-14]. Consequently several papers on W—Caputo FDEs with different
techniques are available, we refer few of them in [15-17]. Other important findings on the existence,
uniqueness, and stability of solutions dealing with various definitions of well known fractional
derivatives can be found in the articles [18-30].

On the other hand, the monotone iterative technique combined with the method of upper and lower
solutions have been used by several researchers, both for the scalar case and the abstract case with
the end goal to establish the existence and uniqueness of extremal solutions for a class of nonlinear
ordinary and FDEs (see, for instance, [31-40]) and the references therein. Motivated by the papers
mentioned above, our goal is to extend the results of the recent paper [34] to the abstract framework.
To our knowledge, no contributions exist, concerning the existence and uniqueness of extremal solution
for a class of nonlinear FDEs in the frame of W—Caputo derivative with initial conditions in Banach
spaces via the monotone iterative technique. As a results, we aim to fill this gap in the literature and
contribute to enriching this academic area. So, in this paper, we study the existence and uniqueness of
extremal solution for the following W-Caputo FDE in an ordered Banach space Y:

{CD;;‘Pu@ +1u@) = € uE), ¢el:=lad, 0

u(a) = g,

where Cszp is the W-Caputo fractional derivative such that 0 < ¢ < 1,f : 7 XY — Y is a function
fulfillments some suppositions that will be mentioned later,r > 0 and u, € Y.

Next, we continue the results obtained in our recently published work in [23] to prove other
properties such as the existence and uniqueness of solutions as well as the Ulam—Hyers (UH) stability
results for the following W-Caputo fractional relaxation differential system (‘Y-Caputo FRDS):

cemsiY _
meu(f) +ru(é) = Gy (€, u(é), v(f)), fel, (12)
‘DT 0(€) + 10(€) = Go(é, u(é), v(é)),
with the initial conditions
u(a) = py,
1.3
{n(a) = U2, 4

where ¢; € (0,1],1; > 0,G; : T XN XN — N, i = 1,2 are functions fulfillments some suppositions that
will be mentioned later, N is a Banach space with norm || - || and wy, u € N.

We organize the present work as follows: In Sect. 2, we recall basic concepts and results that will
be called in the proof of our results. In Sect. 3, we apply the the monotone iterative technique in the
presence of upper and lower solutions method to establish the existence and uniqueness of extremal
solutions for the given problem (1.1). Whereas Sect. 4 is devoted to the existence and uniqueness
of solutions to the coupled system (1.2)—(1.3). Moreover, Sect. 5, contains the UH stability of the
proposed system (1.2)—(1.3). Also, two examples to illustrate the effectiveness of the feasibility of our
abstract results are provided in Sect. 6. the work is terminated by some concluding remarks in Sect. 7.
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2. Background materials

In this portion, we provide some fundamental concepts on the cones in a Banach space and
Kuratowski’s measure of noncompactness (KMN) as well as some facts about fractional calculus
theory.

All over this part, we suppose that (Y, || - ||, <) is a partially ordered Banach space whose positive
cone K ={y €Y |y > 6} (6is the zero element of Y ). Note that every cone K in Y defines a partial
ordering in Y given by

71 <z ifandonlyif z, -z € K.

Definition 2.1 ( [44]). Let Y be an ordered Banach space with zero element 6. A cone K C Y is a
normal if 4 v > 0 such that

0<zi <2 =lall £Vlzll, Yz1,z2 € Y.

where v is the normal constant of X, which is the smallest positive number fulfilling the above
condition.

For any 71,7z, € Y, z; < 75, The segment [z;, z;] is a set in Y defined by
[z1,22] ={z€Y:7 <z< 2}
Definition 2.2 ( [44]). An operator 7 : Y — Y is said to be increasing if
X<y=9Tx<Ty.

Let now 7 := [a,d] (0 < a < d < o) be a finite interval and ¥ : 7 — R be an increasing function
with W'(€) # 0, for all ¢ € 7, and let C(Z, Y) be the Banach space of all continuous functions u from 7
into Y with the norm

Iulleo = sup [u(£)]l.
el

Plainly, C(Z,Y) is an ordered Banach space whose partial ordering < reduced by a positive cone
Ke={ueC{,Y):uE) > 06,¢ € I} which is also normal with the same normal constant v. For more
details on cone theory, see [44].
A measurable function u : 7 — Y is Bochner integrable if and only if ||u|| is Lebesgue integrable.
By L!(Z,Y) we denote the space of Bochner-integrable functions 1t : 7 — Y, with the norm

||u||1=fd||u(§)lld§-

Next, we define the KMN and grant some of its significant properties.

Definition 2.3 ( [41]). The KMN 7'(-) defined on bounded set Q of Banach space Y is

T(Q) :=inf{o >0 : Q =U;_,Q4 and diam(Qy) <o for k =1,2,--- ,n}.

The following properties about the KMN are well known.
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Lemma 2.4 ( [41]). Let Y be a Banach space and Q;,Q, C Y be bounded. The following properties
are satisfied :

(1) T(@Q1) < T(Q2) if Qi € Qy;

(2) T(Q) = Y(Q) = Y(conv Q), where conv Q means the convex hull of Q;

(3) T(Q) = 0 if and only if Q is compact, where Q means the closure hull of Q;

(4) T(0Q) = |o|T(Q), where o € R;

(5) T(Qr U Q) = max{T(Qy), T(Q)};

(6) Y(Qi + Q1) <T(Q1) + T(Qo), where Q1 + Q. ={p|p=q1 +qq1 € Q1,4 € Qo};

(7) T(Q+¢q) =Y(Q), forany g € ¥;

(8) If the map T : dom(7") C Y — Y is Lipschitz continuous with constant k, then V(7 (Q)) < kT(Q)
for any bounded subset Q C dom(7").

The next lemmas are a prerequisite in our analysis.

Lemma 2.5 ( [45]). Let A be a bounded and equicontinuous subset of C(I,Y). Then the function
& — Y(A(&)) it has the property of continuity on I, with

Te(A) = max T(A(£)),
éel

T(fA([)d{’) < f‘Y‘(A([))d&
I I

where A(€) = {b({) : be A}, L € 1.

and

Lemma 2.6 ( [42]). Let A is a bounded subset of Banach space Y. Then for each &, there is a sequence
{yn}o, C A, such that
T(A) <2T({yu) ) + &
We say A C L'(Z,Y) is an uniformly integrable if there exists v € L'(Z,R,) comply with
[[u(@)|] < v(€), forallue A andae. € € 1.

Lemma 2.7 ([46]). If {y,}>, € L'(Z,Y) is uniformly integrable, then & — Y({y,(£)},) is measurable,

and - i
T({fyn(f)df} )S ZfT({yn(f)}f:l)df-
a n=1 a

A fixed point technique advantageous to our aims is the following.

Theorem 2.8 ( [47]). Let Y a Banach space and A be a closed, bounded and convex subset of Y such
that 8 € A, and let N be a continuous map of A into itself. If the implication

Q =convN(Q),or Q= N(Q) U {0} = T(Q) =0, 2.1
holds for every subset Q C A, then N has a fixed point.
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Now, we supply some properties and results regarding the W-fractional calculus as follows.

Definition 2.9 ( [5, 10]). For ¢ > 0 and ¢ € 7, the Y-Riemann-Liouville fractional integral of order ¢
is given by

. 1 :
I 2(&) = e f W (OF(E) = P(O) ' 2(0)de, 2.2)
where z: 7 — R is an integrable function and I'(-) is the Gamma function defined by
+00
ro)= [ elette g0
0

Definition 2.10 ( [10]). Let » € N and ¥,z € C"({,R) be two functions. Then the Y—Riemann—
Liouville fractional derivative of a function z of order ¢ is given by

1 d ! n—g¢;¥
(‘P'(f)d_t) Haf (3

1 1 d\' r
— \.P’ f \P —Tf n—-¢—1 fdf
r(n_g)(q,,@ dt) f (OP(E) - P(O)''2(0)de,

DS 2(£)

where n = [¢] + 1.

Definition 2.11 ( [10]). Let » € N and ¥,z € C"(Z,R) be two functions. The ¥-Caputo fractional
derivative of z of order ¢ is defined by

ey _ n—¢;¥ 1 i !
I A )

wheren = [¢]+ 1 forv¢ N, n =¢ for¢ € N,
For the sake of brevity, let us take

d n
—) 2(§).

[n] _
w©= (‘P’(f) dé

From the definition, it is clear that

§ W OWEO-YO)" " [n] :
DS (&) = L M=) gy (Hde -, ife¢ N,
“ &) , ifgeN.
In fact, since the fractional integrals of a function z with respect to another function ¥ are generated
by iterating the local integral I;i‘yz(f) = fa ¢ z(s)¥(s)ds, then the fractional derivative of a function z
with respect to another function ¥ in the sense of Riemannn-Liouville and in the case of ¢ = n is

natural number will be reduced to the local fractional operator z&',’](g—‘). Then, the Caputo type local

behavior is accordingly follows via Remark 1 in [13]. For example, if ¢ = 1 then [1] + 1 = 2 and
e 96 zf‘ oo e 2
aD Z('f) - [‘P' f)] ; (‘f S) Z(S)\P (s)ds - Z‘P ('f) - \Ij/(é‘:)
Then, on the light of (16) in Remark 1 in [13], we have
1 d Z(§)
CDI,‘I’ — - _ — .
D $) V@) dE [2(£) — &(a)] )
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Lemma 2.12 ( [10, 15]). Let 5,8 > 0, and z € C(I,R). Then for each ¢ € 1 we have
(1) “DEL2E) = 2(€),
(2) IFDEY2() = 26) — 2(a), 0<g <1,

(3) I (PE) - P@)Y ! = 725 (V&) - (@),

(@) DENWE) — V@) = T (W(E) — @),
5 ‘Dg W(‘I’((f) Y(a)* =0, forall k€ {0,...,n—1},n € N.

Definition 2.13 ( [43]). The Mittag—Leftler functions (MLFs) of one and two parameters are defined
respectively as

*® k
<
M, :E—, €R, ¢>0.
s(2) 24 Tgk+ 1) z S

and
Mcgz) = Y ——, ¢,f>0andzeR. (2.3)
o7 ,; T(sk +B)

It is obvious that M ;(z) = M;(z) = €~
Some essential properties of the MLFs are listed in the following Lemma.
Lemma 2.14 ( [48]). Let ¢ € (0, 1) and x € R. Then the following properties are satisfied:
(1) M, and M are nonnegative,
(2) Mc(x) < 1,M.(x) < r( 5 for any x < 0.
The following lemma is a generalization of Gronwall’s inequality.

Theorem 2.15 ( [26]). Assume u, v be two integrable functions and w continuous, with domain 1. Let
Y € C'(I,R,) an increasing function such that ¥'(€) # 0,V¢ € I. Suppose that

(1) u and v are non-negative,
(2) w is non-decreasing and non-negative.
If
u(€) < v(&) + w(&) f ' (O(P(E) - YO ub)dt, £ €T
Then a

F n
u(®) < v(E) + f Z( O - MOI O, £ 1.

Remark 2.16. Notice that, for an abstract function z : 7 — Y, the integrals which show in the
preceding definitions are taken in Bochner’s frame (see [49]).

The next lemma has an important role in demonstrating our main results.
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Lemma 2.17. Let w, A > 0. Then for all ¢ € [a,d] we have

AH(E-¥())
[ AFE-F@) e
a /lw

Proof. From equation (2.2), we have

¥ rro-vay - L f WOCEE) - F(O) MO D,
“ F(w) Ja

Using the change of variables y = W(£) — Y(£) we get

¥ AYE)-Y(a) e\ (©-Y(@) W(&)-Y(a) L
I[‘Ui e §)—x(a) _— —f ya)— e },dy
i @ Jo

Using now the change of variables v = Ay in the above equation we get

v v AHOK@)  LIVOY@D)
[ ATO-Y@) ; f s
T J,

eﬂ(‘l’(é“)—‘*’(a)) 00
_— f v le™Vdy
T(w)e

(Y- (@)
/lw
This completes the proof. O

Remark 2.18 ( [27]). On the space C(Z,Y) we define a Bielecki type norm || - || as below

o (&l
llzllys := S;;JP m, A>0. 2.4)

Consequently, we have the following proprieties
1. (C(Z,Y),]| - |ls) is a Banach space.

2. The norms || - || and || - || are equivalent on C(Z,Y), where || - || denotes the Chebyshev norm
on C(Z,Y), i.e;

ull-lls <1+ llo < w2l - lls,

where

=1, 1= A

3. Cauchy problem of ¥-Caputo FDE (1.1)

In this section, we apply the well-known MIT together with the method of UP and LO solutions
and the theory of measure of noncompactness to investigate the existence and uniqueness of extremal
solutions for the Cauchy problem (1.1) in an ordered Banach space Y.

Before we give our main results, let us defining what we mean by a solution of W-Caputo FDE (1.1).
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Definition 3.1. A function u € C(Z,Y) be a solution of problem (1.1) such that "Dgfyu exists and
is continuous on 7, if u satisfies the equation Cszpu(cf) + ru(€) = f(&, u()), for each & € I and the
condition u(a) = u,.

Now, we present the definition of lower and upper solutions of W-Caputo FDE (1.1).

Definition 3.2. A function u € C(Z,Y) is called a lower solution of the W-Caputo FDE (1.1) if it
satisfies the following inequalities

1
wa) < u,. G-

{CDZiTu(f) +r1u) < f(&,u), ¢ € (a.dl,
If all inequalities of (3.1) are inverted, we say that u is an upper solution of the W-Caputo FDE (1.1).
The following key lemma is substantial to forward in demonstrating the main results.

Lemma 3.3. [34, Lemma 4] Let ¢ € (0, 1] be fixed, r € R and h € C(L,R). Then, the linear initial
value problem

s _ —
{ DEUE) + @) = h@), &€ T = a,d], 32)
u(a) =g,
has a unique solution is given by
u() =uM(-r(¥(§) — ¥(a))°)
(3.3)

+ f W(OCPE) — F(0) ™ Mg o(-1(¥(E) = L) (D)L

As a result of Lemma 3.3, the problem (1.1) can be converted to an integral equation which takes
the following form

u(é) =uM(-r(¥(¢) - ¥(@))*) + f Y (OFE) — PO

a

X Mg o(=r(¥(&) — Y (O)*)i(¢, w(0)dl. (3.4)

Now, we are willing to give and prove our main findings.

Theorem 3.4. Let Y be an ordered Banach space, whose positive cone K is normal with normal
constant v. Let the following assumpitions are fulfilled

(Hy) There exist uy,ng € C(I,Y) such that vy and vy are lower and upper solutions of the Y-Caputo
FDE (1.1) respectively, with 1y < 1.

(H,) The function§ : I XY — Y be continuous.

(H3) fis increasing with respect to the second variable. i.e

f(f? Z]) < T(él:’ ZZ),

forany & €1, and 21,20 € Y with uy(§) < 21 < 2o < 9o(é).
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(Hy) There exists a constant L > 0, such that for any ¢ € 1 and decreasing or increasing monotone

sequence {11,(£)} C [119(£), 9o(&)],
TETHE w@)D < LT, (D).

Then the Y-Caputo FDE (1.1) has minimal and maximal solutions that are between 1y and v which
can be acquired by a monotone iterative procedure starting from 1y and v, respectively.

Proof. Transform the integral representation (3.4) of the problem (1.1) into a fixed point problem as

follows:
u=7u, uecC,Y),

where 7 : C(Z,Y) — C(Z,Y) is defined by

T () =uM(-1(¥ () - ¥Y(@)*) + f P(OPE) - PO

X Mo (=r(¥(&) — ¥ (0))*)i(£, u(€))d. (3.5)

From the continuity of f, 7 is well defined. On the other side, for any u € D = [ug, 0] = {y € C(Z,Y) :
ny <y <1np}.and ¢ € 7, (H;) implies

(€, uo(£)) < F(&,u(§)) < (&, no()),
1.e.
0 <f(&, u(€)) — T(&, u0(£)) < T(£,90(8)) — (&, 10(£)).

Therefore, from the normality of K we can get

[I7(£, u(&)) = T(&, uo(ENI < VIIF(E, no(&)) — T(&, uo(E)II.

Thus
IF(€, wWEDII < [[T(€, u(€)) — F(&, uo(EI + IF(E, uo (I
< VIF(E, vo()) — T(&, ug(EI] + [[T(€, 1o(E)]
=c.
Hence
IF(§, W) < c,u € D. (3.6)

Now, we complete the proof by a series of steps.

Step 1: In this step, we will show the continuity of the operator 7 on D. To do this, let {11,,} be a
sequence in D such that 1, = uin D as n — oo. With ease, we find that (£, 1,,(£)) — (€, u({)), as n —
+00, due to f is a continuous. Also, from 3.6 we get the following inequality:

P (O(PE) - PO 29 (O(P(E) = ()

C,1,(0) = T, u@)|l <
ro IF(£, 1,(0) = T4, w(O)I < r'o
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From fact that the function £ — 2c'W(£)(¥(£) — P(£))s~! is Lebesgue integrable over [a, £] along with
the Lebesgue dominated convergence theorem, we attain

Y (&) — W(L£))S!
f“ (O - Y(©) [I7(€, 1,(6)) = T, u(O)lIdE — 0 as n — +oo.

I'(s)

It follows that ||7 1, — 7ul| - 0 as n — +co. Hence the operator 7 is continuous.

Step 2: We shall show that the operator 7 has the following two properties:
(Py) 7 is an increasing operator in D;
(P2) up < T 19,719 < 1.

To prove (P), let z;,z; € D, such that z; < z;. Then, from (H3) we obtain

T 21(8) =uM(-1(¥ () — ¥(@))*) + f Y(OPE - PO
X M o(=r(P(&) = Y(O)*)i(€, 21 (O)dL
<uM(-r(¥(©) - Y(a@))) + f Y(OFE) — PO

X Mg o(=r(¥(£) = Y(O)*)i(¢, 22(0))dC
=T 22(8),

which implies that 7z; < 7 z,. Therefore, 7 is an increasing operator.

To prove (P,), let h(¢) = "]DZi‘PuO(f) + rup(€). Definition 3.2, implies A(€) < (&, 19(£)). By Lemma
3.3, we obtain

o(€) =uM(—1(F (@) — F(@)°) + f W (O(B(E) - P!
X M o(—1(P(&) — P(0)*)h(£)de

<uM(-r(¥(©) - Y(@))) + f W(O(E) - PO

X M o(=r(P (&) — Y (O)*)i(L, uo(£))dl
=T up(§).

Hence, 1y < 7 1y. In the same way, we get 7 1y < 1. Therefore, for every u € D, we have
U <Tuy<Tu<Tyy <.

From the above arguments, we conclude that 7 : D — D is a continuous increasing operator.

AIMS Mathematics Volume 6, Issue 3, 2486-2509.
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Step 3: T(D) is equicontinuous on . To do this, choosing, &;,&, € 7, with & < &. By (3.6) and
Lemma 2.14 we have
17 u(&2) — T u&)ll
<[luall [Mo(—r(¥(&) - ¥(@))*) = Mo(—1(P(£) — ¥(@))°)|
. f V(0| (PE) - PO - (&) - WO
a I'(¢)

2P (0)(P(E) — P(£))s!
. f OFE) =FOF <o weopide
é ['(s)

M(—1(¥ (&) - W(@)) = My(-1(¥(&) - ¥(@))°)|

2c p N ¢
oy V@) - e

(1T, uO))lide

<[l

+

Since the function M(—r(¥(¢) — W(a))*) is continuous on 7, the right-hand side of the previous
inequality approaches to zero when & — &, independently of u € D. This implies that T(D) is
equicontinuous on 7.

Now define two sequences {1,} and {1, } in D, by the iterative scheme

u,=9u,_, 9,=71,,forn=1,2,... (3.7)
Then from the monotonicity of 7, we have
Wy <<y, <<, <<y <. (38)

Step 4: We show that {u1,,} and {v,} are convergent in C(Z, Y).
Let Q = {u, : n € N} and Qy = {u,_; : n € N}. By (3.8) and the normality of the positive cone K,
we get that Q and € are bounded. From Q = Q U {1y}, we have

T (QE)) = T (Qo(&)), forall ¢ e T,

Let
&) =T Q) =T (Q(£)), forall £ € 1.

Since Q = 7 Q,, we have
T Q&) = T(TQu(&)), forall £ € 1.

Now, we will show that p(¢) = 0 on 7. By (H,), Lemmas 2.7, 2.14 and the properties of I we obtain
the following estimates:

(O - PO
I'(s)

2 G
< - f W ()& — PO YU, w1 ()AL
I'¢) J,

p&) =T () = T(T Q) < T{ f f(e, un_l(f))df}

2
2L f W(OWE) - FO)F (1 (ONAC
@ J,
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2L

< f W (O)(P(E) — P(0) ' Qu(O)de
I'(s) J,
2L

= f P(O)(P(E) - P(0) " pL)de.
r'(s) J,

Hence by Lemma 2.15, we obtain p(¢) = 0 on 7. Since Q is equi-continuous, we have from Lemma
2.5 that
T(Q) =T (Q) = max T (Q0(£)) = 0. (3.9)

So, {u,} are relatively compact in C(Z,Y). Hence, {1,} has a convergent subsequence in C(Z,Y).
Combining this with the monotonicity and the normality of the cone K, without difficulty we can
prove that {u,} itself is convergent in C(Z,Y), i.e., there exists u € C(Z,Y) such that lim,_,,, 11, = 1.
Similarly, it can be proved that there exists 1) € C(Z, Y) such that lim,_,., v, = 1.

Using Lebesgue dominated convergence theorem, and letting n — oo in, (3.7) we see that

u=7u, p=70.

Therefore, u,1) € C(Z,Y) are fixed points of 7.

Step 5: We show the minimal and maximal property of u, 7). Suppose that z* is a fixed point of 7~
in D, then we have

up(é) <) <o), el
By the monotonicity of 77, it is uncomplicated to find that
u(§) = (Tuo)(&) < (T2)&) =2() < (Tyo)§) =vi(§), &€l
Repeating the above arguments, we get
w,<z"<v, n=12,.... (3.10)

Taking n — oo in (3.10), we get u < z* < 7. Thus u, 1) are the minimal and maximal fixed points of 7~
in D, so, they also are the minimal and maximal solutions of problem (1.1) in D. Moreover, u and 7
can be obtained by the iterative procedure (3.7) beginning from 1, and 1, respectively. This finishes
the proof. O

Our next theorem to prove the uniqueness of solution for the W-Caputo FDE (1.1) by applying the
monotone iterative technique.

Theorem 3.5. Let Y be an ordered Banach space whose positive cone K is normal with normal
constant v. Suppose that (H,)—(H3) are fulfilled. Further, we suppose that:

(Hs) There exists a constant kK > 0 with

(&, 20) = T(&,21) <k(zp —z1), forany £€1,

and vy < 71 <20 <1y
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Then Y-Caputo FDE (1.1) has a unique solution between 1, and v, which can be acquired by the
iterative procedure beginning from 1 or 1.

Proof. Let {z,} C D be an increasing monotone sequence, and n,m € N with n > m. (H,) and (Hs)
imply

0 < f(é:’ Zn) - T(é‘:, Zm) < k(Zn - Zm)-

From the normality of positive cone K, we obtain

IFE5 2) — T, zn)ll < kvllzn — Znll.

So by Lemma 2.4, we get
T({(£, z)}) <k T{z,).

Then condition (Hy4) holds and from the Theorem 3.4, we realize that W-Caputo FDE (1.1) has minimal
and maximal solutions u and 1) in D. Next we prove that u(¢) = H(€) in 7.
Thanks to Lemma 2.14 and (Hs), for each & € 7, we obtain

0 <p(&) —u@) = THé) - Tu@)
= f (O E) — P(O) ™ Mg (-1(¥(E) — P(O)°)

x (f(€, v(6)) = f(¢, u(£)))de
k
<— f W(O)(P(E) — V() (D(6) — u(0))de.
I'¢) J,

By the normality of positive cone K, it follows that

k
56 - @) < ﬁ; f W (O(FE) - FO)F 50 — w(O)lde. (3.11)

By Lemma 2.15, we attain (¢) = u(€) on 7. Hence, 1) = u is the unique solution of the W-Caputo FDE
(1.1) in D. Thus, the proof is finished. O

4. Coupled systems of Y-Caputo FRDS (1.2)—(1.3)

In this portion, we plan to prove our main theoretical findings of the existence and uniqueness of
solution for the W-Caputo FRDS (1.2)—(1.3).
Here, we offer the definition and lemma of a solution for W-Caputo FRDS (1.2)—(1.3).

Definition 4.1. By a solution of coupled systems of W-Caputo FRDS (1.2)—(1.3), we mean a pair of
continuous functions (i1, v) € C(Z,N) X C(Z, N) those satisfy equations (1.2) on Z, and conditions (1.3).

Now by using the basic concepts mentioned in [13,34] we can easily derive the following lemma
which is useful to prove our main results.
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Lemma 4.2. [13,34] Let 51,5 € (0, 1] be fixed, r1,1, > 0 and G|,G, € C(Z X XN X N,N). Then the
coupled systems of Y-Caputo FRDS (1.2)—(1.3) is equivalent to the following integral equations

wé) = Mg (-n(¥E) - Y@)) + fj EAGICIGER{(9)
XM, 6, (=11 (W (§) = P(O))Gi (£, u(l), v(6))de

0(§) = Mg, (—n(¥(E) - Y(@)?) + ff (O - PO
XM, ¢, (=12(F(€) = W (0))Ga (€, u(0), n(6))dL.

(4.1)

In order to establish our main results, we introduce the following assumptions.
(H]) Gi,G; : 7 x N XN — Nare continuous functions.

(H’) There exist constants L; > 0, i = 1,2 such that

IGi(€, 11, 01) = Gi(€, vz, 02| < Li(lliy — wiaf + [Jog — va]),
for all £ € 7 and each 11y, 01,115, 0, € N.

(H) There exist real constants K;, K, > 0 and a continuous non-decreasing function ¢; : R, —
R,, i = 1,2 such that

1G;i(&, 1, 0)|| < Kidi(Jlu]l + |[v]]), for any & € T and each u,v € N.

(H}) For each bounded set H C N X N, and each ¢ € 7, the following inequality holds

T(G&, H) <KT(H), i=1,2.
Our first theorem on the uniqueness relies on the fixed point theorem of Banach combined with the
Bielecki norm.

Theorem 4.3. If the assumptions (H})—(H}) are true, then the coupled system of ¥-Caputo FRDS
(1.2)—(1.3) has a unique solution.

Proof. Let C(I,N) be a Banach space equipped with the Bielecki norm type || - ||g defined in (2.4).
Consequently, the product space & := C(Z,NX) X C(Z, N) is a Banach space, endowed with the Bielecki
norm

101, 0)llgs = llulls + [ofls.

We define an operator S = (S, S,): & — & by:
S(u, v) = (S;(u, v), S,(1, ). 4.2)
where

Si(u, 0)(§) =pM,(—r:(¥(§) — ¥(a))*) + f P (OPE ~ POy
X M, g, (-1:(¥(&) = W(£)*)Gi(¢, u(f), v(£))d.

4.3)
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It should be noted that S is well-defined since both G; and G, are continuous. Now, we make use of the
fixed point theorem of Banach to show that S has a unique fixed point. In this moment, we must show
that S is a contraction mapping on & with respect to Bielecki’s norm || - || ». Note that by definition of
operator S, for any (1, v;), (112, 02) € Sand £ € 7, using (H}), and Lemmas 2.14, 2.17, we can get

[Siu, 0@ = S, 02)(@)|
<Li(Ihty = wolls + oy = v2]l) f

(Y E-¥(@)

STLi(”ul — 1|l + oy — val).

POWE) = PO wo-wangg
I'(si)

Hence

L,
Iicau1, 01) = Siua, 02)[|, < (Ut = 10l + oy = val).
This implies that

Ly

||S(u1, ;) — S(u, 02)”8,% < A5t

L
+ /l—gzz] 1111, 1) = (12, 02)llg .

We can choose A4 > 0 such that /IILTII + % < 1, so the operator S is a contraction with respect to Bielecki’s

norm || - |lss. Thus, an application of Banach’s fixed point theorem shows that S has a unique fixed
point. So the coupled system of W-Caputo FRDS (1.2)—(1.3) has a unique solution in the space &. This
completes the proof. O

Theorem 4.4. Let the hypotheses (HY), (H}) and (H}) be fulfilled. Then the coupled system of ‘¥-
Caputo FRDS (1.2)—(1.3) has at least one solution defined on I

Proof. In order to use the Theorem 2.8, we define a subset B;s of & by
B(5 = {(ua D) € 8 : ”(11, D)HS,OO < 5} 5
with § > 0, such that

2
52 ) (Il + Po v Ki(6)).
i=1

where
P o= (Y(d) — ¥(a)*
T T+ D)

=1,2.

Notice that B is convex, closed and bounded subset of the Banach space & We shall prove that S,
satisfies all conditions of Theorem 2.8 in a two steps.

Step 1: we show that the operator S maps the set B into itself. Indeed, for any (i, v) € Bs and for
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each £ € 7. By Lemma 2.14 together with assumption (H}) we can get

Y () (P(E) — P(£))s!
508, )@ < Il + f OFD = FO™ 5,0, u(ey, wieplde

)
W)W - P!
<l + f X (ﬁ)( : O g gl + o)) de
Y ()WY P))si~!
< Nl + Kihi(S) f (X (f?(g OF 4

< il + KiPg, wepi(6), i=1,2.
Hence

2
IS o)y < D (lall + KiPg wi(6)) < 6.
i=1
This proves that S transforms the ball B; into itself. Moreover, in view of assumptions (H), (H}) and
by a similar deduction in Theorem 3.4, one can easily verify that S : Bs; — B is continuous and
S(Bys) 1s equi-continuous on 1.

Step 2: Now we prove that the Monch’s condition holds. For this purpose, let A = A} N A, and A;
be a subset of By such that A; € conv (S;(A;)) U{0}),i = 1,2. A, is bounded and equi-continuous, and
therefore the function f;(£) = Y (A;(£)) is continuous on J. By the properties of the KMN, Lemma 2.5
and (H}), we have

f1(&) = T (A1(£)) < T(conv(T1(A1)(€) U{0}) < T(T1(A1)(&))

<T {f POWE) - ¥ G (£, u(®), v(£))dl : (u,v) € Al}
a r(gl)

< f P'(O)(P(E) = P!

B a r(gl)

f P(OCPE) — PO T (Ai(6)) Al

T (G (£, A1(6))) de

L K
I'(s1)

<= f W(OCFE) - PO Fi (0.

(gl) a
Hence by means of Lemma 2.15, we get f1(§) = T (A(£)) = 0, for each ¢ € 7. Similarly, we have
f2(&) = 0. Hence T(A(€)) < T(A1(€)) = 0and T(A(€)) < T(A2(&)) = 0, this shows that A(¢) is relatively
compact in N X N. By Ascoli-Arzeld theorem, A is relatively compact in B,s. Invoking Theorem 2.8 we
deduce that 7 has a fixed point which is a solution of W-Caputo FRDS (1.2)—(1.3). This finishes the
proof. O

5. Stability analysis for the W-Caputo FRDS (1.2)—(1.3)

In this part of the manuscript, we analyze the UH stability for the proposed W-Caputo FRDS (1.2)—
(1.3).
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For some €1, &, > 0, we consider the following inequalities:
|(DSETR)E) + 11§i(€) — Gy (&, 1), 5(9))|| < &1,
|(DSE¥B)(€) + 15(€) — Ga(&, Ti(€), B(E)|| < &2

Definition 5.1. The W-Caputo FRDS (1.2)—(1.3) is UH stable with respect to the Bielecki’s norm if
there exists a positive real number ¢ such that for each pair (g1,&;) € R, X R, and for each solution
(i, ©) € & of the inequalities (5.1), there exists a unique solution (1, v) € & of (1.2)—(1.3) with

(5.1)

(1L, B) — (1, v)[le < c&,
where € = max{g, &}

Remark 5.2. A function (ii, D) € & is a solution of the inequalities (5.1) if and only if there exist a
functions g;, g, € C(Z,N) ( which depend upon ii and b respectively, such that

@) llgil <&, gl <&, &€l
(i1) and

D) + i€ = Gi(E,T(E), B(@) + g1(£),
DEEBE) + 128(€) = Golé, T(é), B(£)) + g2(£).

Lemma 5.3. Let (11, D) € & be the solution of the inequalities (5.1), then the following of the inequalities
will be satisfied:

[i©) - S B)E)|| < &Py
[56) = S, DE)| < &P w,
where S| and S, are defined by (4.3).
Proof. By Remark 5.2 (i1), we have

{ DETE) +11il(€) = Gy (€, Tié), B(E)) + 81(),

¥~ ~ ~ - I, (52)
‘D, 8(E) + 128(8) = Gao(&, 1i(6), B(E)) + 82(8),
with the following initial conditions
13(0) = M1, (5.3)
o(a) = u.

Thanks to Lemma 3.3, the integral representation of (5.2)—(5.3) is expressed as

& = Mg (-r (¥ - Y(@)") + ff PO — PO
XM, ¢, (11 (F(€) = () )(G1 (£, 0(0), B(D)) + g1(0))dL

B(&) = Mg (-n(¥(E) - Y(@)?) + ff PO - PO
XM, 6, (—12(F(£) = W(0))(Ga(L, 1(£), B(L)) + g2(£))dL.

(5.4)
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It follows from (5.4), together with Remark 5.2 (i), and Lemma 2.14 that

~ ~ ~ &g _ ¢1-1
{W@—&mm@”s[fﬂﬁgﬂ—&mMSa%y

~ ~ o~ af ’ _ -1
[86) - S, D)@)|| = [ OO0y (£)dE < 6P, .

O

Theorem 5.4. Let the assumptions (H|)—(H}) are satisfied. Then ¥-Caputo FRDS (1.2)—-(1.3) is UH
stable with respect to the Bielecki’s norm.

Proof. Let (1,v) € & be the unique solution of W-Caputo FRDS (1.2)—(1.3) and (ii, §) be any solution
satisfying (5.1), then by (H}) and Lemmas 2.17, 5.3 and we can get
@) = w@)|| < [[8@) - 8@ HE)| + [[S1E 5@ - $101,0)@)||
AT EO-F(@)
AS1

<elPowt Ly (Il = ully + |15 = vll).

Hence we get
- Ly o
llit — ully < &1Pg, v + Ell(u, b) — (1, v)llg -
Similarly, we have
- Ly . -
P = vlls < &P, p + 22l B) = (1, v)lle.-

This leads to

L L -
1- [/1_;1 + /1_922” (@i, 0) — (u, v)llgs < &1P;, ¥ + &P, w, (5.5)

Since we can choose A > 0 such that == + L2

& + 3 < L. Therefore, (5.5) is equivalent to

L L
m&m—mwkﬁsb-ri+_%

-1
/lgl ﬂgz :|:| (PS'I ¥ + PS’L\P) 8’

where € = max{g;, &}.
Hence, the W-Caputo FRDS (1.2)—(1.3) is UH stable with respect to Bielecki’s norm || - ||. O

Remark 5.5. Importing the same logic as in Theorem 5.4. One can easily show that the ¥-Caputo
FRDS (1.2)—(1.3) is generalized HU, HU-Rassias and generalized HU-Rassias stable with respect to
Bielecki’s norm || - ||3.

6. Examples

To illustrate our results, we provide two examples.

Let
N=1¢ = {Z: (Zl,ZZ,...,ZJ-,...),Z|Zj| < oo},

=1
be the Banach space with the norm ||z|| = Z;‘;l |z

AIMS Mathematics Volume 6, Issue 3, 2486-2509.



2504

Example 6.1. Consider the following ¥-Caputo FRDS assumed in ¢ :

D u(@) +2u(@) = Gi(€,u@),0¢)), €€ T :=]ad],
Dp (&) +30(&) = Golé, u(@),0(£), £€T:=adl,
u(0) = (0.5,0.25,...,0.5",...),

0(0) = (1,0,...,0,...).

6.1)

In this case we take
S1=6=05r1=2,1,=3,

and G, G, : T x £' x €' — ¢' given by

E+1 (@I + [l + 1

1

Ga(&, 1), v(&)) = {(k_ sin(Jug(§)] + Ink(f)l)) e_‘f}

1 1
G\(&,u(®), 0(6) = { (k+ 54E) + i(5) )}

k>1

It is clear that condition (H7) holds, and as
IGi(€, 11, 01) = Gi(€, 12, 02)] < (g — | + [Joy = vo]l), i = 1,2,

for all £ € T and each u;,v;,1,,0, € £'. Hence condition (H}) holds with L; = L, = 1. Moreover,
if we choose, 4 > 4, it follows that the mapping S is a contraction with respect to Bielecki’s norm.
Hence by Theorem 4.3 the coupled system (6.1) has a unique solution which belong to the space
C(I,t") x C(I,("). Besides, Theorem 5.4 implies that the coupled system (6.1) is Ulam—Hyers stable
with respect to the Bielecki’s norm.

Let Now

N=co={z=@n2,..,Z-..) 1 2a > 0 (n > )},

be the Banach space of real sequences converging to zero, endowed its usual norm

llzlleo = sup [z|.

n>1

Example 6.2. Consider the following W-Caputo FRDS posed in ¢y :

D*Pu€) +0.1u(¢) = Gi(£,w(é), 0€), €€ :=[0,1],
D*P0(é) +0.10(¢) = Go£, u(€), 0()), €€ T :=1[0,1],
u0) = (0,0,...,0,...),
v(0) = (0,0,...,0,...).

(6.2)

Notice that, the proposed problem is a special case of the W-Caputo FRDS (1.2)—(1.3), where
¢1=0.85,6 =075 =0.1,1,b=03,a=0,b = 1,¥Y(¢) =&,
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and G1,G, : 1 X ¢y X cp — c¢p given by

+9

i 1
S;l(é;) (ﬁ + arctan(|u,(&)| + |n,,(§)|))}

1
(5 +In(1 + [u,(5)] + Inn(f)l))} ;

n>1

1
Gi(€, u(é), v(é)) = {ef

G (&, 1), 0(&)) = {

n>1

It is obvious that, assumption (H{) of the Theorem 4.4 is satisfied. On the one side, for each & € 7 we
have

1G1(&, u(€), v(E)lle <

1
£+9 (5 + (Juy ()] + Ivn(f)l))

1
< 1o U@+ le@)ll + 1)

= Kig1 (@Il + lo(©)ID.

(o)

and

1 1
1G2(&, u(&), v(&))lleo < “m (— + ([, ()] + IDn(f)I))

n2

(o)

1
< S + el + 1)
= Koo (Il + [[o(EID-

Thus, assumption (H}) of the Theorem 4.4 is satisfied with K; = ll—O,Kz = %, and ¢y (w) = ¢r(w) =
1 +w, w € [0, ), On the other hand, for any bounded set H C ¢, X ¢y, we have

T(Gy&,H)) <K T(H), i=1,2.

Hence (H)) is satisfied. Consequently, Theorem 4.4 implies that ¥-Caputo FRDS (6.2) has at least one
solution (u,v) € C(ZL, co) X C(Z, cyp).

7. Conclusion

The existence and uniqueness theorems of solutions to two classes of W-Caputo-type FDEs and
FRDS in Banach spaces have been developed. For the mentioned theorems, the obtained results have
been derived by different methods of nonlinear analysis like the method of upper and lower solutions
along with the monotone iterative technique, Banach contraction principle, and Ménch’s fixed point
theorem concerted with the measures of noncompactness. Also, some convenient results about UH
stability have been established by utilizing some results of nonlinear analysis. The acquired results
have been justified by two pertinent examples. To the best of our knowledge, the current results are
recent for FDEs and FRDS involving generalized Caputo fractional derivative. Moreover, these results
proven in Banach spaces. Apart from this, the FDEs and FRDS for different values of ¥ includes
the study of FDEs and FRDS involving the fractional derivative operators: standard Caputo, Caputo-
Hadamard, Caputo-Katugampola, and many other operators.
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Finally, we would like to point out that the use of fractional operators with different kernels, reflected
by the use of the increasing function ¥ used in the power law, is important in modeling certain physical
and engineering problems in which we have memory. This confirms the need of the non-locality nature
when we deal with such models. Moreover, the dependency of the kernel on the function ¥ provides
us with more possibilities or choices in fitting the real data of some models.

In the future, the above results and analysis can be extended to more sophisticated and applicable
problems of FDEs and FRDS involving ‘P-Hilfer operator. It will be also of interest to discuss the
implementation of certain conditions in such case studies using the monotone iterative technique.
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