AIMS Mathematics, 10(3): 6805-6826.
DOI: 10.3934/math.2025312
ATMS Mathematics Received: 31 January 2025

Revised: 12 March 2025

Accepted: 17 March 2025
https://www.aimspress.com/journal/Math Published: 26 March 2025

Research article

Existence and stability analysis of a problem of the Caputo fractional
derivative with mixed conditions

Naimi Abdellouahab', Keltum Bouhali’, Loay Alkhalifa>* and Khaled Zennir’

! Department of Mathematics, Faculty of Science and Technology, Université de Ghardaia, Algeria

2 Department of Mathematics, College of Science, Qassim University, P.O. Box 6644, Buraydah
51452, Saudi Arabia

* Correspondence: Email: loay.alkhalifa@qu.edu.sa.

Abstract:  Recently, initial-boundary-value problems with the Caputo fractional derivative for
ordinary differential equations have been intensively studied. This paper studies a nonlinear integro-
differential equation of fractional order, containing a composition of fractional derivatives with
different origins and mixed conditions. The equation under consideration acts as a model equation
of motion in a fractal medium. First, we use three fixed-point theorems to prove the existence and
uniqueness results. Then, the Ulam stability criterion of the solution is given. The main results will be
illustrated by a proposed example.

Keywords: fractional derivative; existence; Ulam-stability; mixed conditions; iterative methods
Mathematics Subject Classification: 26A33, 34A08, 34B15, 34K20

1. Introduction and problem statement

The analytical apparatus of fractional integro-differentiation and the theory of fractional differential
equations demonstrate high efficiency in the description and mathematical modeling of various physical
and geophysical processes occurring in fractal environments. Using the concept of the effective rate
of the change in the number of parameters of the modeled systems leads to differential equations
that contain a composition of fractional differentiation operators of different origins; see [1-3].
More than 300 years ago, scientists used incorrect random orders to generalize ordinary differential
equations and integrals using fractional differential equations. The origin of fractional calculus goes
to Newton and Leibniz; see [4-6]. Fractional differential equations are useful for many models:
physical, biological, genetic, and even economic phenomena. Several recent studies have been carried
out by researchers to prove the existence and uniqueness of the solution for fractional differential
equations with different conditions (boundary, initial, nonlocal, and integral conditions, etc.). For
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more details, the reader is referred to [7-9] and the references therein. For a more comprehensive
and informative presentation and to illustrate the broad applicability of fractional calculus, we mention
the work in [10] for fluid dynamics, mathematical biology [11, 12], image denoising [13, 14], and
image super-resolution [15, 16]. In ancient times, the study of the stability of solutions of fractional
differential equations was slow, but recently many researchers have done it in different articles in
several ways (asymptotically stable, Ulam stable, generalized Ulam stable,...), see [17-19].

In [20], the system is governed by a Caputo fractional with a nonlocal initial condition

Dy w(2) = h(@(2) + Yz, @) + [; NGz, s, @(s))ds,

% (1.1)
w(0) = (ffw(s)ds, O<y<l,

0
is considered. The authors investigated the existence and uniqueness of the solution using the Banach
and Krasnoselskii fixed-point theorems.

In [21], using the Banach contraction mapping together with the Burton-Kirk fixed-point theorem,

the authors obtained certain results on the existence and uniqueness of a solution for the problem with
the Caputo fractional delay

“D§.w(2) = f(z, @, "Dy w), 0 <z <1,
w@w(0) =0, @’ (0) = alg,@(n),
bw(1) + cw’'(1) = g(w),

@(t) = ¢(2), z € [-7,0],

(1.2)

with appropriate conditions on the parameters of nonlocal and integral boundary value. In [22], the
problem with the Riemann-Liouville fractional integral in the RHS of

{ ‘Dy*w(2) = w(z, w(@) + LY @) + [ Nz, s, @(s))ds 13

w(0) = bfon w(z)dz, O0<n<l1,

is considered. Using a combination of the Krasnoselskii and Banach fixed-point theorems, results on
the existence and uniqueness are proved. In addition, some suitable conditions are provided that ensure
the generalized Ulam stability of the system.

In light of these studies, we shall prove that the unique solution exists with the Ulam stability of the
following system:

“Dif*w(z) = w(z, w(2) + Dy y(z, w(2)) + f N(z, s, w(s))ds,
0

JA (1.4)
w@w(0) = @y, @' (0) = @, fw(s)ds, O<y<l,
0

where @, @) are real constants, 1 < v + « < 2, the functional CDg+ is the Caputo fractional derivative
of order «, and w, ¥, and N are appropriate functions given by the following:

w JXE—E,
v JXE—E, (1.5)
N :JXJXE—E,
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where E is a Banach space. The existence and stability analysis for the problem (1.4) involving
the Caputo fractional derivative with mixed conditions typically refers to studying the behavior and
solutions of fractional differential equations (FDEs) under a specific boundary. The Caputo fractional
derivative is one of the most commonly used definitions of fractional derivatives, particularly because
of its useful properties in physical and engineering applications. Equation (1.4); is studied under mixed
conditions (1.4), to extend the work in [22], where only the integral boundary condition was taken and
the problem was with the Riemann-Liouville fractional integral in the RHS of the differential equation
and the works [23,24], in which the authors used fractional integration in the equation with the initial
condition, but here we used the fractional derivative instead with mixed conditions.

Our study is based on the three-fixed-point theorem, and the goal is to prove the existence and
uniqueness results for the solution. In Section 2, some preliminary and integral equations are given.
The generalized stability is shown in Section 3. It should be noted that this representation constitutes
a generalization of recent results obtained in this research area. To illustrate our results, we conclude
the article with examples.

2. Some preliminary and integral equation

In this section, we present the definitions of fractional integral, fractional Caputo derivative, and
some auxiliary lemmas. We refer to [25-28] for essential preliminary concepts regarding fractional
calculus and fixed-point theory.

Definition 2.1. [25] Let k > 0 and i : R, — R. The Riemann-Liouville fractional integral of order k

of a function h is given by

I5h(2) = ﬁ fo (z- )N (Hh(s)ds,  zeER..

Definition 2.2. [28] Let k > 0; the order k Caputo fractional derivative of a function h : R, — R is
defined by

1

“Dh(z) = T

74
f (z = )" "W (s)ds = TR (z),  z€R,,
0

where n = [k] + 1, and the right-hand side is point-wise defined on R,.

Lemma 2.1. [25] For k > 0, i € R, and the appropriate function fi(z) € C"'[0, o), where i(z) exists
almost everywhere in any bounded interval of R,, we have

1 mO0)
(5. D)) = hiz) - ) lf )

i=0

Lemma 2.2, Let 1 < v+« <2and @, # ;—2 Assume that w,¥ and N are three continuous functions.
If w € C(J, E), then @ is a solution of (1.4) if and only if @ satisfies the integral equation

Z k-1 S
w(z) = %(w(s, w(s)) + f N(s, T, w(‘r))d‘r)ds
0

0 F(V + K)
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(0, wO)ZK
I'k+1)

Z k-1
+ fo %gb(s, w(s))ds + @) —

Y4B

Y (y_T)V+K T
+m[fo m(w@ @)+ f NGz, 0, (oo Jde

T - LT e

s T+ D) T(k+2) ”wo]'

2.1)

Proof. Assume that @ € C(J, E) is a solution of (1.4), and the goal is to prove that @ satisfies (2.1).

By Lemma 2.1, we obtain
L Dy w(z) = w(z) — @(0) — @' (0)z.

Then, by (1.4), Lemma 2.1, and Definition 2.1, we obtain

I(\)/:-K C Dgi—l( ID'( Z)

Igf’((a)(z,w(z))+f N(z, s,w(s))ds)
0

(0, @) ,
T+ 1)~

+15. (2, @(2)) —

Substituting (2.3) in (2.2) with the first condition in (1.4) yields:

w(z) = Igf’((w(z,w(z))+ f N(z, s,w(s))ds)
0

l/’(O, w())
I'k+1)

+15:Y(z, @(2)) —

But we have

@(0) = f ’ w(s)ds
w1 0
y )
= f [Igf’([a)(s, w(s)) + f N(s, 7, @ (1))dT|
0 0

'ﬁ(o, TD'()) K
Tk+1) Jas

+15 Y (s, @(s)) + @' (0)s + @y —

= fy [Ing[w(s, w(s)) + fx N(s, 7, w(1))dt]| + I§.Y (s, w(s))]ds
0 0

w(oa wO) Kk+1 ),2 ’
Fwr2 Tr@ot7@0

Y
= I)Y oy, m(y)) + fo N(y,t,@(1))dt| + IjT YWy, @(y))

w(o» WO) k+1 )/2 ’
Tkt 2))/ + ywy + 5 @’ (0).

Igrk(w(z, =(2) + f Nz, s, @(s)ds + DLz, w(z)))
0

X+ wy+ @' (0)z.

(2.2)

(2.3)

(2.4)
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Then, we find
’ (! v4k+1 7
T0) = ———[ w. ) + f Ny, 7. @(1))dr]
(1 -5o)) 0
0, .
I ) — LTy

Therefore, we obtain

w(z) = I(’)’f"(a)(z, @ (7)) + va(z, s, w(s))ds)
0

Y(0, wO)z" g
T(k+ 1) 0

+5:Y(z, @ (2)) —

Y
T [ oot + [ Nown o]
(1-Zay) 0
w(O, wo) Kk+1
Tk+2)

+IEH Yy, @(y)) - +y@o |-

Finally, the integral equivalent Eq (2.1) is obtained. Conversely, using the integral Eq (2.4), which is

equivalent to (2.1), we have

(0, @)
I'k+1

@(2) = I} w(z, w(2)) + f VN(z, s,@(s))ds + Iy, Y(z,@(z)) —

)z" + @y + @' (0)z.

Applying the inverse operator of the integral operator on both sides of (2.4) and using the properties of

the Caputo derivative (linearity), then

< 0, @
“Di*w(z) = CDgtK{Igjkw(z, @(2) + f N(z, s, @(s))ds + I, Y(z, @(2)) — Y19, o)
X T(k+1)
Z
= “Dy*Iw(z, () + Dy f N(z, s, @(s)) ds + D IS, (z, @ (2))
20
0, @)
+CDrix _ O @ “+ @+ @ (0)z).
a RCE M )
By the properties
DIz f(n) = f(0),
and w(0, @)
C yv+k > Wo K ’ _
Dy - SPEIE + @+ @' (0)z) = 0,
will lead to
‘Dyfw(z) = DIy w(s, @(s) + Dy Is!” f N(s, 7, w(7))dr
0

+E DIy (s, w(s)) + CDgiK(w(O) + w’(O)z)

w(z, @(2)) + Dy y(z, @(2)) + f N(z, s, @(s))ds,
0

X+ wy+ w'(O)z}

(2.5)
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because

d2
CDST"(w(O) + w’(O)z) = P (@ (0) + @' (0)7)] =

which means that @ verify (1.4).

For the other side of the proof, substituting z by 0 in (2.1) will make clear that the non-local

condition in (1.4) matches. Thus, @ is a solution of (1.4). This concludes the proof.

3. Existence of solution with different approaches

O

We discuss the existence of a globally unique solution by using three fixed-point theorems in

different directions. System (1.4) is transformed into a related fixed-point system as
w=Fw,

here the operator
F :C(JE) — C(J,E),

is given by:
Fao(z) = Z w(w(s w@(s)) + f N(s, T, w(T))dT)
o T(v+x)
“(z—5)<! w0, @)
B T B Y P TR
& lr//(o TD'()) +1
- %zwl)[w el
V2V Y (’)/—T)WK T
+(1 - l;wl)[ﬁ F(v+«k+ 1)(w(T’ @(1) +f0 N(, ‘T’W(O'))dO')dT
4 (,y _ T)K
0 F(K-l- I)W(T, w(T))dT]
Noting by
g = Bl tlile Lty o WH)
2+k+v 2+k+v |1—772w1|

+||/12||L°°(2+K+ @ ly*! )
2+k \k+1 |1—y72731|’

A |ZD'1|L [2’)’V+K+l ,yK+1:|
b |1_7_22wl|2+v+/< 2+«l
S 2
To+x+ 1) Tk+1)
|1D'1| ( 2,yv+;<+1 . ,.yK+1 )
|1—772w1| Fv+xk+2) Tk+2)/

3.1

(3.2)

(3.3)
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(0, @)l || (W0, o) .y
5 = Z2TN m ( 7+ Al (3.4)
' Tk + 1) 0 1= L\ Tk +2) 0
1 2 1
0y = + +
v+k+1l v+k+2 «k+1
|1D'1| ( 7V+K+1 )/K+1 27V+K+2 )
+ + ) 3'5
v+k+2 k+2 v+k+3 (3-5)

2
- La

where uy, u,, and pz will be defined in (H2).

3.1. The existence results using Leray-Schauder nonlinear alternative

Theorem 3.1. Assume w,¥ € C(J XR,R)and N € C(J x J X R,R) are continuous functions. Assume
that

(HO) There exist functions fi,f» € C(JLR"), f; € C(J x JRY), with f = max{f,, >, f5} and
nondecreasing functions
21,828 R" - R,

with g = max{gi, g, g3} such that
lw(z, w(2)] < fi(2)g:i(llwlD),
W (z, w(2)] < f2(2)g2(llwl)),

and
IN(z, 5, @(s))| < f3(s)g3(llwll),
forallz € [0,1],s € [0, 1], w € R. Also, assume that there exists a constant M > 0 such that

M
> 1
lfllg(M)o2 + 6,

Then problem (1.4) has at least one solution in J.

Proof. Forr > 0, let
B, ={z e C([0,1],R) : [lw]l < r},

where r > 0, be a bounded set in C([0, 1], R). We shall prove that F maps bounded sets into bounded
sets in C([0, 1],R). By using the assumption (H1) and some computations (The beta function and its
properties together with the gamma function)

1
(k,v) = f (1 - 1) dr,
0

1
f (1-9)"s"ds=v(k+ 1,k + V).
0

The well-known Beta function and Gamma function are related as

_ T@I(w)
T T@E+w)’

(z,w)

AIMS Mathematics Volume 10, Issue 3, 6805-6826.
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and

Y
f (y - )" 7dr = Y vk + Lk + v + 1),
0

we obtain

Z k-1 s
ool < | %(ﬁ(s)gl(nwwnn fo sl @ldrds
gt gy (0, o)
+ [ R s + T
0,
|| [W/( @)y)| e 7|Wo|]

|1——w1| F(K+2)
@1 [ )"+1
|1 - Lyl

o h(ﬁ(ﬂgl(||w(ﬂll)+£ f3(T)g3(||w'(g-)||)d0-)dT]

4 v+k—1 z _ 1
IIfIIg(Ilwll)[ (=) (-9

L To+n (1+s)ds+ . T
I e P e e
1 gw”( s T ), Torerntt )
WOl =il [W(O wo)|7,<+1

ko
T(k+ 1) 0 1= Loyl Tk +2)

2 1
Wl + s +

v+ K+1 V+K+2
|| ( Y AN 2y )]
v+k+2 «k+2 v+k+3

||

fz(T)gz(HW(T)”)dT

)v+/<+1

ds

IA

¥ 7|w0|]

IA

2
11 - S|

WO @)l @1 (llﬁ(O , @o)|

+1 + )
T+ 1) [0l - Lo F(K+2)yk Vi@l

= [Iflig(llwl)d2 + 61 < +oo. (3.6)

Let z;,2, € [0, 1], with z; < 22, and @ € B,, in which B, is a bounded set of C([0, 1], R). Then

I(F@)(z2) = (F @)zl

22 (Zz _ S)v+/<—1

< | S5 (1ots, wrtspi + fo ‘Y||N<s,nw<f>)“‘”)ds
e (j))H w(s, (s
N O“ S (lv—fi; T (15, syl + fo NG, ol s
0“ (2 = S)K_lr(‘f = s, w)lds + "ﬁfff)) @ - )

AIMS Mathematics Volume 10, Issue 3, 6805-6826.
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TS = ——
+ j(; ’ l_((://;—z)r;)(w(‘r, @ (1)) + j(; ) N(t, 0, w(O'))dO')dT .
< [Ifligdlzll) s Zrl();t: EYI; =1, _Ile)::ljI =
T N
- Zf)llﬁg’f 10)) SCh i _lzzjlzlml)[lﬁg’f S)N e

If (zo — z1) — 0, then the RHS of (3.7) tends to zero independently of @ € B,. Therefore,
IF @(z2) — Fw(z)ll — O,

so F maps bounded sets into equi-continuous sets of C.
Owing to the Arzela-Ascoli theorem, we find

F :C(0,1,R) — C([0,1],R),

is completely continuous.
Applying the Leray-Schauder nonlinear alternative when we show the boundedness of the set of all
solutions to
w=efw for O0<e<l.

Let @ be a solution of (1.4). Thus, by (3.6) we obtain

lw@| < IfliglwlDoz + 61,

which implies
[l

<
I f1lg(llel)d2 + 61
Then by (H2), AM > 0 where M # ||w]||. Define the set

Y ={w € C([0,1],R)/ ||l@l|l < M},

SO
F Y — C([0,1],R),

is completely continuous. By the choice of Y, there is no z € Y where
w=fw for € € (0, 1),

then owing to the nonlinear Leray-Schauder type, we find that ¥ has a fixed point @ € Y which is
exactly the solution of the IVP (1.4). O

AIMS Mathematics Volume 10, Issue 3, 6805-6826.
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Example 3.1. Let the next fractional integro-differential system

e _ sing ( lu(z)| ) C ot (cosz e’
D/, = + +-D/, +
0@ = i\ T oy T @@ o718 T 2+ 18e=
Z es—z—l
+ j(; G (w(s) + Ze"w(”')ds,
2
w(0) =1, @' (0) = 6fw(s)ds,
0
where
4 8 1 _6 2
V_7’ K_79 wy = 1, w; =0, ')’—3
Clearly
0 = 2.7868, 0, = 4.6248,
| cos z] e’ ) ( 1 )
< <y _ =
Wiz o) < (o + 5= ol < (75 + 5 Il
| sinz] ( ||| ) ( )
, < + < 1+ ,
e D < 55y e @) < 551+
s—z—1 es—z—l
NG 5, @) < (Il + 2¢7171) < Sl + 2),
5 15
with | . |
e
fl(Z)—l—S'i'm, ||f1||—§,
1
Q=g Ifl= 55
s—z—1 1
f3(Za S) = 15 5 ”‘f3|| = Ea
gi(l@ll) = ll=ll, & (lal) = lla|| + 2, g (l@ll) = 2 + [|=].

£=ma {1 1 1} 1
= X{—. —. — V= —
9’23’15 9’

g= max{nwn, lall + 1, o]l + 2} =l + 2.

o2

Since all the conditions of Theorem3.1 are satisfied, the problem (3.8) has at least one solution on [0, 1].

3.2. Owing to the Krasnoselskii’s fixed point

Theorem 3.2. Let
¥ [0,1]XE — E,

and
N:[0,1]X[0,1]Xx E — E,

be continuous functions satisfying

AIMS Mathematics
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(HI)
lw(z, @(2)) — w(z, V' (I < Lillo(z) = v (@I, z€[0,1], @,v"€X,
W (z, @(2)) — Y(z, v’ £ Lollw(z) —vi(@I, z€I[0,1], @w,v'€E,
IN(z, s, @ (s)) — N(z, s, V"))l £ Lsllw(s) = v (oI, (z,5) €G, @,V €X,
hold where Ly, L,, Lz > 0 with
L =max{L,, L,, L3},
and
G={(zs):0<s<x<1}.
(H2) Jui, uo, p3 € L2([0, 11, R") such that

lw@z, @Il < p@llw@ll, 0<z<1, wek,

W (z, w@)ll < Dllw@ll, 0<z<1, wekE,
ING, s, w()I < w3,  (z,5) € G, weE.
If A < 1 and LA, < 1, then problem (1.4) has at least one solution on [0, 1].
Proof. Let w € C(J, E), we define

lwlli = max{e*lw()ll : z € [0,11},

and consider the closed ball
B, ={w e C(J,E) : |l@ll <}
Then, the operators ¥, ¥, are defined on B, as

Fio@) = OZ%(wu,w(sm fo SN(s,r,wm)dr)ds
+ fo Z %m @(s)ds + @ - ‘ﬁgff)) -
+(1_w—%xwl)[7w(> - %Wl],
and
Fo@ = - _w%xw])[ fo ' FEZIZTZ)(MWﬂH fo N, oo e
e

For w,v* € B,, 7 € [0, 1], by fixed r > ﬁ—’A and by the assumption (H2), we find:

4 (Z _ S)v+/<—1

elFim@) + Fv @l < foW(M(S)IIW(S)IHIO,uz(S)IIW(T)IIdT)dS

AIMS Mathematics
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(z— (0, @)l
ds+ ————+
f F( ) ﬂz(S)IIW(S)II s Fx+ D) |l
|| [0, @o)l
— [lﬁ > 7+1+7|wo|]
|1 —7w1| (K+ )
|| [ Ty —1)
+ (0| (0)lldT
|1—7—22w1| o Dk+1)
4 (,y_T)V+K T
[ R feomwions [ ooy
[ 7@ i+ [ iy @ ldor
Z v+k—1
(z—5) ( )
< —_— oo S+ w S—1D|d
< ) To+n luillz=ll@llie® + llusll=llwlli(e® — 1) )ds
7 k—1
(2= | (0, @)
il f E s 4 T
0 (k) I'k+1)
|| [Il//(O ST i1
Y+ yl@ol
11— Loyl Tk +2)
|| [ 7 (y—1) .
kol v ]l2ed
11— ZaylJo T+DT
Y (,y_T)V+K
+ - © * T + o * T _ 1 )d .
fo Py bl e + sl " = 1)
Therefore
IFim + F2v'Ih
ZV+K K
S Jierl +1(”/11||L°°||w”1+||,U3||L°°||w||l)+ 1||,uz||Loo||w||1
0, 0, @
S [ N TR . S|
I'k+1) |1_7w| I'k+2)
|w.1| [,yk+1 . ,yv+;<+1 ( . i} )]
o +— [ + oo
. %zw” K+2||,uz||L vl I leerllz= V1l + [l vl
o + w(l + K+ v+k+1 w (2 + Kk+1
< r[llﬂlllL ||u3||L( K v+|1m|72 )+||uz||L( K. lebi )]
24+k+v 24+k+v 11 - Lo 2+k \k+1 11 - Lo
(0, @) || (IW(O ST i1 )
+— +
T(k+ 1) [ |1_7w1| F(K+2)7 Vi@l
= rA+6, <r.
This implies that (F1u + F,v) € B,. We use the estimations:
Cor, o, 2l 22l
eZ eZ eZ eZ

Now, we have to show that 7 is a contraction mapping. For @, v* € E and 0 < z < 1, we have

. * @l [ (7 - *
A Fm@) - Fa @l < m[ fo m(nw(w(r))—w(m(r>>||

AIMS Mathematics Volume 10, Issue 3, 6805-6826.
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+ fT IN(t, o, w(0)) — N(, o, v*((r))lldo-)dr
0

(y =) .
Fes oW ) = @y )lde

L [ (7 (= o o

< SZE] [0 (- vilhe + o= v - 1)
|1—Y7w1| o Tv+k+1)

G-
F7(/K+ 1)Ilw—v [l1e'dT|.

0

Thus
. I,w. |L 2 v+k+1 K+1 .
1Fomr =Tl < — | T+ T = v,

11 - Lo 2+v+k 24k

= LAllw - V.

As long as LA; < 1, then 7 is a contraction. Since the functions 4, f, and K are continuous, we have
the operator ¥ is continuous. Also, 1B, C B,, for @ € B,, i.e., ¥; is uniformly bounded on B, as

. Z (Z_ )v+/< 1
HNFTQI < r(—(umumnwnle T sl Il (e —1>) s
0
=9, WO,
Hiteoll Il f o Y T, < @l
|Wl|x [W/(O, @)l K+1+7|w0|].
(1= Sla !t T+2)
Therefore
Fol < r||u1||Lw+||u3||Lw+||u2||Lm]
v+k+1 1+«
(0, @)l || (W(O (o)) B )
t T T+ 1) |0l + e —wl| Tk +2) Y+ yl@ol
= rA+06, <r.

We will now show that (7 B,) is equicontinuous. So, let us define

w = sup  [lw(s, w)l,
(s,@)€[0,11xB,
o= sup |l (s, @),
(s,@)€[0,11XB,
S
N = sup f IN(z, s, @)||dz. (3.10)
(s,7,@)eGXB, JO

For any @w € B, and for each z;, 7, € [0, 1] with z; < z;, we have
I(F1@)(z2) — (Fr@)(z1)ll (3.11)
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w+ N vtk V+K V+K lf// K K v
F'(v+«k+ 1)[2|Z2 —al - ] ’ [k + 1)[2|Z2 -af 4l _ZZ]
(0, @)l || [llﬁ(O, @o)| 41 ]
+ - —_— + - + .
(25 —21) T(k+ 1) (22 Zl)ll B %zwﬂ) T(k+2) yl@ol

The right hand side of (3.11) is independent of @ and tends to 0 when |z, — z;| — 0, which means that
|F1@(22) — Fro(zi)] — 0,

this implies that B, is equicontinuous, then 7 is relatively compact on B,. So, owing to the Arzela-
Ascoli theorem, ¥ is compact on B,, and then, all conditions of Theorem 3.2 are fulfilled. Then, the
operator ¥+ %, has a fixed point on B,. Therefore, problem (1.4) has at least one solution on [0, 1]. O

Example 3.2. Consider the following fractional integro-differential problem.

@ (2)(7 - 2%)

8
a5 T Dow@ -

9
“D;.w(z) =

2-1In(z +1 $2 4 e (D
0

86 93
(3.12)

w0)=1, @0)= 6f§w(s)ds,
0

Where
1
y=—
5

For w,v' € E =R*and z € [0, 1], we obtain

8 2 +1n(2) 1 1
L:—, :—,L = —, 0, = 071:_’
1 =55 e 26 3737 (0, @o) = (0, 1) 35
_1-7 _2-In(z+ 1) 24D
ui(z) = 245 H2(2) = 26 , w3(2) = 3
vields
||||—1 ||||—1 ||||—1
195 Lm—35, 2 Lm—43, 3 Lm—31,
and
I 1
31

Using the above data, we obtain
A =02285 A, =7.6401, LA, =0.2465<1, ¢o;=13.1677.
fixing r > l‘i—’A = 17.0673 then, problem (3.12) has at least one solution on [0, 1] by Theorem3.2
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3.3. The existence and uniqueness

Theorem 3.3. Let (HI) hold. If LA < 1, then (1.4) has a unique solution in [0, 1].

Proof. Let

where M, M,, M5 > 0 and

For

fixed, let

By (H1), we have

and

and

llw(z, ()]

M = max{M,, M, M3},

M, = sup |lw(z, O,
2€l0,1]

M = sup |[j(z, 0)l,
2€(0,1]

Z
M; = sup || | N(z,s,0)ds].
(z,8)eG 0

Mo + 6,

r N 7 <
1-Lo

D, ={ze C(0,1LE): @l <r}.

llw(z, @ (2)) — w(z,0) + w(z, 0)l
Ly||lwl| + M,

IA

W (z, w2l < Lollwll + Mo,

4
||f N(z, s, ()l < Lsllwll + Ms.
0

First step: We shall prove that TD, C D,. Let ¢t € [0, 1] and @ € D,, we have

IF @)

AIMS Mathematics

0

Z (Z _ S)V+K—1

0

gl m o + fo NG, T el s

“(z— )] (0, @)l
W”W(& @(s))llds + T+l + |@ol

% _\VHK T
@l [ f -7 (loe, il + fo ING. A, o ()ld)dr

2
- Za

o Tv+k+1)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)
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Ty —1) (0, @)
: d k+1 ]
| Tar Mm@l + ey o
1 2 1
< (Lr+M)[ + +
v+k+1 v+k+2 «k+1
v+k+1 Kk+1 V+k+2
N || ( Y AN 2y )]
-2 W1|V+K+2 K+2 v+k+3
(0, wO)I || (Iw(O s i )
+—+ + +
T(k+1) ol 11— Lay| ) Tk +2) Y @l

= (Lr1 +M)52+51 <r.

Hence, ¥ D,, C D,,.
Second step: We prove now that ¥ : D, — D, is a contraction. By (H1), let z € [0, 1] and
VYw,v* € D,,, we have

I(F@)(@) — (FV)Q

4 k-1
< | %[nw(s, @(s) - (s, V()
+f [IN(s, T, (1)) — N(s, T, v*(T))IIdT]ds
(Z_ )K 1
" fo i W () — v s
@l [ (7 (- .
- yz_zml[ fo S 1)(nw(r, @(®) - W@, (@)
+ fT [IN(t, o, @w(o)) — N(, o, v*(O'))IIdO')dT
0
Oy g:ik) WGz, @) - (v (O)lde]dr
< [ 1 2 1

+ +
v+k+1 v+k+2 «k+1
ol v+k+1 Kk+1 2 V+k+2 .
|| ( Y LY L )]”w_v”
v+k+2 k+2 v+k+3

2
11 - Sy
Lol — v

Since L, < 1, we have F is a contraction. All conditions of Banach’s fixed point theorem are satisfied,
then dw € C(J, E) such that ¥ @ = @, which is considered as a unique solution of (1.4) in C(J,E). O

Example 3.3. Consider the following fractional integro-differential problem:

Dy w(2) = w(z B(R) + Dz, w(2) + f N(z, s, @(s))ds,
0

2
3

(3.18)
w0)=1, @'(0)= 6fw(s)ds, O0<y<l,
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where
V:K:?, wy=1, @ =6, Y =
Taking w,v* € E = R" and z € [0, 1], and

: 2
2

_ _ 1
w(z, @(2)) 3 + 39IWI, (3.19)
ol 4
1 — 137 1 — 397
ol +5GE+1) 1
U(z,@(2) = T 3 4w(z), (3.20)
5 3
M, = 17’ L, = 32’ (3.21)
e—(s+z) 2
N(z, s, w(s)) = T + §|W|’ (3.22)
w2
T 19 T 57

Thus,

42 4
lr//(O’ 'ZD'()) = l//(O, 1) = ﬁ, Cll’ld L= maX{L],Lz,L3} = 3—4
0, =13.1677, Lo, =0.4743 <1, &, =9.0338.
Then, there exists a unique solution for the problem (3.18) on [0, 1] by application of Theorem 3.3

Example 3.4. Consider the following fractional integro-differential problem:

CD;%w(Z):w(z,w(z))+CD§+w(z,w(z))+ f NGz, s, @(s))ds,
0

s (3.23)
w(0) =16, @' (0)= 7.6fw(s)ds, O<y<l,
0

where 1 s 4
V:§, K:§, ’ZD'():16, (O] :77.6, )/Zg
To illustrate our result in Theorem 3.3, let w,v* € E=R*, 0<z<1, and
3w(2) + (|cos(zn)| + x*) 14 1 10
= —_ M = — L = —
(,l)(Z, W(Z)) 22 + 66 wla 1 1 1 s 1 33 s
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S|+ (4z-1) 2 3 6
= = i+ = M, = — L, = —
Y(z, @(2)) 3 z+ 46W(z), 2= 53 2= 53
T(s+z)+e 146D 9 14 9
N = —_— M = — L = —,
(Z’ S, 'ZD'(S)) 37 + 74 |'ZD'|, 3 23 5 3 74

Thus,

10 10
(0, @) =¢(O0.1) = 7=, and L =max{L, Lo, Ls} = 33

0, =2.3621, Lo, =0.757 <1, ¢, =60.5888.

then, there exists a unique solution for the problem (3.23) on [0, 1] by application of Theorem 3.3.
4. Generalized Ulam stability criterion

We show the Ulam stability of (1.4), using integration v*(z) = Fv*(2).
Let us define the non-linear continuous operator

Q:C(0,1],E) — C([0,1], E),

as follows
Qv(z) = D™V (2) =€ D} w(z,v* (2)) — ¥(z,v"(2)) — f N(z, s,v"(s))ds.
0

Definition 4.1. Let € > 0 and v be a solution of (1.4), where
IVl < €, 4.1)

We say that problem (1.4) is Ulam-Hyers stable if there exists § > 0 and solution w € C([0,1],E)

of (1.4) satisfying
|l —v*|| < Be”, 4.2)

here € > 0 depending on e.

Definition 4.2. Let g € C(R*,R") and solution v of (1.4), there exists a solution w € C([0,1],E)
of (1.4) where
lo(z) —v'(2)l < gle), 0<x<1. (4.3)

Then (1.4) is said to be stable in the generalized Ulam-Hyers sense.

Definition 4.3. Let € > 0 and 6 € C([0, 1],R"). Let v be a solution of (1.4); we say that the system (1.4)
is stable in the Ulam-Hyers-Rassias sense with respect to 0 if

IQV'(2)ll < €0(z), 0<x<1, (4.4)
and B > 0 and a solution v € C([0, 1], E) of (1.4) where
o) - vl <feblz), 0<x<1, (4.5)

here €, > 0 depending on €.
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Theorem 4.1. Let (HI1) in Theorem 3.1 hold with L6 < 1. The (1.4) is both Ulam-Hyers and
generalized Ulam-Hyers stable.

Proof. Let w € C([0, 1], E) be a solution of (1.4), satisfying (2.1) in the sense of Theorem 3.3, and any
solution v* satisfying (4.1). Then, we obtain:

V(@) — @) = V' (2) = FV'(2) + Fv(2) — @2
=V (@) - FVv(@+FVviz) - Fa@l
< IFV'(2) = Fa@ll + [|Fv(z) = 1A ()l (4.6)
< 1FV'(2) - Fa@ll + Q7|

< Lol — V|| + €,
because Lo < 1 and € > 0, we obtain

€
V< —.
lw vl < 3=

Let €. = = be fixed and 8 = 1, we obtain the Ulam-Hyers stability requirements. Besides, the

generalized Ulam-Hyers stability is followed by taking

gle) = T Is

O

Theorem 4.2. Let (HI) holds with L < 67!, and 30 € C([0, 1], R*) satisfy (4.4). Then (1.4) is Ulam-
Hyers-Rassias stable with respect to 6.

Proof. As in the proof of Theorem 4.1, we have
lw(z) - vzl < ebz), 0<z<l,

where €, = ﬁ

5. Conclusions

This article delves into the study of a fractional-order non-linear integro-differential equation,
featuring a composition of fractional derivatives with distinct origins and mixed conditions. This
equation serves as a model for the motion of a system within a fractal medium. The paper utilizes
three fixed-point theorems to establish the existence and uniqueness of a solution. Subsequently, it
presents the Ulam stability criterion for the obtained solution. Finally, a proposed example is provided
to illustrate the main results. Complete studies are made in which our contributions extend the work
in [22]. The problem of the fractional Caputo derivative (in the RHS and LHS of the differential
equation) with mixed conditions is considered in (1.4) to improve the model (1.3), where only the
integral boundary condition was taken, and the problem was with the Riemann-Liouville fractional
integral in the RHS of the differential equation. This problem can be studied by a generalized Caputo
derivative with changing conditions, especially when the derivative comes in the psi Caputo derivative;
then study it with different origins and suitable mixed conditions.
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