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Abstract: Using variable-order fractional derivatives in differential equations is essential. It enables
more precise modeling of complex phenomena with varying memory and long-range dependen-
cies, improving our ability to describe real-world processes reliably. This study investigates the
properties of solutions for a two-point boundary value problem associated with ¢-Caputo fractional
derivatives of variable order. The primary objectives are to establish the existence and uniqueness
of solutions, as well as explore their stability through the Ulam-Hyers concept. To achieve these
goals, Banach’s and Krasnoselskii’s fixed point theorems are employed as powerful mathematical
tools. Additionally, we provide numerical examples to illustrate results and enhance comprehension
of theoretical findings. This comprehensive analysis significantly advances our understanding of
variable-order fractional differential equations, providing a strong foundation for future research.
Future directions include exploring more complex boundary value problems, studying the effects
of varying fractional differentiation orders, extending the analysis to systems of equations, and
applying these findings to real-world scenarios, all of which promise to deepen our understanding of
Caputo fractional differential equations with variable order, driving progress in both theoretical and
applied mathematics.

Keywords: boundary value problem; ¢p-Caputo derivatives with variable order; piecewise constant
functions; fixed point theorems; Green’s function; Banach algebra

MSC: 26A33; 34A08; 34B15; 47H10

1. Introduction

Fractional calculus has gained significant attention due to its ability to generalize classical
calculus to non-integer orders, providing a powerful mathematical framework for modeling
complex phenomena with non-local and memory-dependent behaviors (see [1-3]). The signifi-
cance of fractional calculus transcends its theoretical elegance; it holds practical importance
in phenomena marked by non-locality, memory effects, and long-range interactions. To
emphasize the relevance of fractional calculus in contemporary scientific pursuits, we draw
attention to several influential studies that have harnessed fractional derivatives to tackle
intricate challenges. Noteworthy examples encompass the numerical solution of chemical
kinetics’ traveling waves (refer to [4]), the exploration of disease transmission dynamics
involving asymptomatic carriers via fractal-fractional differential operators (as detailed
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in [5]), the modeling of COVID-19 pandemic dynamics using fractional order models (as il-
lustrated in [6]), the examination of chaotic systems employing Mittag-Leffler kernel-based
fractional methodologies (as explored in [7]), the analysis of nonlinear reaction—diffusion
equations, and even the mathematical modeling of intricate biological systems like the
human liver (as demonstrated in [8,9]). In addition, it is worth noting that there are many
other related works that could be found in the literature. In recent years, the exploration of
variable order fractional calculus has emerged, allowing the differentiation order to vary as
a function of the independent variable or other relevant variables. This extension offers
increased flexibility in modeling dynamic systems with evolving characteristics (see [10-19]
and others). Within the filed of variable-order fractional calculus, fractional differential
equations play a crucial role. These equations involve derivatives of non-integer orders
and are instrumental in capturing memory effects, anomalous diffusion, and other intricate
dynamics encountered in physics, engineering, and scientific fields (see [16,20-23] and the
references therein).

The @-Caputo derivatives have been introduced to extend the standard Caputo deriva-
tive by incorporating a variable function, enabling a more flexible definition of fractional
derivatives. This generalization allows for a more accurate representation of complex
systems with memory effects, enhancing modeling capabilities (see [24-32] and the refer-
ences therein).

The application of p-Caputo derivatives with variable order to two-point boundary
value problems is gaining significant attention. By incorporating these derivatives in
the formulation of boundary value problems, researchers can analyze the dynamics and
properties of systems with evolving fractional behaviors and memory effects. This approach
provides valuable insights into the behavior of solutions at distinct points and contributes
to a comprehensive understanding of the system’s overall behavior.

This research aims to enhance our understanding of fractional calculus with variable
order and its application to two-point boundary value problems. Specifically, we investigate
the behavior and properties of solutions for ¢-Caputo fractional differential equations with
variable order in this context. By exploring solution existence and uniqueness, we deepen
our comprehension of system dynamics and lay the foundation for advancements in mod-
eling and analysis across scientific and engineering domains. Our study extends previous
research by considering a broader class of nonlinear fractional boundary value problems
with variable order, providing fresh insights and paving the way for future investigations.

In the subsequent discussions, we present a summary of recent related works: In
Ref. [33], the authors explored the basic theory of an initial value problem involving a
fixed-order fractional differential equation using the classical approach. They considered
the equation

{ D80 S PO, o

x(0) = xo, ’
where 0 < a < 1,0 < { < T < +oo, F€ C([0,T],R), +Dj. is with the Riemann-Liouville
fractional derivative.
In Ref. [31], the authors presented findings on the existence and uniqueness of solutions
concerning the subsequent fractional differential equation:
o5 u(g) = f(¢,u(2), (€ A=10,T], @)
u(0) = u'(0) = 0, u(T) = ur,

where @gip is the -Caputo fractional derivative of u at order « € (2,3), T > 0, f €
C(AXxR,R),and ur € R.
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On the other hand, [22] established the existence and uniqueness of solutions for
the following variable-order fractional differential equation using the monotone itera-
tive method:

o x(0) = F(Z,x(0)), ®
x(0) =0,

where 0 < a({) < 1, F € C([0,T|,R), @39 is with the Riemann-Liouville fractional
derivative of variable order.

In Ref. [12], the authors considered the existence and uniqueness of the solution of another
variable-order fractional differential equation using the Banach contraction mapping principle.

Dx(g) = F(E,x(0),0< ¢ < T, 4)
G Ox(D)|g=0 =0,

where 1 < a({) <2V € [0, T] with0 < T < +00, D} *(¢) denotes the i Riemann-Liouville
fractional derivative of variable-order «().

In Ref. [16], the author obtained the existence, uniqueness, and the Ulam-Hyers stabil-
ity of a solution to the following Caputo type variable-order fractional differential equation.

“D0ix(0) = F(,x(0)),0< (< T, )
u(Z)|z=0 = o,

where 0 < a({) <1V €[0, T] with0 < T < +oc0, C@f;@ denotes the Caputo derivative of
variable-order «(().

In Ref. [23], the concept of an approximate solution was introduced for the following
differential equation of variable order with a derivative argument on the half-axis:

‘D5 x(0) = F(£,x(2),90x(0), ©)

x(0) =0,
where 0 < B(0) < a(l) < 1V €[0,T] with0 < T < +oo, F(,x(7), 05 x(7)) are
given real functions, and Qog ), C‘Dﬁ (&) denote the Riemann-Liouville fractional derivative

of respective variable-order «({) and B(Q).

Lastly, in [15], authors studied the existence and stability criteria of solutions for the
following Hadamard fractional differential equations of variable order, where the results
were based on the Kuratowski measure of noncompactness.

{ H0Ex(g) = Tl -

where 1 < a({) < 2VZ€[0,T] with0 < T < oo, F(Z,x(0),"3 ”g{@x(g)) are given

real functions, and / ®0§ ), H 3 *(¢) denote the Hadamard fractional derivative of variable-

order a(().

Inspired by previous research, this paper investigates the existence and uniqueness
of solutions for the subsequent @-Caputo fractional nonlinear two-point boundary value
problems that contain variable order (VOFBVPs for short).

‘D0 x(0) = F(g,x(0), DF (D)),
x(8)|g=0 = uo, ®
xX(Q)lg=r = ur.
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where1 < B(0) < a(l) <2V €Z =1[0,T]with0 < T < +oo, @3@'4" and @g&g)'(’o denote
the ¢p-Caputo fractional derivative of variable-order a({) and (), which is defined in (10),
and F is a continuous function such that 7 : Z x R x R — R.

In conclusion, the primary motivation driving this study for such a ¢-Caputo fractional
nonlinear boundary value problem is the growing need for a deeper understanding of
variable-order fractional differential equations. These equations have gained prominence
in various fields, including physics, engineering, and biology, due to their ability to model
complex systems with memory and non-local behaviors. As such, elucidating their proper-
ties, establishing solution uniqueness, and exploring stability aspects are critical endeavors.
By addressing these challenges, our research aims to contribute valuable insights that can
aid in the accurate modeling and analysis of real-world phenomena.

To achieve this, our paper is structured as follows: We begin with an introduction
in Section 1. Next, in Section 2, we present various notations, definitions, lemmas, and
theorems that will be utilized throughout our study. Moving on to Section 3, we establish
the existence and uniqueness of a mild solution for the VOFBVP (8) by employing the
fixed point theorems of Banach and Krasnoselskii. Finally, Section 4 provides a numerical
example, illustrating the practical application of our main findings.

2. Preliminaries

In this section, we introduce some notations, definitions, lemmas and theorems that
are considered as prerequisites for our work. In particular, they are derived from the
approaches in [22,24,26,31,34] and the references therein.

Definition1. Leta({) : Z — (1,2) withZ = [a,b]and —oo < a < { < b < +oo,x € C(Z,R),
and let ¢ € CY(Z,R) be an increasing function such that ¢'({) # 0, V{ € I. Then, the
@-Riemann-Liouville fractional integral of x({) with variable order «({) is defined as:

AN = g [ P00 — o0 O (s o)

Definition 2. Let «({) : Z — (n—1,n) forall { € T = [a,b] and let ¢, x € C"(Z,R) be two
functions such that ¢ is an increasing function with ¢'({) # 0, V{ € Z. Then, the left-sided
@-Caputo fractional derivative of x({) with variable order «({) is defined as:

DO = Ot ), 10)
= 1 ¢ 4 n—a(l)—1..[1]
= e L, 9O e O s)ds,

with

where n = [a({)] + 1 forall { €[a, b].

It is clear that (10) yields the Caputo fractional derivative operator with variable order
when 9(¢) = ¢.

Remark 1. The variable-order fractional derivatives and integrals are considered as extensions
of the constant order fractional derivatives and integers. That is, if «({) = a, where w is finite

positive constant real number, then 32‘9"” and C@Zg)’q’ are the usual Riemann-Liouville fractional

integrals and Caputo derivatives. In addition, as usual, in order to study the existence of solutions

of a fractional differential equation, we have to transform it into an equivalent integral equation
. . ~K,P c &P

using some fundamental properties of 3\ and D \".



Axioms 2023, 12, 935

50f 28

Lemma 1 ([26]). The fractional integral Jgf)x(g ), with ¢ € T exists almost everywhere.

Lemma 2 ([26]). If1 < B < a < 2,and x € L(0,b) with 0 < b < +oo, then the semigroup

property for the Riemann-Liouville fractional integrals hold, i.e., 33f3€;¢x(§ ) = ”gipjgf)x(@ ) =

jgfﬁ’q)x(@)for all € 1.

Lemma 3 ([26]). If1 < a < 2,and x € L1(0,b) with 0 < b < +oco, then C@Zfﬁgfx(@) = x(C)
forall € T.

Lemma 4 ([26]). Let & > 0, then the differential equation “® " x({) = u(Z) has solution

co+c1(9(2) — 9(0)) + c2(@(2) — 9(0))* + ... +cu_1(@(2) — @(0))"

+r(lw) /Og ¢'(3)(9(2) — ()" "u(s)ds, W

wherec; € R,i=0,1,2,...,n—1, andn = [a] + 1.
For more information, one can see [24-26,31] and the references therein.

Remark 2. The fractional integrals of variable order do not satisfy the low of exponents (semigroup
property), in general, we have

30OV () 2 OOV forall a(g) > 0, B) > 0,x € C(T,R),  (13)
() ()

where ’JZ+ ¥ and 35 107 denote one of the fractional integrals of variable order defined in (9). For

example, if ¢({) = { where ng)’q] = I;ﬂ(g) (Riemann-Liouville variable-order fractional integral

defined in [22]), then
() = (@) # 1P (), (14)

foralla(Z) > 0,B(¢) >0, € Z,x € C(Z,R) (see [12,15,22] and the references therein). Thus,
it is obtained that there are severe challenges to consider the existence of solutions for differential
equations with fractional derivatives of variable orders as in those of fixed order fractional derivatives
by means of nonlinear fractional analysis. Moreover, any differential equation with variable-
order fractional derivatives can not be directly transformed into an equivalent integral equation
without using the above lemmas related to fractional derivatives with fixed orders and the following
definitions.
Thus, we need to introduce some definitions which are used throughout this paper.

Definition 3 ([12]). A generalized interval is a subset T of R which is either an interval , a point,
or the empty set.

Definition 4 ([12]). If 7 is a generalized interval, then set P is a partition of L if P is a finite set of
generalized intervals contained in T , such that every x in L lies in exactly one of the generalized
intervals T in P.

Definition 5 ([12]). Let Z be a generalized interval, let F : T — R be a function, and let P be a
partition of Z. Then, F is said to be piecewise constant with respect to P if for every L € P, F is
constant on L.

Definition 6 ([12]). Let Z be a generalized interval. The function F : L — 'R is called piecewise
constant on I , if there exists a partition P of T such that F is piecewise constant with respect to P.
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Definition 7 ([34]). Let (X, ||.||) be a Banach space. A mapping ¢ : X — X is called a contraction
on X if there exists a positive real number ¢ < 1 such that ||p(x) — p(y)|| < cl|x —y||, for all
xy € X.

Theorem 1 ([34]). Let (X, ||.||) be a Banach space and let © : X — X be a contraction on X. Then,
¢ has a unique fixed point x € X (i.e., p(x) = x).

Definition 8 ([34]). Denote by C(Z, R) the Banach space of continuous functions o : T — R
with the norm || p|| = sup{|p(0)]; ¢ € Z}.

3. Main Results

Throughout this paper, we consider the following assumptions:

(A]) F : T x R? — R is continuous and there exists € C(Z, R"), with Ly norm ||u|,
such that:

[ F(G u,u2) = F(G01,02)] < p(Q)([r — 01| + |ua — 02]), (15)

Vg er, U;,v; € R, (Z = 1,2).

(A)Ifa(Z) : [0, T] — (1,2) and B({) : [0, T] — (1,2) are piecewise constant functions with
partition P = {[0, T1], [T1, T2], [T2, T3], - - ., [T+ —1, T+ | } (N* is a given natural number)
of the finite interval [0, T], then

N

«(Q) =Y mL((), L €[0,T], (16)
=1
-

B(g) = kz BrZk(8), ¢ € [0, T], (17)
=1

where 1 < ay; Bx < 2,k =1,2,3,...,N*, Z;(0) is the indicator of the interval [Tj_1, T¢]
fork=1,2,3,...,N*, where Ty = 0and T+ = T, i.e,,

Lfor ¢ € [Ti—1, Ty,

% { 0 elsewhere. (18

(A)If0 <r<w—1,i=12,...,Nand ¢()'F : [0,T] x R* — R is a continuous
function, then there exists a positive constant L such that

I
L= , 19
(1 . |y|<¢(n)¢<o>)“fﬂf> )
T(a;—pB;+1)

with L

L ( o + (1) - q»(O))) <1, 0)
and

0(Q)'1F (L, x(2) D5Dx(0)) — F(g,y(2), D5y () < (1 +L)|x(2) - v(Q)], (21)

foral0 < ¢ < Tandx,y € R.

Remark 3. From assumption (Ay), we have

| F (G ur,u2)| = | F(8,0,0)] < |F(G,ur,u2) = F(Z,0,0)] < u(@)(fma +[ual),  (22)
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and
| F (& ur,uz)| < |pl[(lua| + |uzl) + 3, where § = sup |F(C,0,0)]. (23)
el

Now, in order to study the existence, uniqueness, and stability of solutions for the VOF-
BVP (8), we have to carry out the following essential analysis.
From assumption (A;), we have

a(g) = Z"‘ka ,Lelo,T], (24)

B(C) = Zﬁkzk ,L€10,T], (25)

Hence, we have for every { € [0, T|

C9'(s)(@(0) — 9(s)' O $)ds ZI / ¢'(s — )T 1) (26)

X

I(2-«(g))
So, the VOFBVP (8) can be written as

— ay)

N* / _ 1—ay
L56) | ‘e (S>(<”r<fz)_ fkgs” <2 (s)ds = F(,x(0)FofP (D), L€ 0,T], (@)

where

N* / _ 1—By
e = Y 70) [} LOGE I D, cefon. ey

Now, Equation (27) in the interval [0, T;] is written as:

1—aq
/sv “ DT Blas — B x(@) M x(@), CE 0T (9)

—041)

Again, Equation (27) in the interval (Ty, T| is written as:

/ PEN@E) Z 9O By p w0 0P x(), L€ (TLT). 60)

*062)

If we complete in the following manner, we obtain that Equation (27) in the interval
(T;1,T;],i =1,2,3,...,N* (Ty = 0, Ty« = T) can be written as:

/Og (”'(S)((Pr(fz)__;’: gs))wxlﬁ]ds— F(L @) 0Px(), L (T, T). ()

Remark 4. From the above argument, we can state that the VOFBVP (8) has a (unique) solution if
there exist (unique) functions x;({),i =1,2,3,..., N*, satisfying the following conditions:
1. xy € CY0,T1] such that it satisfies Equation (29) with x1({)|;=0 = to and x1({)|z=1, =
ur.
2. x; € CYO, Ty fori =2,3,...,N*, satisfying Equation (31) with x;({)|;—o = uo, x;(T;—1) =
xi—1(Ti—1), and x;()|;=1, = ur.
Thus, we say that the VOFBVP (8) has a unique solution if the functions x;({) are unique for
alli=1,2,3,...,N*. For additional information and mathematical rigor, we refer to [12].
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Lemma 5. The solution of Equation (29) with x({)|;—o = ug and x({)|;—r, = ur is the solution
of the integral equation

x({) N+ [ G ), T < [0, (62)

where u is the solution of the fractional order integral equation

W@ = PO+ [ PG E (TP, @

and G((,s) is Green'’s function described by

! [ (9(2) — g(s))"

el - L lifo<s<z<T,
M7 | — e (e(T) — g(9) ™ ] d 1

#(T1)—¢(0)

G1(G,s) = (34)
~ ot oty (9(T1) = 9(s)) f0<{<s<T,
such that
Go := max{|G1({,s)|,(,s) € Th x I}, withZy = [0, Tq],
" (#(6) = 9(0))
— PE)—¢@ _
bl(glx(g)) = U + (P(Tl) — g0(0) (uT MO). (35)
Proof. Let x({) be a solution of Equation (29), then by applying the property that
OPLPx() = 3PP DMx(g), ¢ e[0T (36)
we obtain that
"DGLIx(E) = F(E, x(@), P 0 u(@)), ¢ € [0,Ti) (37)
If we take 1(7) = “D¥x(Z), then
u(@) = F(g, x(0), 3. P u(©), L€ 0,T1) (39)

Applying Lemma 4, we obtain that

H0) = o+ (9@~ 9(0) + i [ 9O — ple) ulo)ds. (9)

Substituting the boundary conditions x({)|;—o = ug and x(T)|;—1, = ur, we get
Co = Uy, (40)

and

(ur —ug) 1
(@(T1) —(0))  T(a1)(e(Th

Hence, the solution of Equation (29) can be written as:

(¢() — 9(0)) 1/, -
oy e w0 + e [ 96 (9(0) — @) us)ds

- ke O [ 9lp(T) ~ gl u(e)s “2)

[

Ty .
)—fP(O))/o @' (8)[@(T1) — @(s)]" "u(s)ds. (41)
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IN

(90 —90)
_Z/l0+ (p(Tl)—q)(O) (MT 0)
_ T
- F(“lg)o((i) = /g ¢'(5)[9(Th) — @(s)]"1 u(s)ds

+F(i1)/0 @' (s) [?(C)—q)(s)}al—l_mw(n)_@(s)]alq u(s)ds.

Ifh1(g, x(0)) = up + (”Tf(;‘(o%l()(’)_(?(g)(‘” ©) then the solution of (29) is also a solution of (32). O

3.1. Existence and Uniqueness of Solutions

The following result is based on Banach’s fixed point theorem to obtain the existence
of a unique solution of the VOFBVP (8).

Theorem 2. Suppose that assumptions (A )—(Asz) hold, then the VOFBVP (8) has a unique solution.
Proof. The VOFBVP (8) can be written as Equation (27).

Now, by Lemma 5, Equation (27) can be written in the interval [0, T;| as Equation (29),
which can also be written as:

x(g) = / 5)G1(Z,5)u(s)ds, 0 < { < Th. (43)
Define operator p : C[0, T;] — C[0, T1] by

px(g) = / $)G1(Z,5)u(s)ds, 0 < { < Th. (44)
In fact, px({) € C[0, Ty, since x() € C[0, T1]. Let

(g, x(2), “DEVIx(0)) = 9(0) F(Z, x(Q), “DE?x(Q)), (45)

then by assumption (A3), we have function g : [0, Ti] x R* — R is continuous. Thus, for
¢, 0o € [0, T1], we have

[9x(8) — px(Co)| (46)
T
@@+ [ GEu(e)ds — b1 (G0, x(@)) — [ o/ (516 G, )u(s)es

& X(@) ~ 1o 2|+ [ ¢ )GE5) ~ G1(G0,5) (o)l

(9(T1) = 9(0))T (1)
1“<i1)| /05 ¢'(5)(9(2) — @(s)" ' F (s, x(s) S DL x(s))ds

(ur — up) B
(T (@ ?@) —9(&)

1

/oT1 ¢'(s)(@(T1) — 9(s))" " "u(s)ds| [9(2) — ¢(Zo)]

_ '/0'40 ¢'(5)(9(Go) — 9()) 1 F(s,x(s), DL Px(s))ds],

By substituting the variables with s = {1, using (45), we obtain the following inequality:
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lpx() — px(Co)

(ur — uo) B
|m(4’(g) ¢(%o))

IN

1 nho, w1
_(GD(Tl)—(P(O))F(ocl)/() ¢’ (5)(@(T1) — ()" u(s)ds| [¢(C) — ¢(Zo)]

HEDE 1 ()1~ ple)) ™ ple) a(r, x(1) O P x(m) e

(1) Jo

r
_ qD(Igé)ill) /01 q)/(T)(l — ¢(T))“1_1¢(T)_rg(§oT,X(COT),C @gr(Px(gOT))dT‘,

< ST oy (o)
T )
T = o) )] oD) — o)

~(9(T1) — 9(0)T (g
a—=r Xy —=r 1
o) r(af’;@O) |/0 ¢ (1)1 — (1) (1) "g(gT, x(gT), DLV x(g7))dr

8(T, x(gr), Db *”x@r))
~g(LoT, 2(GoT),S DLV x(ZoT))

dr.

e N R UL T U

Thus, from the continuity of both ¢(Z)"'™" and g, we deduce that px({) is continuous on
[0, T1], i.e., px() € C[0, T1].
In addition, if x(7),y() € C[0, T;], we have

[9x(8) — pu(¢
T
= I0(6x(Q) / ($)61()u(s)ds (@ y(@) ~ [ ¢/ s)o(s)ds],

0@ (@)~ @@+ [ o ()]G1(E,9)] u(s) ~ o(6)lds,

IN

< 1 [ 96 p(ri) — o)) Mol
(p(T1) ~ p(O))(w) Jo 277077
Ty
[ () — o) u(s)ds] @)
+ [ 9161(69)| 1u(s) ~ o(6)lds,

1
(¢(T1) — ¢(0))I (a

+ [ G161 1u(s) — o).

) gl ots) — (s

However, from assumption (A;) and if we take the supremum for ¢ € [0, T;], we get
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= |F@&x(©) Dhx(0) = F@ () Dp (D))l (48)
= |F@x(0), 34 P Pu() - F(@y(@), 36 e(2)],
g — s a1—p1—-1
< 1@ (1@ v+ [ o) PET IR ) —ots)las) ),
i (e(m) — (ot
< ||ﬂ||<||x R s v v s Ll D B
Hence, ” ”
p
-7l < —vyl. 49
el 1 _ leli(o(T) —p(0))1~F1 =yl )
I —p1+1)
Thus,
_ a1
(LeThel® s Goo(m) - 9(0)) I
_ < —v|l. 50
[x(8) = py(0)] < g lx =y (50)
I(a—p1+1)
ap—1
() O +Go(g(Ti)—(0)) ) Il
Since v < 1, from Banach'’s contraction principle, we ob-
1— H#H(q’g(;l):;ﬂl(gl))

tain that operator p has unique fixed point x1({) € C[0, T;] such that x1(0) = ug, and
x1(T1) = ur. Therefore, x1({) is a unique solution of Equation (29) with the boundary
conditions xq (é) ‘gzo = ug and Xl(g) |C=T1 = Uur.

In addition, Equation (27) in the interval (Tj, T;] can be written as Equation (30). So,
in order to consider the existence result of the solution to Equation (30), we have to discuss
its existence in the (0, T].

Consider the following equation

— o(s))1—x
[ o P2 2P - Fg a0 0 @), e 0T 6D

Itis clear thatif x € C[0, T,] satisfies Equation (51), then it also satisfies Equation (30). Hence,
let x* € C[0, Tz] be a solution of Equation (51) such that x*({)|;—g = uo, x2(T1) = x1(T1),
and x*({)|;—1, = ur. That s,

1—a
[ 9 PO Bl is = Fio (@) D), e (T 62

0 (2—ay)
Hence, we deduce that if x* € C[0, T;] is a solution of Equation (51), then x* € C(Ty, T»] is
also a solution of Equation (30).

Based on this result, we will consider the existence of the solution of Equation (51)
instead of Equation (30).

In a similar manner as above, if we take the operator Tjgi on both sides of Equation (51)
and use Lemma 4, we obtain for 0 < < T, that

H0) = co+1(p(0) ~ 9(0) + s [ 99)9(0) — 961 FEx(Q)F DX s 63
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Substituting the boundary conditions x(0)lg=0 = uo and x( 0)|¢=t, = ur, we obtain
co = g and ¢y = I — s [0 @/(5)[@(T2) — ¢(s)]"u(s)ds. Hence,
the solution of Equation (51) can be wrltten as

(9(0) —¢(0))
x = up+ (Ur —up) T~
e (S ErTO)
¢ E / ar—1
- s)[@(Tz2) — ¢(s)]™* "u(s)ds 54
1 g / ap—1
*W /O 7' ()(9(0) — p() u(s)ds,
- D+ [ GGl
Define operator p : C[0, T,] — C|0, T;] by
px(0) = N+ [ PG s 0 < T < T, (55)
In a similar argument as above, it follows from the continuity of the function
9(g, x(2), “DpF7x(E)) = @) F(Z, x(2), “DGF (D)), (56)

that the operator p : C[0, T,] — CJ0, T2] is continuous and well defined. In addition, if
u(g),v(¢) € C[0, T,], we have

pu(@) = @] = 2@ y(@) ~ 1202 x(0))]
T,
H [P O@@ s - [P ©6E e, @)

TR o ¢ O = e ots) = u(s)las

s))re—p2—1
[0 O IR ) o)

_ an—1
(129 4 Gop(1s) — 9(0)) ) I

<
- | Lnl(o(T)—p(0)2 P2
T'(ap—B2+1)

[u—o].

Hence, from assumption (As3), we obtain that Banach'’s contraction principle assures that the
operator p has unique fixed point x,(¢) € CJ0, T] such that x,(0) = ug, x2(T1) = x1(T1)
and x,(T,) = ur. Therefore, x,({) is a unique solution of Equation (30) with the boundary
conditions x2({)[;—o = up and x2({)|¢=1, = Ur-

In a similar manner, we can prove that Equation (27) defined on (T;_1, Tj], for all
i =3,4,...,N*with Tyy» = T, has one unique solution x;({) € C[0, T;] such that x;({)|;—0 =
uo, Xi(Ti—1) = x;—1(Ti—1), and x;({) |z=1, = ur-

Therefore, we already proved that the VOFBVP (8) has one unique solution. Thus, the
proof is completed. [J

Now, we present our second existence result for the VOFBVP (8), which is based on
Krasnoselskii’s fixed point theorem.
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Definition 9. From a mild solution of the VOFBVP (8), we refer to a function u € C(I1,R),
Ty = [0, Ty, that satisfies the integral Equation (33), with u the solution of the following integral
equation:

W@ = F & m@x@) + [ o OGQE I, ), 6
forall g € [0, T4].

Lemma 6. Let x((),y({) € C[0,Ty], and let 1 < B1 < 2, then

oty (7 cpfid (p(T) —glO)" "%,
‘©0+ ]/(g) ©0+ x(C)l <A |r(2 ,Bl)r( )I ”]/ x”/ (59)
where
(p(T1) — 9(0)" P 1]
A=|1+ 1 . 60
[(a; —p1+1) (1_ V|(¢(T1)—fp(0))“1’31> 0
T(a—p1+1)
Proof. Itis clear that if we take supremum for all { € [0, T;] that
N cofi _ — o) )
ofrue) - @) = | [ ¢ M B
CE e (@) — ()P py
/0 o () P gy (o) G)
C iy (@@ = @) P 1oy 2
< O T e e )~ 2 s
However, from [26], we have
[n-2]
-1 (=)
x (s) 7 (62)
1 s / a]—n c 2/ n—
= oD [, YO0 — e F (), D () + 2
Since F(t,x(7), C@gi’(px("r)) is continuous on Z, then there exists a constant A such that
1 sy ap—n creyP2s s) — g(7)) "
i L PO — e (), of x| < aPGEEIEEE ey

which vanishes at the initial point f = 4, and thus xgl 1]( a) =xI1.
Thus, we have

v (s) = x5 (s)|
1] ! (1] !
. (y;,; (s)) (x:; (s)) | o

i Jo @/ (D(9(s) — p(0)1 3 F (x,y(x), D Py(r))dT + 13
— g Jo @ (D) (9() — @(0)M 3 F (1, x(1), D x(1))dr -3 |
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1

i cyB2,9
= m/o @ (T)(9(s) — @(1))1 72 F(t,y(r), ‘@7 y(1))

dt + 2 _ x2
—F(t,x(1), ‘D8 ’x(7)) ‘yO 0

7

L (¢(T1) — 9(0)" !
e U ICORIC) 3||u|<||x—y||+ e ey ||u—v|)dr

7

> 2
+‘yo—x0

r<all—z> /0 ¢'(1)(9(s) — (1) ||

s (M) =)t [ il
x| lx—yll + oy B+ 1) + (1wu¢un¢w»”“> lx =yl [dr
I(a1—p1+1)
+|v%— 3|,
< -yl [y et - ot S |- )
_ 0 w—2
< AIul(fpéS(Ll _(Pi))) =yl
where
(@(T1) — p(0)" 1 Il
A=|1 1+ , 65
B CEERY (1_ u|<<pm><p<0)>“1ﬁ1> )
I(ag—p1+1)
and y3 — x3 = u3 —u3 = 0.
Thus,
¢ — 1-p4
R - @) = | [ oo I s (66
¢, — 1-p1
—[o (S)((P(gr)(z i”(;i; 2 (s)ds],
¢ — 1-p4
< /0 q),(s)(q)(ér)(zqo(;z% y(s) — x2(s)|ds,
_ ale(h) — ()2

|I’(2—[$1)I’(1x1 — 1)‘ H]/_ x”
O

Lemma 7. The function 1.2 xR—R is a Lipschitzian function with a Lipschitz constant ¢ such
that

1518, x(2)) = b2(Ly (@O < e llx —yll, (67)

1o Al (e(T) —g(0)* 1~ F173
with ¢ = ‘r(aﬁl)%(z,ﬁl)r(“ﬁm .

Proof. Let x({),y({) € C[0, T1]. By applying assumption (A;) and taking supremum for
all ¢ € [0, T], we get



Axioms 2023, 12, 935

15 of 28

IA

[61(2,x(2)) = b1(Z, ¥(2))]

1 T
‘(qv(To — 9(0))T(a7) /0 ¢'(s)(p(T1) — 9(0))"1 'o(s)ds

1 T X
(p(Th) - (,0(0))1"(041)/0 ¢'(s)((T1) — ¢(0))"  u(s)ds

(o(T1) — 910(0))1"(041) /oTl ¢'(5)(9(T1) — 9(0))1 ™ [o(s) — u(s)lds,

1

, (68)

F(C,y(©Q) DBy (0))

= (p(T1) — p(0))T (s

Ty
) m) — g0 s,

~F(,x(0) Db x())

1

(¢(T1) — ¢(0))T (a1)

[ ¢ 0(m) ~ 90 o)

) ¥(2) = x(0)] i
DG Y(E) — D@ )

Allpll(@(Ty) — (0))2—F1—3
S T + VT2 = o)l 1y * Y

Thus
161(8,x) =51 (Gy)[ < cllx =yl (69)

_ Alull(e(Ty)—g(0)*1—F13
where ¢ = T (a;+1)I(2— B (a—1)] * =

Theorem 3. Suppose that assumption (Ay) holds. If

A (9(Ty) — @(0))201—F1=3
IT(a; +1)T(2— B1)T(ag —1)]

then the VOFBVP (8) has at least one mild solution in C|0, Ty].

<1, (70)

Proof. By converting the VOFBVP (8) into a fixed point problem, define the operator
p:C(Th,R) = C(1h,R) with Z; = [0, Ty] as:

ox(0) D+ [ 9 EIGE s, T < [0, )

with
u(g) = F(&, x(2), 355 7u(0). 72)
In addition, let By, = {x € C(Z1,R) : ||x]| < 01} be a closed subset of C[0, T;], where o1 is

a positive constant satisfying

S+ RF FMm
>
Ql_ég[lt%](l—m’l—mm)' (73)
where
= 2ug + ur, (74)

_ a1 —p1—2
1R
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a;—1
5 ((fP(Tlr)(;léi(?)) +Gol(o(Ty) —(p(O)))f

and
M = Go(e(T1) — ¢(0)).

Obviously, By, is a Banach space with a metric in C[0, T1].
Now, consider the operators (1 and g defined on By, as follows:

P1x(Z) = b1(Z,x(2)),
T
o2x(0) = [ 9961 )u(s)ds
Then, for any x € C([0, T1], R), we have
px(0) = p1x(0) + 92x(0), T €[0,T].
The proof is divided into three steps as follows:

Step 1: ©1x1 + p2x2 € By, for every x1,x2 € By,.
Let x1,x2 € By, and ¢ € Z, and we have

lp1x1(8) + 2x2(0)|
< [p1%1(8)| + [92x2(0)|,

<@ m @)+ [ o 161617, x(@), Dhrx(@))las

(9(¢) —
< |ug|+ |lur —u
< [ug| + ur O|(PT1*

1 /Tl / a1—1
s T1) —@(s))™ "|u(s)|ds
ST e o @) () (o)
+ [ 6165 () lds
By applying Lemma 6 and taking the supremum for § € [0, T} ], we have

u(@)| = |F(g x(Q), “DEx(0))],

< Il (|2(@)] + D x(2))]) +§, where § = sup|F(¢,0,0)),

ez

a1 —p1—
<||u||<1+A(|“’F((2) e >||x|+s.

Thus, for each { € [0, Ty]
lp1%1(0) + 02x2(0)| < 2up+ur

. ap—1
+< <¢<T1r>(m¢+<g>)> +Go(9(T1) — qo<o>>>

_ a—p1-2
x<|u||<1+A(|“’lf(T;)ﬁf’3§f’2,jl1>| >||x|+:<>.

Taking the supremum over ¢ € [0, T;|, we get

lp1x1 + p2x2|| < 01,

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)
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for S+ RE
S+
where
S = 2ug + ur,
(9(T1) — @(0)"
N = 1+A , 86
'””( T2~ ) — 1) (%)
and )
((T1) — @(0))™~
R = Th) —¢(0)) |. 87
( May +1) + Go(e(T1) — 9(0)) (87)
This proves that p1x1 + p2x2 € By, for every x1,x2 € By, .
Step 2: The operator @ is a contraction mapping on By, .
It is clear from Lemma 7 that g is a contraction mapping with constant
_ ZDclfﬁl -3
o — Alpli(e(T1) — ¢(0)) <1 (88)
IT(ar +1I(2 = p1)T (g — 1)
Step 3: The operator @, is completely continuous (compact and continuous) on By, .
First, we prove that operator g, is continuous.
Let {xy }en be a sequence such that x, — x asn — o0 in C([0, T1], R).
To show that p; is continuous, we have to prove that
| 2xn — @2x|| = 0 as n — oo. (89)
For each ¢ € [0, T;], we have
T,
o250 = 92| < [ 9/ (9)|G1(@,9)la(s) — u(s) s, (00)
where u,, u € C([0, T1], R), such that
un(§) = F(&, xa(5), D5 xa(€)) = F(E 2 (2), 3P0 un(Q)), o1
u(§) = F(g, x(8), DY x(0)) = F(,x(0), 3 7 u(g)), (92)

and by assumption (A;), we obtain that

14a(Q) — u()] = |F (2 ()5 D5 %xa(0)) — F (5, x(0), DL x(0))), 93)
< 19(0)|(|xa () — x(Q)| +| D Px0(2) — DEPx(2)]),

(p(T1) — @(0))1 P12

< HVH(”'X“ - XH +A |1-(2 _ ,Bl)r(ﬂél _ 1)| ||xn - XH),
(@(T1) — p(0)) P12
< llul(1+A W —xll.
Thus, if we take the supremum for { € [0, T; |, we get
T,) — 0 o —p1—2
Ju— il < el 1+ & LETOZ@ONT 2D, (o4)

T(2— B1)T(ag — 1)
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Since x, — x, then we obtain u,({) — u({) as n — oo for each € [0, T1]. In addition, if
we select a real number ¢ > 0 such that for each € [0, Ty], we have |u, ()| < ¢/2 and
|u(Q)| < &/2, then we can conclude that

1G1(Z,8)[|un(s) — u(s)| < 1G1(E,8)[(Jun(s)| + [u(s)]),
<eGi(gs)l. (95)

Now, for each { € [0, T1], the function s — €|G1({, s)| is integrable on Z. Then, by applying
the Lebesgue dominated convergence theorem, it is obtained that

lo2xn — pox|| = 0 as n — co. (96)

Consequently, g7 is continuous.
In addition, we have

_ ap—p1-2
IIWzXII<go(§0(T1)—§0(0))[IV|<1+A(¢(Tl) ?(0) >|x||+s <o ©7)

IT(2 = p1)T (a1 — 1)

Thus, the proof that (; is uniformly bounded on By, is complete.

Finally, we prove that p, maps bounded sets into equicontinuous sets of C(Z, R), i.e.,
By, is equicontinuous.

Suppose that for any real number € > 0, there exists 6 > 0 such that for every {; and
{7 in the interval Z, where {1 < {5, we have |{» — {1| < 4. Then, we can conclude that

ox(@) —ox(@)] < [ 9 OIG68) - Gle )l u@lds, 09

0 -
lull [ ¢/ )161(2205) = Gi(cr,s) s,

IA

<

(9(Ty) — p(0))"#1-2
([l (1 +4 IT(2 = p1)I (a1 — 1) > o

T
8 /0 ¢'(5)1G(Zars) — G(Z1,5)| ds.

As {7 approaches (», the right-hand side of the inequality above becomes independent of x
and tends toward zero. Consequently,

|92x(82) — 92x(C1)| = 0, V[la— 01| — 0. (99)

Thus, the set { px} is equicontinuous on By, and the operator p is compact, as established
by the Arzela-Ascoli Theorem [2]. Consequently, we can conclude that p: C([0, T1], R) —
C([0, T1], R) is both continuous and compact. Hence, all the hypotheses of Krasnoselskii’s
fixed point theorem are satisfied. This implies that the operator p= g1 + g possesses
a fixed point x1(g) within the set C[0, T;] on B,,, with the conditions x1(0) = ug and
x1(T1) = ur. Therefore, x1({) is a mild solution of Equation (29) with the boundary
conditions x1({)[;—o = up and x1({) =1, = ur-

Now, if we make the same argument as in Theorem 2, we have Equation (27) in
the interval (T3, T»], which is equivalent to Equation (30). So, considering the existence
results of the solution for Equation (30) is equivalent to discussing its existence in the
(0, Tp]. In addition, it is clear that if x, € C[0, T,] satisfies Equation (51), then it also satisfies
Equation (30) such that x2({)|r—o = uo, x2(T1) = x1(T1), and x2({)|;=1, = ur.

In a similar manner, and for i = 3,..., N*, we can conclude that Equation (30) defined
on (T; — 1, T;] has at least one mild solution x;(¢) € C[0, T;] with x;({)[;—0 = uo, xi(Ti—1) =
xi—1(Ti—1), and x;({)|;=1i = ur (Ty+ = T). Therefore, by applying Krasnoselskii’s fixed
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point theorem, we deduce that the VOFBVP (8) has at least one mild solution in C|[0, T].
The proof is completed. [

3.2. Ulam-Hyers Stability of Solutions

In the following analysis, we examine the stability of the VOFBVP (8) according to the
Ulam-Hyers criteria. Lete > 0, ® : Z — R be a continuous function, and consider the
following inequalities:

"D Y(Q) = F(&y(©) D y(0)) | <e for every ¢ €T, (100)
and
DPy(0) - F(gy(Q) Db ‘<q> 7) for every { €7. (101)

Definition 10 ([35]). The VOFBVP (8) is Ulam-Hyers stable if there exists a real number cx > 0
so that there exists a solution x& C(Z, R) of (8) such that |y({)—x(Q)| < € cx for every (€T and
ye€ C(Z,R) is a solution of the inequality (100).

Definition 11 ([35]). The VOFBVP (8) is said to be generalized Ulam-Hyers stable if there is
cr € C(RY,R™) with cx(0) = 0 so that there exists a solution x€ C(Z, R) of the VOFBVP
(8) such that |y(0)—x(Q)| < cx(e) for every { €Z, € > 0, and ye C(Z,R) is a solution of the
inequality (101).

Theorem 4. Suppose that the assumptions of Theorem 3 are satisfied, then the VOFBVP (8) is
Ulam—Hyers stable.

Proof. Lete > 0 and let z € C([0, T1],R) be a function which satisfies the inequality (100),

ie.,
S0 P2(Q) — F(g,2(0), DEY?2(Z))| <e for every  €[0, T1], (102)

and let y € C(I, R) be a solution of the VOFBVP (8) which by Lemma 5 is equivalent to the
fractional order integral equation

¥(@) = N+ [ 9 66Espus)ds (103)
where u is the solution of the fractional order integral equation
W@ = FEHEx@) + [ 9 OGP 0y

Taking the left-sided ¢-Riemann-Liouville fractional integral jgi’(p on both sides of inequal-
ity (102), we get

Q) - n@z0) - [ ¢ < LI s

For each (€0, T1] and from Lemma 2, we have

Ty

(5161 (€, )0l
< O - @) - [ G s (106

T
06y /0 7 (©G(E s)u(s)ds +1(8,2(2))
Ty
+/ (€, 5)0(s)ds|,

2(0) —y(@] = [2(0) = 01(&y(Q)) -

o\

—
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< “”ffiifg’)) -+ 101 20) -1 € y(E))|

+ [ @G fols) — u(s)las

e(p(T) —g(O)" | Alul(g(Ty) — (@) #=2
= (e +1) T(aq +1)T(2 = BT — 1) * Y

(g(Ty) — p(0)) P11
ARG By = e Y

+Gollull(

which implies that for each { € [0, Ty]

e (p(Ty) — p(0))"™ il
Iz =yl < e s | lz—yl. (107)
[lag +1) +Gollpl (1 + A
Hence,
Allpll(9(T1) —(0)*1 13 !
lz—y| <e (¢(T1) — @(0)™ |:1 _ |F(a1+1)r(?*(/51))r(“1(*)§)\1 Byt ] ] =G€ (108)
= r 1 Ty)—p(0)"1—F1~ ’
el ol (1 + A 5 ey
where

- _ o(T) g™ [1 .

F((xl + 1)

ap—p1-1
+Gollell (1 + S
Thus, the VOFBVP (8) is Ulam-Hyers stable for all { € [0, Ty].

In a similar manner as Theorem 2, we obtain that Equation (27) in the interval (Ty, T»] is
equivalent to Equation (30). So, considering the stability results of solutions for Equation (30)
is equivalent to discussing stability results in the (0, T;]. Hence, for i = 3,...,N*, we obtain
that Equation (30) defined on (T;_y, T;] is Ulam-Hyers stable on [0, T;] with x;({)|;—o = uo,
xi(Ti—1) = xi—1(Ti—1), and x;({)|;=1i = ur (Ty» = T). Therefore, the VOFBVP (8) is
Ulam-Hyers stable on the whole interval [0, T|. O

Allpll(9(T1)—g(0))21—F1-3 -1
[T(a+1)T(2—B1)T(a;—1)] | ‘ (109)
\

Remark 5. Indeed, if we put ®(e) = ¢ ¢, then we get ®(0) = 0, which yields that the VOFBVP (8)
is generalized Ulam-Hyers stable.

4. Numerical Example

In the following, we present two numerical examples illustrating the obtained results
and further enhance the comprehension of the theoretical findings.

Example 1. Given the following VOFBVP:

693 H | 14y (0)+ cDPOFy ()
y(0)=1, andy(3) =1,

{Cm(mzy(g) e Py(gwwwm forall € 10,3], (110)

where
a(f)=q 2ifl<g<2, (111)

Zifo<g<1
{2#2<C§3
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and
fo<g<1
B(L)=< 1ifl<i<2, (112)
5i2<7<3
withTy=0,Ty =1, T, =2,and T3 = 3.
It is obvious that
 V2THT[5+ |ul + |v]
P& 0) = T | T [ul 7

is a mutually continuous function. In addition, for any uy,v1,u,03 €R, and (€ [0, T| we have

(113)

1
| F (G uy,01) = F(Guz, 02)] < g (un — ua| + o1 = v2]). (114)
Thus,
V2T F1 5 1

|F(Z,u,v)| :W(3+|u|+|v|) wzth%- and Il = 20" (115)

Hence, assumptions (A1) — (As) are satisfied with

VT 1

(©) Wﬂmd Iull = %" (116)

With (111) and (112), we consider three BVPs for Caputo- fractional differential equations of
constant order

69¢20+1 14+9(0)+ <D 572(0) (117)

{ cDiy(g) = \/ng{ +y(0)+ f@‘o’é y(€) ]fomlzge [0,1],
y(0) =1, andy(1) =1,

69¢20+1
y(1) =1, andy(2) =1,

e d 42
5 %y

o1
{ Db yg) = m[wim oo ] forall £ € (1,2], (118)
y(

69¢26+1 149(C (119)

y(2) =1, andy(3) =1,
6

Now, on the subinterval [0, 1], we have Ty = 1,07 = %,/31 = 2.
Condition (70) is satisfied on [0, 1] since

(p(T1) — p(0))" 7 [
A=|1+ 1+ = 2.09497, (120)
! T(a1— f1+1) (1 ~ w(qo(mqo(o»“lﬁl)

T(a1—p1+1)

and

_ Mlpll(e(Ty) — @(0))20—F1—3
T (e + DTQ2 = )T (ag — 1) 0.00348194 < 1. (121)

which implies that BVP (135) has at least one mild solution x1 € C[0,1].
In addition, we have Gy < 0.5, and condition (50) is satisfied on [0, 1] since

- aqp—1
(W + Go(g(Ty) — q)(O))) ([l

1— llll () —p(0))1~F1
T(ag—p1+1)

= 0.00699859 < 1, (122)
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which implies that BVP (135) one unique solution x; € C[0, 1].

Similarly, on the interval (1,2], we have Ty = 2,y = g, B2 = %.
Condition (70) is satisfied on (1,2] since
_ a—Po
I(ag = p2+1) 1 _ lul(o(T2)—g(0))*2~F2
T'(ap—p2+1)
and 2y
— Xy —P2—
¢, = 2allEll(o(T2) — 9(0)) — 0.000206868 < 1. (124)

27 T+ DI2 =Bl (a2 — 1)]

which implies that BVP (136) has at least one mild solution x, € C(1,2].
In addition, we have Gy < 0.5 and condition (50) is satisfied on (1, 2] since

_ ay—1
(@Ble @Iy Go(g(Ty) — 9(0)) ) Il

= 0.0171587 < 1, 125
(1 - HVH(fP(TZ)*fP(O))“TﬁZ) (125)
T(az—p2+1)
which implies that BVP (135) one unique solution x, € C(1,2].
Finally, on the interval (2,3], we have T3 = 3, a3 = %,,83 = %.
Condition (70) is satisfied on (2, 3] since
_ a3—B3
[(az —ps+1) 1 _ lul(e(Ts)—g(0))*3F3
T(az—p3+1)
and s 3
— A3 —p3—
¢ = DallEll(o(T5) — 9(0)) — 0.000369338 < 1. (127)

>~ [T(as +1)I(2 — B3)l (a3 — 1))

which implies that BVP (137) has at least one mild solution x, € C(2,3].
In addition, we have G, < 1.5 and condition (50) is satisfied on (2, 3] since

1
ooyt 1 (B 15432
(—(¢(T3r)(a;p£01))) — + Go(o(Ts3) — ?(0))) [l % (r(lsl) .
= = 0.0428218 < 1, (128)

Ll (@(T3) —(0))"~F3 T
(1 ~ T T pa D) ) 1— @m0
(%)

which implies that BVP (135) one unique solution x3 € C(2,3].
It follows from Theorems 3 and 2 that problem (110) has a unique mild solution x({) € C[0, 3]

such that
x1(¢), € [0,1],
x(0) =1 x(f), ¢€(1,2], (129)
X3(§), fe (2’3]'
Example 2. Given the following VOFBVP:
00y (7) — £F x(@) ||
40Px(7) = pa [5— THRQ T+ [P 07 ()] forall ¢ € [0,3], (130)
x(0) =1, and x(3) =1,

where ({) = /T + 1, increasing function such that ¢’ ({) # 0,Y¢ € [0,3], () = ¢ + 3¢, 0 <
(<3,B(QQ)=1+10<7<3withTy=0,Ty =1, T, =2,and T3 = 3. It is clear that
1< B(Q) <a(f) <2forall T € [0,3].
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It is obvious that

A R L B ]
et +75 T+ ul 1+|o|]

F(C,u,v) = (131)

is a mutually continuous function. In addition, for any uy,v1,up,v2 € R, and { € [0, T] we have

F (G u1,01) —~ F(G 2, 0)| < (g — 1] + for — va]). (132)
Thus,
F(l u,0)| = €+3€75 <5— 1 J|ru||u| - 1f0|> with § = i cand ||u|| = l (133)
Hence, assumptions (A1)—(As) are satisfied with
e=% 1
u(@) = L1 75 and [[u|| = 76" (134)

From (111) and (112), we consider three BVPs for Caputo- fractional differential equations of
constant order

1
cpl+ie \/7§+1x(é)‘

L’§+75 1+[x(0)] cpl+e VT

c©5+9§ Vi+1 x(g) e [5_ x(@]
1+

‘] forall 7 € [0,1], (135)

x(0) =1, and x(1) =1,

6,2 3t i 1x(0)] o176 \/mx(@‘ ]
5+50 Vi+1 = _ —
DT VETX(0) = F57E |5 T o le “mx(g)' forall T € (1,2], (136)
x(1) =1, and x(2) =1, ] )
[ D VT ]
c 50, VTH1 e g Q)| _
D8+3 X(8) = 575 |5~ T T \/mx(é)' forall { € (2,3], (137)
x(2) =1, andx(3) =1, ]
Now, on the subinterval [0,1], we have Ty = 1,a1({) = & + 3¢, and B1({) = 1+ 1¢.
Condition (70) is satisfied on [0, 1] since
a1y @) —e@) OO (]
(a1(8) = p1(8) +1) 1 lel(p(T)—p(@)1 971
T(a(8)=p1(8)+1)
145
(\6— 1)5 14 7%
= 1+ 1+ , (138)
T(¢+30) A(va1 )% 35
1- r(é i
516
1
CEN
< 1+ 1+ 76 < 1.92527,
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and

M|l (@(T) — p(0))* 1@ -F1lO=3

T(ar($) + DT(2 = B1(2)T (1 () — 1)’

1.9;6527 —4+z g+%) 4 .
’ 139

|r<1_,) i %)T(%+§g)|

L6478 (/2 — 1)~ 58

TOrEr ()

which implies that BVP (135) has at least one mild solution x; € C[0, 1].
In addition, we have

\1\

IN

< 0.0271925 < 1,

gl (gls) — T(a1(¢))
__ (p@)—9(0)) (9(Ty) — g(s))a(O-1 if 0<7<s<T,

(140)

14
9
€+171< 5 _ S+1)é+gg‘|1f035§€§’1—‘1,

(VZ-vs+1)s*8E]  if 0<g<s<Ty

which implies that Gy < 0.913108 and condition (50) is satisfied on [0, 1] since
(p(T)—g(0))1©! | ((V21)btEe
RIS + gO((P(T1> - (P(O)) ”V” 76 W + 0.913108(\/§ — 1)
_ el —p(0) @ #1© Lva ke ’
(1 (@ - A QD 1- Bl
1
L ( (ﬁ¥)5 +0.913108(v/2 1))

< 1 ,
1 _ 7176(\/5_1)5
r(2)

0.015171 < 1, (141)

%

which implies that BVP (135) one unique solution x; € C[0,1].
Similarly, on the interval (1,2], we have T = 2,a5({) = & + 3¢, and Bo(7) = 1+ 1¢.
Condition (70) is satisfied on (1,2] since

py — 14 @(T) @) RO (1]
r(“Z(g) - ﬁz(é) + 1) 1— \|;¢|\(¢(T2)—¢(o))“2<§)—ﬁ2@)
T(a2(2)—p2(0)+1)
l+i§
\/?;—1 5763 l
I'(z+ 590 - (\f 1)5 +sz¢'
T(§+530)
(5-1)’
= 1+ 1+ 1 < 2.01771,

F()
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and

M|l (¢(T2) — ¢(0)
T (a2(Z) +1)1"(2—,32(§) [(a2(0) = 1)

2

201771
= a 1(\[ 1 ) 2 1, 27\ (143)
|F<1 —70)T(3+50r (5 + §§)|
201771 14762
% 6(\/519 D oy < 00141952 < 1,
|F(7)F(E)r<ﬁ)|
which implies that BVP (136) has at least one mild solution x, € C(1,2].
In addition, we have Gy < 0.695425, and condition (50) is satisfied on (1,2] since
(p(T2)—9(0)1® _ (/3158 _
(TR + golo() —pO) )l (g 089542543 -
_ ul(o(T2)—g(0))2)F20 N VA1t ’
(1 [0 F2(E7T) 1- ﬁ
1
L ( (ﬁjjgf’ +0.695425(v/3 — 1))
< : - , (144)
1 _ 7176(\/5_1)S
r(2)
~ 0.0160643 < 1,
which implies that BVP (135) one unique solution x, € C(1,2].
Finally, on the interval (2,3), we have Ty = 3,a3(0) = & + 2, and B3() = 1+ 1.
Condition (70) is satisfied on (2, 3] since
_ o (9(T3) — p(0) 07RO [
B = 1+ 1 ©-60\ |’
T(a3(0) = B3(0) +1) 1 _ ll(o(T3) —g(0))*s1F3
T(a3(2)—B3(0)+1)
= 1+ 1 1+ 7% (145)
T(¢+30) -1 )/
76 T(&+50)
1 %
= 1+ g | 1+ - < 2.14395,
I'(3s) 1— 76
T'(15s)
and
b~ allEl(@(Ts) = (o) O
IT(a3(Z) + T2 = B3())T (a3(2) — DI
214395
(146)
|r<1_*§> ( 96) ( 9§)|
214395
< ey < 00107133 < 1,
|F(7>F(B)F<E)‘

which implies that BVP (137) has at least one mild solution x3 € C(2,3].
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In addition, we have G, < 0.475897, and condition (50) is satisfied on (2, 3] since

_ aq(0)—1
(%+%(¢(Tz) —fP(O))>||V|| 716<r(151£rg§) +0-475897)
< ’
1 _ lul(e(T)—g(0))*2 20 B 1— _7%__
T(@(0)~p2(D)+1) T(8+¢0)
7% (r ( i y+ O.475897)

1 7
1— 76
(1)

~ 0.0153867 < 1,

IN

(147)

which implies that BVP (135) has one unique solution x3 € C(2,3].
It follows from Theorems 3 and 2 that problem (110) has a unique mild solution x({) € C[0, 3]

such that
xl(g)/ g € [0/ 1]/
x(0) =4 x(0), ¢ €(1,2], (148)
x3(4), ¢ € (2,3]

5. Conclusions

In conclusion, this study on the two-point boundary value problem of ¢-Caputo
fractional differential equations with variable order has provided insightful results regard-
ing the existence, uniqueness, and Ulam-Hyers stability of solutions. The application of
Banach’s and Krasnoselskii’s fixed point theorems has established a robust mathemati-
cal framework for analyzing such problems. Furthermore, the inclusion of a numerical
example has illustrated the practical implications of the obtained results.

Looking ahead, there are several promising avenues for future research in this field:

1. Extension to higher dimensions: Future investigations can explore the behavior of
variable-order fractional differential equations in higher-dimensional spaces, provid-
ing deeper insights into complex systems.

2. Sensitivity analysis: Conducting sensitivity analysis to assess how variations in param-
eters impact the solutions of variable-order fractional differential equations can offer
valuable insights into system behavior under different conditions.

3. Applications in engineering and science: Applying the findings of this study to real-
world problems in engineering, physics, and biology can lead to practical insights
and applications with substantial impact.

4. Numerical methods: Further development and refinement of numerical methods for
solving variable-order fractional differential equations can enhance computational
efficiency and accuracy, making these equations more accessible for practical use.

5. Comparative studies: Conducting comparative studies with classical integer order
differential equations and exploring when fractional order solutions converge or
diverge from integer order solutions can provide a comprehensive understanding of
their relationships.

These recommended directions for future research will contribute to a deeper under-
standing of Caputo fractional differential equations with variable order and pave the way
for further advancements in theoretical and applied mathematics.
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