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THE EXISTENCE AND ULAM-HYERS STABILITY RESULTS FOR
MULTI-POINT GENERALIZED CAPUTO FRACTIONAL BOUNDARY
VALUE PROBLEMS

Fercan Filiz! and Erbil Cetin®

Abstract This paper addresses a class of multi-point boundary value problems involving
generalized fractional derivatives with integral conditions. Specifically, we consider the fol-
lowing problem

DY u(t) + f(t,u(t) =0, t € [a,b],

u(a) =0, i=0,1,2,...,n — 2,

w) =35 [ alopulelds + 3 Autoy)

We establish necessary and sufficient conditions for the existence and uniqueness of solutions
to this problem. Our approach relies on the Banach fixed point theorem and Schaefer’s fixed
point theorem to prove the existence of solutions. Additionally, we introduce the concept
of Ulam-Hyers stability for this class of boundary value problems and provide a stability
analysis. To illustrate the applicability of our theoretical results, we present two concrete
examples.

Keywords Boundary value problem, generalized Caputo fractional derivative and integral,
Green’s function, fixed point theorem, existence and uniqueness of the solution.
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1. Introduction

Fractional calculus, the branch of mathematics that deals with derivatives and integrals of non-
integer order, has become an indispensable tool in modeling complex systems across various
scientific and engineering disciplines. Unlike classical integer-order calculus, fractional calcu-
lus captures memory effects and long-range dependencies, making it particularly suitable for
describing phenomena in viscoelasticity, fluid dynamics, control theory, and even financial mar-
kets [10,18,21]. Classical works by Oldham and Spanier [19], Miller and Ross [17], Podlubny [20],
Kilbas et al. [12], and Samko et al. [22] laid the foundational theory, while more recent develop-
ments by Yoruk et al. [33], Hilfer [10] and Baleanu and Diethelm [6] have extended its applications
to physics and engineering.

Among the many types of fractional derivatives, the generalized fractional derivative has
gained prominence due to its flexibility in modeling a wide range of physical and biological
processes. In particular, the Caputo derivative with respect to another function introduced by
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Almeida [4] and its extension to more general kernel functions [5] have expanded the analytical
toolkit for modeling memory-dependent dynamics. These forms of fractional operators have
been further utilized in electrochemistry [18], physics [10], and biological systems [1,3,30].

Boundary value problems (BVPs) involving fractional derivatives are of particular interest
because they frequently arise in the study of real-world systems where the behavior of a func-
tion is constrained by conditions at multiple points within the domain. Multi-point boundary
conditions, in particular, are often used to model systems where the state at one boundary is
influenced by intermediate points, such as in heat conduction, beam deflection, or population
dynamics [15,30,31]. When integral conditions are added to these problems, they further en-
rich the modeling capabilities, allowing for the incorporation of global information about the
system’s behavior [1,13,25,27,29,30].

In this context, Wang, Liang, and Wang [31] investigated a fractional differential equation
of arbitrary order subject to multi-point integral boundary conditions. Using Green’s function,
the problem was reformulated as an integral equation and solved using fixed point theorems.
Similarly, Wahash et al. [30] examined a boundary value problem involving a Caputo-type
fractional derivative with respect to a function and integral boundary conditions. They employed
the method of lower and upper solutions alongside fixed point theory to establish the existence
of positive solutions.

Recent research has focused not only on existence theory but also on Ulam-Hyers stability
and uniqueness results. For example, Mahmudov [14], Tatar and Torun [24], and Tung [26,
28] provided sufficient conditions for the Ulam-Hyers or generalized Ulam-type stabilities of
fractional differential equations. Lachouri and Ardjouni [13] extended these results to Hilfer-type
fractional integro-differential equations with nonlocal boundary conditions. Further, Malghi et
al. [15] analyzed hybrid generalized Caputo time-fractional systems, establishing both existence
and stability criteria.

Various mathematical tools have been applied to fractional BVPs to establish the existence,
uniqueness, and positivity of solutions, including fixed point theorems such as Schauder, Banach,
and Krasnoselskii’s [7, 9, 23], the method of upper and lower solutions [30], and generalized
contraction principles [11]. Jleli and Samet [11] introduced a new generalization of the Banach
contraction principle and applied it to fractional equations, while Agarwal et al. [2] and Zhou
and Jiao [34] discussed existence and uniqueness results in Banach spaces for nonlocal and causal
operator settings.

Several recent works have specifically generalized and nonlinear fractional differential equa-
tions with multi-point or integral conditions [1,3,32]. Alghanmi et al. [3] addressed coupled
nonlinear systems with anti-periodic boundary conditions involving p fractional derivatives, and
Yalcin et al. [32] focused on generalized Caputo-type equations with nonlinear structure. Abdo
et al. [1] investigated positive solutions for boundary value problems involving generalized Ca-
puto fractional derivatives, while Gouari et al. [8] studied models involving convergent series
and singularities.

In 2018 Wang et al. [31] investigated the following boundary value problem

D%x(t) + f(t,z(t)) =0, tel0,1],
29(0)=0, i=0,1,2,...,n—2,
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In this BVP,n — 1 <a <n, n>3, n € N. Moreover m > 3 is an integer, 0 < m < 12 < ... <
Mm—2 < 1, Bi,vi > 0and f:[0,1] x R — R is continuous. This paper investigates a fractional
differential equation of arbitrary order subject to multi-point integral boundary conditions. The
problem is converted into an equivalent integral equation and subsequently solved. Green’s
function is derived from the obtained solution. Under specific assumptions on the function f,
ensuring continuity and incorporating the properties of Green’s function, a continuous operator
is introduced in a normed Banach space. Utilizing Krasnoselkii’s and Schauder’s fixed point
theorems, the existence and uniqueness of multiple solutions to the problem are established.
In 2020 Wahash et al. [30] investigated the following boundary value problem

CDSf = f(tau(t))7 te [07 1}7
1
mm:AAg@m@@+d

Inthis BVP,0 <r <1, A>0, d € RT, g € £}(]0,1],R") and f : [0,1] xR — R is continuous.
This study explores a boundary value problem incorporating integral boundary conditions and
a generalized Caputo-type fractional derivative defined with respect to an arbitrary function.
The problem is reformulated as an equivalent integral equation. By employing the lower and
upper solution method along with Banach and Schauder fixed point theorems, the existence and
uniqueness of positive solutions are established.

Motivated by the aforementioned studies and the growing body of literature, in this paper
we investigate a new class of multi-point boundary value problems with integral conditions,
where the differential operator is a generalized fractional derivative. By constructing appropriate
Green’s functions and employing a combination of fixed point theory and comparison principles,
we aim to establish sufficient conditions for the existence, uniqueness, and Ulam-Hyers stability
of positive solutions. Specifically, we consider the following problem

cDult) + ft,u(t)) =0, t€ la,b],
u(a) =0, i=0,1,2,...,n — 2,

m—2 7, m—2
) =3 5 / g(s)u(s)ds + 3 Aju(ny),
=1 e j=1

where CDZ“;h is generalized Caputo fractional derivative, n — 1 < a <n, n > 3, n € N with

n=la]+1, a &N,

n=aq, a €N,

and h € C"[a, b] is a continuously differentiable, increasing function with A/(t) # 0 for all ¢ € [a, b].
Moreover a < n1 < 12 < ... < Nm—2 < b, Bj,A; >0, f:[a,b] x R = R is a continuous function
and g € £!([a,b],RT). The presence of both multi-point and integral boundary conditions in
the proposed problem introduces significant analytical challenges, as it requires balancing local
differential constraints with global integral effects. These types of conditions frequently arise
in modeling real-world phenomena such as heat conduction with memory, population dynamics
with intermediate stages, or viscoelastic systems with hereditary properties.

The motivation for studying this class of fractional boundary value problems stems from
both theoretical and practical considerations. Many natural and engineered systems exhibit
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memory effects, spatial heterogeneity, and delayed interactions that cannot be adequately de-
scribed by classical integer-order models. Generalized fractional derivatives, particularly those
defined with respect to another function, provide a flexible framework for incorporating these
complex dynamics. Furthermore, the inclusion of multi-point and integral boundary conditions
allows the modeling of systems where the state at a boundary is influenced by cumulative or
distributed interactions within the domain. These features are especially relevant in fields such
as viscoelasticity, biological systems with feedback control, and thermal systems with distributed
memory. Despite their significance, such problems have not been thoroughly analyzed in the ex-
isting literature, particularly in terms of establishing the existence, uniqueness, and Ulam-Hyers
stability of solutions. This motivates the present study, which aims to address these gaps by
developing a rigorous analytical framework using Green’s functions and fixed point theory.

Our primary objective is to establish existence, uniqueness, and Ulam-Hyers stability results
for a new class of fractional boundary value problems involving a generalized Caputo frac-
tional derivative. The considered problem incorporates both multi-point and Riemann-Stieltjes
integral-type boundary conditions, which provide a more flexible modeling framework by cap-
turing both discrete and cumulative influences within the domain.

To tackle the analytical complexity, we first transform the original fractional differential
equation into an equivalent integral equation. This transformation allows us to construct the
associated Green’s function, which plays a pivotal role in the representation and analysis of
solutions. We then employ two fundamental tools from nonlinear functional analysis: the Banach
contraction principle, which is used to ensure uniqueness under contraction-type conditions, and
Schaefer’s fixed point theorem, which is effective in proving the existence of solutions under more
general settings.

Beyond the qualitative properties of solutions, we also investigate their Ulam-Hyers stability,
a concept particularly relevant for fractional-order systems due to their nonlocal memory effects.
This form of stability ensures that small perturbations in the data or initial conditions do not
cause significant deviations in the solution, thereby confirming the robustness and reliability of
the model from both theoretical and applied perspectives.

To support the analytical results, we present two concrete examples, which not only validate
the main results but also illustrate the practical implementation of the proposed methods. These
examples highlight how the general theory can be applied to specific problems with varying
structures and parameters.

The remainder of this paper is organized as follows: Section 2 presents preliminary con-
cepts, including essential definitions, lemmas, and fundamental theorems related to generalized
fractional derivatives and fixed point theory. Section 3 is devoted to the reformulation of the
proposed boundary value problem as an integral equation and the construction of the corre-
sponding Green’s function. Section 4 establishes the main results concerning the existence,
uniqueness, and Ulam-Hyers stability of solutions using appropriate fixed point theorems. Also,
Section 5 contains illustrative examples that demonstrate the applicability of the theoretical
findings.Finally, Section 6 summarizes the conclusions and discussion.

2. Preliminaries

This section introduces key definitions, lemmas, and fixed point theorems that are essential to
the content of the paper and will be utilized in the third section.
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Definition 2.1. [12] Let h be a continuously differentiable and increasing function on |[a, b]
with B/(t) # 0 for all ¢ € [a,b]. For o > 0 the left-sided h-Riemann-Liouville fractional integral
of an integrable function w : [a,b] — R is defined as

Ch(t) = —— t’s — h(s))* u(s)ds
Teu(t) = g [ )8 s )i,

where I'(.) represents the Gamma function.

Definition 2.2. [5] Let n —1 < a < n and let u : [a,b] — R be a differentiable function on
the closed interval [a,b]. Assume that h € C"[a,b] is continuously differentiable and increasing
function satisfaying h'(t) # 0 for all ¢t € [a,b]. The left-sided h-Riemann-Liouville fractional
derivative of order « for the function w is defined as

a,h 1 dal” n—ao,h
D u(t) = [h’(t)dt I u(t),

which can be rewritten in integral form as

Dlu(t) = - (nl_ = [ h,l(t) C‘lﬂ / B (s)(h(t) — h(s))"~u(s)ds.

Here n is determined as n = |« + 1 when « is not an integer, and n = « if « is an integer,
where || denotes the greatest integer less than or equal to .

Definition 2.3. [5] Let n — 1 < a < n and let h € C"[a,b] be a continuously differentiable,
increasing function with A’(t) # 0 for all ¢ € [a,b]. Suppose u € C"![a,b]. The fractional
derivative of order « order in the sense of the h-Caputo definition is given by

n

1 [4]
“Du(t) = D u(t) — 3 D (he) — nia)y |

4!

Il
o

J

where the function u! (t) is defined as u%l (t) = [h%(t)%} u(t). For non-integer values of a,

where n = |« + 1, the h-Caputo fractional derivative is expressed as

1

D ult) = o) / R (s)(h(t) — h(a))" " (s)ds.

When « is a natural number, the fractional derivative reduces to
D u(t) = u(b).

Lemma 2.1. [5] Let a > 0. The function u : [a,b] — R satisfies the following fundamental
properties:

1. For any u € Cla,b], the h-Riemann-Liouville fractional integral and the h-Caputo frac-
tional derivative are inverse operations, meaning

DT u(t) = u(t).
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2. If u is sufficiently smooth, specifically u € C" ‘[a,b], then the application of the h-
Riemann-Liouville fractional integral to the h-Caputo fractional derivative satisfies the identity

1Dl u(t) = u(t) = 3 ¢ (h(t) ~ h(a)) (2.1)

[4]
where the constants c; are defined as c¢; = %,(a)
Theorem 2.1. (Banach fixed point theorem) [7] Consider a Banach space U with K as its
closed subset. If the mapping A is a contraction on K, there exists a unique element u € K

satisfying A(u) = u.

Theorem 2.2. (Schaefer’s fixed point theorem) [23] Let U be a Banach space and consider a
continuous and compact operator A : U — U. If the set {u € U : u = NAu, for some X € (0,1)}
is bounded, then A possesses at least one fixed point in U.

3. Main results

In this section, in order to establish sufficient conditions for the existence and uniqueness of the
solutions to the boundary value problem, firstly, the problem is expressed as an integral equation
and Green’s functions are created. Then we will aim to prove the existence theorems.

Lemma 3.1. Let n — 1 < a < n and suppose f : [a,b] x R = R is a continuous function.
Consider the following multi-point h-Caputo fractional boundary value problem

D u(t) + ft,u(t)) =0, t€ [a,b], (3.1)

u(a)=0,i=0,1,2,...,.n — 2, (3.2)
m—2 74 m—2

u) =3 6 [ gl + Y Aulny) (3.3)
j=1 7 j=1

The function u € C"L[a,b] is a solution of the boundary value problem (5.1)-(5.3) if and only
if u satisfies the following integral equation

b
u(t) = [ WG (5, u(s))ds (3.4)
where G(t,s) represents the Green’s function, given by

Gl(ta S)a s < m,
G(t,s) = =— { G4(t,s), Ny-1 <5<y, 2<y<m-—2, (3.5)

Gm—l(ta 5)’ 8 2 Nm—2,
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where the function components are defined as follows:

. a n—1 m—2 m—2
B - ha) {}j@@x$ &wmﬂM®W1+(M®M$W1}
j=1 j=1
Gi(t,s) = —(h(t) - h(s))al—l, a s_z <t<m, |
35~ Me) { 5,0,(s) - AAMm>M@V1+<MMM@W1},
7=1 7j=1
(a<t<s=<mn,
- a n—1 m—2
(b{0) ~ ) {}:m@ﬂ$+Mwm»M@W1H(M®Mﬁfl}
J=v
Gt w@h@fj,mjfsstsW,
(h{0) = Re) {E:MGﬂﬂ+Mwm»M@W1w<mwmaw1},
J=v
(Th-1 =t <5 =<1,
and
n—1
(h(t) - Z(“)) (h(b) = h(5))°=1 — (h() = h(s))*= , mm_o < s <t<b,
Gm_l(t,s) = ne1
PO = RO ()~ hs)= <t <5 <b
Here,
A= (h(b) — h(a))" P =V #0 (3.6)
where
m—2 nj m—2
Vim0 [ as)hts) — ha)y s+ S (hl) e (3.7)
j=1 Ja i=1

Additionally, the function ©;(s) is given by
K a—1
0,(s) = [ glr)(h(r) — b)) ar. (39

Proof. Initially, let us assume that u € C"~![a,b] is a solution to the boundary value problem
defined by equations (3.1)-(3.3). Define r(t) = f(¢t,u(t)) and by integrating the differential
equation (3.1) from a to ¢, we obtain:

19" D u(t) = 1% (t)
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by applying identity (2.1), we can express the following
u(t) = co + c1(h(t) — h(a)) + ca(h(t) — h(a))?® + ... + ca1(h(t) — h(a))" ™1 — Iz‘jrhr(t).

Given the boundary conditions u(i)(a) = 0, it follows that ¢; = 0 for ¢« = 0,1,2,...,n — 2.
Consequently, the function u(t) can be expressed as

n— 1 ! / o—
u(t) = a1 (h(t) = h(a)" ™" — F(a)/a R (s)(h(t) — h(s))* " r(s)ds.

By evaluating at t = b, we obtain

R
w(b) = cp—1(h(b) — h(a))"" — F(a)/ R (5)(h(b) — h(s))* 1r(s)ds.
Incorporating the boundary condition (3.3) we have
n— 1 b 1 a—
cn1(A(b) = h(a)" ™" = F(a)/a R (s)(h(b) — h(s))*""r(s)ds
m—2 n; m—2
=08 [ atsuts)ds + 3 Avuly).
=1 Ja =1

Substituting u(s) and u(n;) into this equation, we obtain

1 1 b
cn—1(h(b) = h(a))"™" — F(a)/ h'(s)(h(b) — h(s))*'r(s)ds
m—2 n;
=> 8| a(s)enr(h(s) = h(a)" s =D B [ g()Ig r(s)ds

Pt /a g 1 Z /

m—2
=+ Njcn—1(h(n;) Z)\I+rnj

7=1

Rearranging terms and applying Fubini’s theorem, we arrive at the final expression

1 m—2 n; ) m—2 n; ) o
1 =TT { ; @/a 0, (s)'(s)r(s)ds — ; Aj/a H()(h(ny) — h(s))*Lr(s)ds

b
+/ B (s)(h(b) — h(s))o‘_lr(s)ds} .

a

Finally, substituting this into the equation for u(t), we obtain

u(t) = A{ S5 [ Heess)he) ~ ey sy
7j=1

m—2 nj

=Y [ B = B A - b)) r(s)ds

j=1 e
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b
+ [ HEB) = ) 00) = @) (s
1 t '(s — h(s)¥ tr(s)ds
~ a7 | 0 =) s

To express Green’s functions G1(t,s), G(t,s), Gm-1(t,s), u(t) is written as

m—2 1
() :r(;) X { > / " 1 (5)0;(s) (h(t) — h(a))" r(s)ds
m—2 o
=Y 8 [ WO B0 — b)) (s
j=2 ’m
m—2 3
=Y [ WOt — b)) (s
=3 Jm
m—2 "2
- Y / ()0 (3)(h(t) — h(a))"'r(s)ds
j=m—2 m—3
m—2 1
Y / "1 () (h(ny) — ()2 (h(t) — h(a)™ " r(s)ds
=1 Jea
m—2 N2
SV / W (s)(h(ny) — h(s)™ " ((t) — (@)™ 'r(s)ds
j=2 m
m—2 Nm—2
Y / W (s)(hny) — h(s)* L (() — h(a))" " r(s)ds
j=m—2 m—3

Conversely, suppose that u is a solution of the integral equation (3.4). By applying the a-th order

h-Caputo fractional derivative to (3.4), we recover the differential equation (3.1). In addition,

one can directly confirm that the boundary conditions (3.2)-(3.3) also hold. Thus, the proof is

completed. ]
Let define M := ffg(T)dT.

Lemma 3.2. The Green’s function G(t, s) presented in Lemma 3.1 satisfies the following bound,

(h(b) — h(a))" "2
[(a)|A|

IG(t,5)| < U+ (h(b) — h(a))*! = R.

Here, the constant ¥ is given by ¥ := Z?L:]Q(Mﬁj + ;) + 1 and A is as defined in equation
(3.6).

Proof. Let s < n; and s < t. From the Green’s function G1(¢, s) in Lemma 3.1, we obtain the
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following inequality

G1(t,5)] =

Using triangle inequality, we get

_ hia n—1 | m—2 m—2
Gr (1,9 <M= ) { 8i165(5) + Y- As(htny) — h(s)"

From the definition (3.8) and the condition g(s) € R*, we obtain

j b
9;(s)] < /n l9(DI[(A(T) = h(s))*~| dr < (h(b) — h(a))"‘l/ g(r)dr

and we have

— hia n—1 b m—2
Ga e,y <M= ) { JRCIS SR

7j=1
m—2
+ ) Aj(h(ng) = h(s))* " + (A(b) — h(s))‘”} + (h(b) — h(a))*™
j=1
n— m—2 m—2
< (h(b) —‘Z|(a>) ' {M B;(h(b +) ) a1
j=1 Jj=1

[\

B |A (Z(Mﬁj + )‘j) + 1) + (h(b) — h(a))a—l

J=1

For s > t, it is easily seen from the rule of Gi(¢,s) that |Gi(¢,s)| < I'(a)R. Hence for all
(t,s) € [a,b] X [a,b], we obtain

|G (t;8)] <
Moreover, for ny—1 < s <t <17, and 7,1 <

[(a)R.

t < s < 1, by using the same argument as
before, we obtain from the Green’s function G, (¢, s) in

(o

Lemma 3.1

G4 (t,5)| < T()R.
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Finally, let n,—2 < s <t < b then we have

[Gm1(t, )] =

A
. a n—1
< 0 \ZT D™ (h(e) = h(s)™1 + (ht) - i)y
. a n—1
< (0 |Z\( D () — (@) + (h(0) — b))

A

_ a n+a—2
< PO =0 4 (1) - bl
=T'(a)R.

Similarly, for ,—2 <t < s < bit is easily seen that |Gp,—1(¢,s)| < T'(a)R. Sofor all ¢, s € [a, b] x
[a,b], we obtain |G(t,s)] < R since |Gi(t,s)] < I'(a)R, |Gy(t,s)| < T'()R and |Gp—1(t,5)| <
I'(o)R. Thus the proof is completed. O

Now, let P = Cl[a,b] denote the Banach space of continuous functions on the interval [a, b]
equipped with the supremum norm defined by

llu|| = sup |u(t)], u € Cla,b].
t€la,b]

Theorem 3.1. Assume the following condition holds

(H1) The function f : [a,b] x R — R is continuous, and there exists a constant by € RT such
that

|f(t7ul) - f(ta u2)| < bo‘ul - ’LL2|, le [aab]7u17u2 €R.
If the following inequality is satisfied
Rby(h(b) — h(a)) < 1 (3.9)

where R is the upper bound of the Green’s function G(t,s) as provided in Lemma 3.2, then the
boundary value problem defined by equations (3.1)-(3.3) has a unique solution on the interval

[a, b].

Proof. Define the operator T': P — P by

b
Tu(t):/ h'(s)G(t, s)f(s,u(s))ds (3.10)

where G(t, s) is the Green’s function associated with the problem, and f is the given continuous
function.

We first demonstrate that the operator T' is well-defined, i.e., T(P) C P. To this end,
consider a function u € Cla,b]. We compute the Caputo-type fractional derivative of Tu with
respect to h as follows

b
Tu(t) = [/ B (s)G(t, s)f(s,u(s))ds
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I'(a)A > ‘Mﬁj / nj@j(s)f(&u(S))ds

j=1
m—2 .

- ) (h(my) — h(s)™ " f (s, u(s))ds
=1 Ja

b
+/ h'(s)(h(b) - h(S))O‘_lf(s,U(S))dS} — I3 f(t,u ().

Since f, h are continuous, it follows that Tu(t) € Cla,b]. Let uj,us € P. Then by assumption
(Hy) and Lemma 3.2 for all ¢ € [a, b], we have

b b
|Tuy(t) — Tua(t)| = / h’(s)G(t,s)f(s,ul(s))ds—/ R (s)G(t, s) f(s,ua(s))ds

a

b
/ W ()G(t,s)(f(s,u1(s)) = f(s, ua(s)))ds

b
g/ W (s)|G(t,s)||f(s,u1(s)) — f(s,ua(s))|ds

b
< Rby / B (s)|ua(s) — us(s)|ds
= Rbo(h(b) — h(a))|us — uz].-
From the condition Rbg(h(b) — h(a)) < 1, the operator T is a contraction on P. By virtue of
the Banach fixed point theorem, T" has a unique fixed point u € P such that Tu(t) = u(t) for

all t € [a,b]. Therefore, u is the unique solution of the boundary value problem (3.1)-(3.3) on
[a,b]. This completes the proof. O

Theorem 3.2. Assume that

(Hz) f:[a,b] xR — R is a continuous function and there exists a positive constant by such that
£t w)] < byful.
If
Rbi(h(b) — h(a)) < 1 (3.11)

then the boundary value problem (3.1)-(5.3) has at least one solution on [a,b], where R is the
upper bound of G(t,s) as given in Lemma 3.2.

Proof. To begin, we define the set P and the operator T': P — P as specified by (3.10). We
will prove the existence of a solution to the boundary value problem (3.1)-(3.3) using Schaefer’s
Fixed Point Theorem. To do this, we verify the four conditions required by the theorem.

Step 1. We show that 7" is continuous. Let (uy),cy C P such that u, — u in P, as n — oo.
Then from Lemma 3.2 and for all ¢ € [a, b], we obtain

b
[Tun(t) — Tu(t)| < / W ()G (t, 5)IIf (s, un(s)) = f(s, u(s))|ds
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b
<R / W ($)| £ (5, un(5)) — £(5,u(s))|ds

which implies

b
1 Tun(t) = Tu(®)]] < R/ R ()| (s, un(s)) — (s, u(s))lds.

By the continuity of f the right-hand side tends to zero as n — oo. Thus, T is a continuous
operator.

Step 2. We will show that 7" maps bounded sets into bounded sets. Let be B;, = {u € P :
llu|| < s1}. By assumption (Hz) and Lemma 3.2, for u € Bs, we estimate

b
[ Tu(t)] S/ W (8)|G(t, 5)I|f (s, u(s))lds

b
< blHuHR/ B (s)ds
= bi|ul[R(h(b) — h(a))
< busiR(h(b) — h(a)).

Therefore, define sg := b1s1R(h(b) — h(a)), and we have ||Tu|| < s2, so the image of By, under
T is bounded.

Step 3. We now establish that the operator 7" maps bounded subsets of P into equicontinuous
subsets. Let B;, C P be a bounded set as defined in Step 2, and consider an arbitrary u € By, .
For any t1,t2 € [a,b] with (1 < t2), we can compute the difference as follows

b
[Tu(ts) — Tu(ty)] S/ K (5)|G(t2, s) — G(t, 5)||f (s, u(s))lds

b
< blsl/ B (s)|G(t2, s) — G(t1, s)|ds.

Since G(t, s) is continuous in ¢ for each fixed s, the integrand |G(t2,s) — G(t1, s)| tends to zero
as t1 — t2, and hence the integral converges to zero. This establishes that {Tw : u € By, } is an
equicontinuous family. Therefore, by the Arzela-Ascoli theorem, the operator T is completely
continuous on P.

Step 4. We now demonstrate that the set S := {u € P :u = ATu, A € (0,1)} is bounded.
Let u € S and A € (0,1) such that v = AT'u. By invoking the estimate obtained in Step 2 along
with the growth condition (Hs), we find that for all ¢ € [a, b],

[ Tu(t)] < bif|ul|R(h(b) — h(a)).
Using the relation v = AT'u and the fact that A € (0, 1), we derive
[lull = [IATul] =< A[[Tul| < Abslul|[R(R(b) — h(a)) + 1.
Rewriting, we obtain the inequality

[ul| < [[Tul] < br|ul|R(A(b) — h(a)) + 1.
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Solving for |lu|| we get

1
1l < T = Rt = hia))

Since the condition (byR(h(b) — h(a)) < 1 holds by assumption, the denominator is positive,
and thus the norm |lu|| is bounded. This confirms that the set S is bounded in P. Therefore,
by Schaefer’s fixed point theorem, the operator T" admits at least one fixed point u € P. This
fixed point constitutes a solution to the boundary value problem (3.1)-(3.3) on the interval [a, b],
thereby completing the proof. O

4. Ulam-Hyers stability

In the study of functional equations, an important line of inquiry involves determining whether
approximate solutions to a functional equation remain close to exact solutions. More specifically,
researchers often investigate whether the solutions to two slightly different functional equations
are nearly identical, or whether replacing a functional equation with an inequality still yields
solutions that approximate those of the original equation.

This area of inquiry traces back to a talk delivered by S. Ulam in 1940 at the Univer-
sity of Wisconsin Mathematics Club, where she posed several open-ended questions related to
the behavior and stability of functional equations [16]. These foundational questions laid the
groundwork for what is now known as the theory of stability of functional equations.

In this section, we investigate the Ulam-Hyers stability of the following boundary value
problem

DX u(t) + f(tu(t) =0, t€la,b],
u(a) =0, i=0,1,2,...,n — 2,

m—2

Zﬁj/ g(s ds—l—Z)\unj

7j=1

where n — 1 < o < n and the function f(¢,v(t)) : [a,b] x R — R is assumed to be continuous.
Let the function v € Cla, b] be defined as follows

u(t) = Z BJ @ $)(h(t) — h(a))" ™" f(s,0(s))ds

—ZA/h’(@—WWﬂwwmm"ww@m

+/ 1 (s)(h(b) = h(s)*~" (h(t) - h(a))"lf(sav(S))dS}

a

L
i | B0 ~ b))

a

Now, define the operator K : P — P is defined by

Ku(t) = Du(t) + f(t,v(t)).
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Definition 4.1. (Ulam-Hyers stability) The boundary value problem (3.1)-(3.3) is said to be
Hyers-Ulam stable if there exist constants ¢ > 0 such that for each ¢ > 0 and for each solution
v of

| K[| <, (4.1)
there exists a solution u € Cla, b] of the problem (3.1)-(3.3) such that
lu—ol] < e, (42)

where €* is a positive constant depending on e.

Definition 4.2. (Generalized Ulam-Hyers stability) The boundary value problem (3.1)-(3.3) is
said to be generalized Hyers-Ulam stable if there exists a function m € C(R*,R*) such that for

each € > 0 and for each solution v of (4.1) there exists a solution u € Cla,b] of the problem
(3.1)-(3.3) such that

[lu — ol < mfe). (4.3)

Definition 4.3. (Ulam-Hyers-Rassias stability) Let € > 0 and let 6 :€ [a,b] — R be a non-
negative continuous function. The boundary value problem (3.1)-(3.3) is said to be Ulam-Hyers-
Rassias stable if for every function v € P satisfying

1K v|| < e0(t), t€ [a,b], (4.4)

where there exists a real number ¢ > 0 and a solution u € Cla, b] of the boundary value problem
(3.1)-(3.3) such that

llu —v|| < ceb(t), t€]la,b], (4.5)

where ¢, is a positive real number depending on e.

Theorem 4.1. Assume that f satisfies the condition (Hy) in Theorem 3.1, if the inequality
(8.9) is satisfied then the problem (3.1)-(3.3) is both Ulam-Hyers and generalized Ulam-Hyers
stable.

Proof. Let u € Cla,b] be a solution of (3.1)-(3.3), given in Lemma 3.2. Let v be any solution
satisfying (4.1). Lemma 3.2 implies the equivalence between the operators K and T'— I'd (where
Id is the identity operator) for every solution v of (3.1)-(3.3) satisfying (4.1). Therefore, we
deduce by the fixed-point property of the operator T' that:

[u(t) = u(®)] =[v(t) = T(t) + Tv(t) — u(t)]
=|v(t) = Tw(t) + To(t) — Tu(t)|
<[Tw(t) = Tu(®)| + [Tv(t) — v(?)]
<||[Tv —Tul|| + ||Tv — v||
<Rbo(h(b) — h(a))|lv —ul| + (T — Id)v||
<Rbo(h(b) — h(a))[v — ul| + [[Kv]|
<Rbo(h(b) — h(a))|lu —v|| + €.

Tv
Tv
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Because of Rbg(h(b) — h(a)) < 1 and € > 0, we find

1w =l < T hB) — ha))

Fixing e, = m and ¢ = 1, we obtain the Ulam-Hyers stability condition. In addition,
the generalized Ulam-Hyers stability follows by taking m(e) = m. O
Theorem 4.2. Assume that (Hy) holds with (3.9), and there exists a function 6 € C([a, b], R™)

satisfying the condition (4.5). Then the boundary value problem (3.1)-(3.3) is Ulam-Hyers-
Rassias stable with respect to 6.

Proof. We have from the proof of Theorem 4.1,

[v(t) — u(t)] < Rbo(h(b) — h(a))l|u — vl + €b(2),

where €, = 1 Rbo(hzb) = h(a)) and ¢ = 1. This completes the proof. ]

In what follows, we present two examples which illustrates our results.

Example 4.1. Consider the following fractional boundary value problem

1+ u(t +f( u(t)) =0, tell,3], (4.6)

2
2u(s )ds—i—/1 s%u(s )ds+/ s2u(s )ds—i—u(g)—i—u@)—i—u(g), (4.8)

1

1
where f(t,u(t)) = G arctanu(t) + t2. We specify the datas for the problem as

7

h(t):t3,a:§, n=4, m=5 8=1, \j=1, j=1,2,3,
3 5

M=, m=2 1= g9(s) = s%.

For all ¢t € [1,3], it is easy to see that h/(t) = 3t> # 0 and h(t) = t? is an increasing function
and also f(t,u) is continuous on [1, 3] x R. We now verify that the function f satisfies condition
(Hy). For any uj,us € R, we compute

1
07]u1 — ug.

1
|f(t,ur) — f(t,uz)| = 107\arctan uy — arctan ug| <
Thus, f satisfies condition (H;) with Lipschitz constant by = %7. We aim to calculate the
constant R which represents the upper bound of the Green’s function. The expression for R is
given by

w"“

h(3)—h(1)2 [
ol (33(3”(:‘)) z:: (M +1)+1 | 4+ (h(3) — r(1))2,

Nt

7. 15
h(3) — h(1) = 3% — 1 = 26, F(2):§F~3323

~—
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and
3 3
M:/ Todr =20, W= (M+1)+1=64.
1 -

When we calculate the number A then we have
A= (h(3) = h(1))* -V

where

5

2
V= / (s° —13ds+/ s%(s —13ds+/ s3(s3 —1)3ds
1 1

PSP - ()

247499.48
then we have
A = (h(3) — h(1))? — 7499.48 = 10076.52.

Now plug all values into the formula

262
2 5
3 710076, 52

Since Rby(h(b) — h(a)) = (119230.4197)% 2 0.309 < 1, the boundary value problem (4.6)-(4.8)
has at least one solution on [1,3] by Theorem 3.1. In addition, all conditions of Theorem 4.1
are satisfied. Thus the fractional boundary value problem (4.6)-(4.8) is both Ulam-Hyers and
generalized Ulam-Hyers stable. Moreover, if there is such a continuous and positive 6 function,

the fractional boundary value problem (4.6)-(4.8) is Ulam-Hyers-Rassias stable.

Example 4.2. Consider the following fractional boundary value problem

eDEMu(t) + f(tu(t) =0, te L e, (4.9)

(1) = 0, u/(1) = 0, (4.10)
3 2

ule) = 111/1 %u(s)ds—k ;/1 éu(s)ds—i— %u(%) 4 éu(Z), (4.11)

where f(t,u(t)) = ésin u(t). Here

5 1 1 1 1

ht:lt = = :3 :4 = — :7A:7A77

() nt,« 27 n , 7B1 47 BQ 27 1 37 2 67
3 1
= — :2 = —,
m 2’ 2 ag(s) s

For all ¢ € [1, €] it is easy to see that h/(t) = 1 # 0 and h(t) = Int is an increasing function and
also f is continuous on [1,e] x R. Now, we will show that f satisfies the condition (Hs):

7t u(t))] = | sinu(®)] < £lsinu(t)] < Slu@)]
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Thus, f satisfies condition (H2) with the constant by = g. We will calculate the number R,
which is the upper bound of Green’s function
(h(e) = h(1))

R = W\IJ + (h(e) — h(1))z,

T
2

W

€1
h(e) —h(l) =lne—Inl=1, F(g)—gz/%, M—/ Zds=1 \I/:%
1 S

When we calculate the number A we obtain
A = (h(e) — h(1))* =V

and

3

21 1 /21 1.,3 1
V=-[ -In’sds+= | -—In?sds+ -In*>> + = 1n?2220.1958.
4/18nss—1—2/13nss—|—3n2+6n 0.1958

Then we obtain

9
A=1-0,1958 =0.8042, R=——— +123.1046.

4370, 8042

Since Rbi(h(b) —h(a)) = (3.1046)% = (0.9377 < 1, then the boundary value problem (4.9)-(4.11)

has at least one solution on [1, e] by Theorem 3.2.

5. Conclusion

This study has focused on the analysis of a multi-point boundary value problem involving gen-
eralized fractional derivatives with integral conditions. Through the application of the Banach
and Schaefer fixed point theorems, we have successfully derived conditions that guarantee the
existence and uniqueness of solutions to the problem. The inclusion of both multi-point and in-
tegral conditions adds a layer of complexity, but our approach demonstrates that such problems
can be systematically addressed using advanced mathematical tools.

A significant aspect of this work is the introduction and proof of Ulam-Hyers stability for the
considered boundary value problem. This stability analysis ensures that the solutions are not
only mathematically valid but also resilient to small disturbances, which is crucial for practical
applications where robustness is essential. The stability results further reinforce the reliability
of the proposed framework.

To illustrate the theoretical findings, we have provided two concrete examples. These ex-
amples serve as practical demonstrations of the applicability of our results. The successful
application of our methods to these examples underscores the versatility and strength of the
proposed approach.

Looking ahead, there are several promising directions for future research. One potential
avenue is the exploration of more complex boundary conditions or the inclusion of additional
nonlinearities in the problem. Another interesting direction would be the development of numer-
ical algorithms to approximate solutions for such problems, which could enhance their practical
utility. Additionally, extending this work to coupled systems of fractional differential equations
could open new possibilities for modeling multi-physics phenomena.
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In summary, this research contributes to the ongoing development of fractional calculus by
providing a robust framework for analyzing multi-point boundary value problems with integral
conditions. The theoretical insights and practical applications presented here lay the groundwork
for further advancements in the field, offering new opportunities for both theoretical exploration
and real-world problem-solving.

6. Discussion

In recent years, significant progress has been made in the analysis of fractional differential
equations (FDEs) with nonlocal, multi-point, and integral boundary conditions, owing to their
broad applicability in modeling systems with memory and long-range dependencies. Among the
prominent contributions, the works of Wang et al. [31] and Wahash et al. [30] have provided
foundational results.

Wang et al. [31] studied a fractional boundary value problem involving a Caputo derivative
of arbitrary order combined with multi-point integral boundary conditions. They derived the
corresponding Green’s function and applied Krasnosel’skii’s and Schauder’s fixed point theo-
rems to prove the existence and multiplicity of solutions. However, their work was limited to
the classical Caputo operator and did not address solution stability or generalized derivative
structures.

Wahash et al. [30], on the other hand, considered a boundary value problem involving the
generalized Caputo fractional derivative with respect to another function, along with integral
boundary conditions. Using the method of upper and lower solutions in combination with both
Banach and Schauder fixed point theorems, they established the existence and uniqueness of
positive solutions. Notably, their use of the Banach contraction principle allowed them to derive
uniqueness criteria, which marks a step forward in comparison to many earlier studies focusing
solely on existence. However, their problem formulation featured a single integral condition and
did not involve multi-point terms or a detailed investigation of Ulam-Hyers stability.

Several other studies have explored related directions. For instance, Abdo et al. [1] exam-
ined generalized Caputo operators in boundary problems with nonlinear integral conditions,
while Alghanmi et al. [3] investigated coupled systems with anti-periodic conditions involving
o-fractional derivatives. Lachouri and Ardjouni [13] studied Hilfer-type integro differential equa-
tions and analyzed Ulam-type stability, albeit in a different operator context. Similarly, Yalgin et
al. [32] worked on generalized Caputo-type problems with nonlinearities but without multi-point
boundary structures.

In contrast to the aforementioned works, the present study introduces a significantly more
generalized boundary value framework. First, it employs a generalized Caputo fractional deriva-
tive defined with respect to another function, thereby capturing a broader class of memory-
dependent processes than classical definitions allow. Second, it integrates both multi-point and
integral boundary conditions, enabling the model to reflect cumulative and distributed effects
within the domain. Finally, the analysis is comprehensive, addressing not only the existence
and uniqueness of positive solutions but also their Ulam-Hyers stability, which ensures robust-
ness against small perturbations. This unified treatment distinguishes the current work from
existing literature and provides a versatile foundation for future developments in the theory and
applications of fractional differential equations.

The problem is first reformulated as an equivalent integral equation through the construction
of a Green’s function, and appropriate fixed point theorems (including Banach’s and Schaefer’s)
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are applied in the corresponding function space to obtain the main results. Furthermore, the
Ulam-Hyers stability analysis addresses a gap present in many earlier works, confirming the
robustness of the solutions under small perturbations in data.

To illustrate the applicability of the theoretical results, two examples are provided, showing
how the abstract results can be applied to concrete cases with specific boundary structures and
nonlinearities.

In summary, while earlier works such as those by Wang et al. [31] and Wahash et al. [30] have
addressed important aspects of fractional boundary value problems, the present study extends
and deepens the theory by treating more general operators, richer boundary conditions, and
including stability in the analysis. This provides a comprehensive contribution to the literature
and opens new directions for research on fractional models with nonlocal effects.

Acknowledgments

The authors express their gratitude to the referee for valuable comments and suggestions. The
first author would like to thank TUBITAK for supporting her as a scholar during her PhD
through the 2211-E Domestic Direct Doctoral Fellowship Program.

References

[1] M. S. Abdo, S. K. Panchal and A. M. Saeed, Fractional boundary value problem with o-
Caputo fractional derivative, Proc. Indian Acad. Sci. (Math. Sci.), 2019, 129(65), 64-78.

[2] R. P. Agarwal, Y. Zhou, J. Wang and X. Luo, Fractional differential equations with causal
operators in Banach spaces, Mathematical and Compututer Modelling, 2011, 54, 1440-1452.

[3] M. Alghanmi, R. P. Agarwal and B. Ahmad, Ezistence of solutions for a coupled system of
nonlinear implicit differential equations involving o-fractional derivative with anti periodic
boundary conditions, Qualitative Theory of Dynamical Systems, 2024, 23(1), 1-17.

[4] R. Almeida, Caputo fractional derivative of a function with respect to another function,
Communications in Nonlinear Science and Numerical Simulation, 2017, 44, 460-481.

[5] R. Almeida, A. B. Malinowska and M. T. T. Monteiro, Fractional differential equations with
a Caputo derivative with respect to a kernel function and their applications, Mathematical
Methods in the Applied Sciences, 2018, 41(1), 336-352.

[6] D. Baleanu and K. Diethelm, Fractional Calculus: Models and Numerical Methods, World
Scientific Publishing, 2011.

[7] S. Banach, Sur les opérations dans les ensembles abstraits et leur application auzr équations
intégrales, Fund. Math., 1922, (3), 133-181.

[8] Y. Gouari, Z. Dahmani, M. M. Belhamiti and M. Z. Sarikaya, Uniqueness of solutions,
stability and simulations for a differential problem involving convergent series and time
variable singularities, Rocky Mountain Journal of Mathematics, 2023, 53(4), 1099-1117.

[9] D. Guo and V. Lakshmikantham, Nonlinear Problems in Abstract Cones, Notes and Reports
in Mathematics in Science and Engineering, Academic Press, 1988.

[10] R. Hilfer, Applications of Fractional Calculus in Physics, World Scientific, Singapore, 2000.



The existence and Ulam-Hyers stability results 77T

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]
[20]
21]

[22]

23]
[24]

28]

[29]

M. Jleli and B. Samet, A new generalization of the Banach contraction principle with appli-
cations to fractional differential equations, Computers and Mathematics with Applications,
2015, 69(11), 1249-1258.

A. A. Kilbas, H. M. Srivastava and J. J. Trujillo, Theory and Applications of Fractional
Differential Equations, Elsevier Science B.V., Amsterdam, 2006.

A. Lachouri and A. Ardjouni, The existence and Ulam-Hyers stability results for generalized
Hilfer fractional integro-differential equations with nonlocal integral boundary conditions,
Advances in the Theory of Nonlinear Analysis and its Application, 2022, 6(1), 101-117.

N. I. Mahmudov, Ulam-type stability of nonlinear fractional differential equations via fized
point theorems, Fractional Calculus and Applied Analysis, 2019, 22(1), 211-225.

H. Malghi, A. Tagbibt, K. Hilal and A. Qaffou, Ulam-Hyers stability analysis for hybrid
p-Caputo time-fractional systems of order § in (1,2], Gulf Journal of Mathematics, 2024,
18(1), 95-117.

A. R. Meszaros and S. Andras, Ulam-Hyers stability of dynamic equations on time scales
via picard operators, Journal of Computational and Applied Mathematics, 2013, 219, 4853~
4864.

K. S. Miller and B. Ross, An Introduction to the Fractional Calculus and Fractional Dif-
ferential Equations, Wiley, New York, 1993.

K. B. Oldham, Fractional differential equations in electrochemistry, Adv. Eng. Softw., 2010,
41(1), 9-12.

K. B. Oldham and J. Spainer, The Fractional Calculus, Academic Pres., New York, 1974.
I. Podlubny, Fractional Differential Equations, Academic Pres., New York, 1999.

J. Sabatier, Advances in Fractional Calculus-Theoretical Developments and Applications in
Physics and Engineering, Dordrecht: Springer, 2007.

G. Samko, A. Kilbas and O. Marichev, Fractional Integral and Derivatives Theory and
Applications, Gordon and Breach, Switzerland, 1993.

H. Schaefer, Uber die methode der a priori-schranken, Math. Ann., 1955, 41, 129-415.

N. E. Tatar and I. Torun, On Ulam stability of a class of fractional differential equations,
Electronic Journal of Differential Equations, 2017, (136), 1-10.

C. Tung and O. Tung, Qualitative analysis for a variable delay system of differential equa-
tions of second order, Journal of Taibah University for Science, 2019, 13(1), 468-477.

O. Tung, New results on the Ulam—Hyers—Mittag—Leffler stability of Caputo fractional-order
delay differential equations, Mathematics, 2024, 12(9).

O. Tung, On the behaviors of solutions of systems of non-linear diferential equations with
multiple constant delays, Rev. Real Acad. Cienc. Exactas Fis. Nat. Ser. A-Mat., 2021, 115,
164, 1-22.

O. Tung and C. Tung, On Ulam stabilities of delay Hammerstein integral equation, Sym-
metry, 2023, 15(9), 1736, 1-16.

O. Tung, C. Tung, Y. Wang and J. C. Yao, Qualitative analyses of differential systems with
time-varying delays via Lyapunov-Krasovskii approach, Mathematics, 2021, 9(11), 1196,
1-20.



778 F. Filiz & E. Cetin

[30] H. A. Wahash, M. S. Abdo and S. K. Panchal, Positive solutions for generalized Caputo

fractional differential equations with integral boundary conditions, Journal of Mathematical
Modelling, 2020, 8(4), 393-414.

[31] Y. Wang, S. Liang and Q. Wang, Existence results for fractional differential equations with
integral and multi-point boundary conditions, Boundary Value Problems, 2018, (4), 1-11.

[32] S. Yalgin, E. Cetin and F. S. Topal, Existence result for a nonlinear generalized Caputo

fractional boundary value problem, Journal of Applied Analysis and Computation, 2024,
14(6), 3639-3656.

[33] E. Yoriik, A. E. Calik, K. G. Atman and H. Sirin, A fractional approach to cluster radioac-
tivity, International Journal of Modern Physics E, 2024, 33, 24-50.

[34] Y. Zhou and F. Jiao, Existence and uniqueness of solutions for nonlinear fractional differ-
ential equations with nonlocal conditions, Advances in Difference Equations, 2014, 1-12.

Received May 2025; Accepted August 2025; Available online October 2025.



	Introduction
	Preliminaries
	Main results
	Ulam-Hyers stability
	Conclusion
	Discussion

