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ON THE ULAM-HYERS-RASSIAS STABILITY FOR A BOUNDARY

VALUE PROBLEM OF IMPLICIT ψ-CAPUTO FRACTIONAL

INTEGRO-DIFFERENTIAL EQUATION

Y. AWAD1∗, I. KADDOURA1,2, §

Abstract. The main purpose of this paper is to study the existence and uniqueness of a
nonlinear implicit ψ-Caputo fractional order integro-differential boundary value problem
using Schauder’s and Banach’s fixed point theorems. Besides, we study its stability using
Ulam-Hyers-Rassias stability type. Finally, we demonstrate our main findings, with a
particular case example included to show the significance of our results.
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1. Introduction

The topic of fractional calculus generalizes the integer-order integration and differentia-
tion concepts to an arbitrary (real or complex) order. Over the most recent couple of many
years, fractional-order models were observed to be more sufficient than integer-order mod-
els and had extensive applications in the mathematical modeling of real-world phenomena
occurring in scientific and engineering disciplines, such as physics, biophysics, chemistry,
biology, medical sciences, ecology, monetary financial aspects, and so on. Though, a large
portion of researches have been led by utilizing fractional derivatives that for the most
part depend on Riemann-Liouville, Hadamard, Katugampola, Grunwald Letnikov, and
Caputo approaches. For more information about the developments of the theory of frac-
tional differential equations, one can investigate to the monographs of Kilbas et al [15],
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Miller and Ross [19], Oldham [20], Pudlubny [22], Sabatier et al [25], and the references
therein.

Fractional derivatives of a function with respect to function ψ have been considered in
the classical articles as a generalization of Riemann-Liouville derivative. This fractional
derivative is called the ψ-fractional derivative and it differs from the classical one as the
kernel appears in terms of ψ. Recently, this derivative has been reassessed by Almeida in
[7], where the Caputo-type regularization of the existing definition and some interesting
properties are provided. Several properties and applications of the ψ-caputo fractional
derivatives could be found and realized in ([1], [5], [15], [16], [17], [21]), and the references
therein.

On the other hand, the stability problem of differential equations was discussed by
Ulam in [26]. From there on, Hyers in [13] fostered the idea of Ulam stability in the case
of Banach spaces. Rassias gave an impressive speculation of the Ulam–Hyers (UH) stability
of mappings by considering variables. His methodology was alluded to as Ulam–Hyers–
Rassias (UHR) stability [23]. Recently, the Ulam stability problem of implicit differential
equations was extended into fractional implicit differential equations by some authors [27].
A progression of papers was committed to the examination of existence, uniqueness and
(UH) stability of solutions of the fractional differential equations within different kinds of
fractional derivatives.

Inspired by the recent progresses in ψ–fractional calculus, we study in this work the
existence, uniqueness, and Ulam-Hyers type stability for the following nonlinear implicit
ψ-Caputo fractional order integro-differential boundary value problem CIFDP :{

cDα,ψy(t) = f(t, y(t),cDβ,ψy(t),
∫ t

0 k(t, s)cDα,ψy(s)ds), t ∈ I = [0;T ],
y(0) = y◦, y(T ) = yT ,

(1)

where cDα,ψ is the ψ-Caputo fractional derivative of order α ∈ (0, 1], f : I ×R3 → R, and
yo, yT are constant real numbers.

First, we show the existence and uniqueness of the solution of our model by using
Schauder’s and Banach’s fixed point theorems. Then, we study the Ulam-Hyers stability
of solution. In addition, numerical example is given to demonstrate the application of our
main results. Finally, we present a conclusion that summarizes what is done in this paper.

The results we just established concerning existence of solution and its stability also hold
to special cases. These fractional derivative classes are created by selecting an appropriate
value for ψ(t) and taking into account the value of β.
In particular, we can deduce some existence results from our approach as follows:

• When ψ(t) = t, the obtained outcomes in the current paper incorporates the
investigation of [11] relating to

cDαy(t) = f
(
t, y(t),cDβy(t),

∫ t

0
k(t, s)cDαy(s)ds

)
, t ∈ I = [0;T ], (2)

y(0) = y◦, y(T ) = yT .

• Also, if f(t, x, y, z) = f(t, x, y) and β = α, in Equation (2), then we have the
implicit fractional-order differential equation

cDαy(t) = f
(
t, y(t),cDαy(t)

)
, t ∈ I = [0;T ], (3)

y(0) = y◦, y(T ) = yT .

which is the same result obtained in [9].
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2. Preliminaries

In the following, we introduce some notations, definitions, lemmas, and theorems that
are important in developing our results throughout this paper.

Definition 2.1. [7] For any real number α > 0, the left-sided ψ-Riemann-Liouville frac-
tional integral of order α for an integrable function u : I → R with respect to another
function ψ : I → R, which is an increasing differentiable function such that ψ′ (t) 6= 0 for
all t ∈ I is defined by:

Iα,ψu (t) =
1

Γ(α)

t∫
0

ψ′(s)(ψ(t)− ψ(s))α−1u (s) ds,

where Γ is the classical Euler Gamma function.

Definition 2.2. [7] If n ∈ N and ψ, u ∈ Cn(I,R) are two functions such that ψ is
increasing and ψ′ (t) 6= 0 for all t ∈ I, then the left-sided ψ-Caputo fractional derivative
of a function u of order α is defined by:

cDα,ψu (t) = In−α,ψ
(

1

ψ′ (t)

d

dt

)n
u (t)

=
1

Γ(n− α)

t∫
0

ψ′(s)(ψ(t)− ψ(s))n−α−1u
[n]
ψ (s) ds,

where u
[n]
ψ (t) =

(
1

ψ′(t)
d
dt

)n
u (t) and n = [α] + 1 for α /∈ N , and n = α for α ∈ N .

Remark 2.1. Let α > 0, then the differential equation (cDα,ψ
a+ h)(t) = 0 has solution

h(t) = c0 + c1 (ψ(t)− ψ(0)) + c2 (ψ(t)− ψ(0))2 + ...+ cn−1 (ψ(t)− ψ(0))n−1 ,

where ci ∈ R, i = 0, 1, 2, ..., n− 1, n = [α] + 1.

Lemma 2.1. [8] Let α, β ∈ R+, and f(t) ∈ L1(I). Then, Iα,ψa+ Iβ,ψa+ f(t) = Iβ,ψa+ Iα,ψa+ f(t) =

Iα+β,ψ
a+ f(t), and (Iα,ψa+ )nf(t) = Inα,ψa+ f(t), where n ∈ N.

Definition 2.3. [3] Let X be any space and let f : X → X. A point x ∈ X is called a
fixed point for mapping f if x = f(x).

Theorem 2.1. [6] Banach fixed point theorem.
Let C be a non-empty closed subset of a Banach space X. Then any contraction mapping
T of C into itself has a unique fixed point.

Theorem 2.2. [18] Schauder’s fixed-point Theorem
Let S be a convex subset of a Banach space B, let the mapping T : S → S be compact and
continuous. Then, T has at least one fixed-point in S.

3. Main Results

Consider the CIFDP (1) under the following assumptions:
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(H1) The nonlinear function f : I ×R3 → R is continuous and there exist λ ∈ C(I,R+)
with norm ‖λ‖ such that:

|f(t, u1, u2, u3)− f(t, v1, v2, v3)| ≤ λ(t) (|u1 − v1|+ |u2 − v2|+ |u3 − v3|) ,
∀ t ∈ I, ui, vi ∈ R, (i = 1, 2, 3).

(H2) The function k(t, s) is continuous for all (t, s) ∈ I × I, and there is a positive
constant K such that:

max
t,s∈[0,T ]

|k(t, s)| = K.

(H3) The function Φ ∈ C(I,R+) is increasing and there exists λΦ > 0 such that, for
each t ∈ J

Iα Φ(t) ≤ λΦ Φ(t).

Remark 3.1. From assumption (H1), we have

|f(t, u1, u2, u3)| − |f(t, 0, 0, 0)| ≤ |f(t, u1, u2, u3)− f(t, 0, 0, 0)|
≤ λ(t)(|u1|+ |u2|+ |u3|),

If F = supt∈I |f(t, 0, 0, 0)|, then

|f(t, u1, u2, u3)| ≤ F + λ (t) (|u1|+ |u2|+ |u3|).

Lemma 3.1. If the solution of the CIFDP (1) exists, then it can be represented by the
following integral equation

y(t) = h(t) +

∫ T

0
ψ′(s)G(t, s)u(s)ds, (4)

where u is the solution of the following ψ-Caputo fractional integral equation

u(t) = f(t, h(t) +

∫ T

0
ψ′(s)G(t, s)u(s)ds, Iα−β,ψu(t),

∫ t

0
k(t, s)u(s)ds), (5)

G(t, s) is the Green’s function defined by

G(t, s) =

 1
Γ(α)

[
(ψ(t)− ψ(s))α−1 − ψ(t)−ψ(0)

ψ(T )−ψ(0)(ψ(T )− ψ(s))α−1
]

if 0 ≤ s ≤ t ≤ T,
− (ψ(t)−ψ(0))

Γ(α)(ψ(T )−ψ(0))(ψ(T )− ψ(s))α−1 if 0 ≤ t ≤ s ≤ T
(6)

with
G◦ := max{|G(t, s)|, (t, s) ∈ I × I},

and

h(t) = y◦ +
(yT − y◦)(ψ(t)− ψ(0))

ψ(T )− ψ(0)
. (7)

Proof. It is clear that cDβ,ψy(t) = Iα−β,ψ cDαy(t) for all t ∈ I. So, if y (t) is a solution of
equation (1), then ∀t ∈ I, we have

cDα,ψy(t) = f(t, y(t), Iα−β,ψ cDα,ψy(t),

∫ t

0
k(t, s)cDα,ψy(s)ds).

Let cDα,ψy(t) = u(t), then equation (1) becomes:

u(t) = f(t, y(t), Iα−β,ψu(t),

∫ t

0
k(t, s)u(s)ds)

and

y(t) = c◦ + c1(ψ(t)− ψ(0)) +
1

Γ(α)

∫ t

0
ψ′(s) [ψ(t)− ψ(s)]α−1 u(s)ds
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from (1), we get that co = yo, and

c1 = − 1

Γ(α)(ψ(T )− ψ(0))

∫ T

0
ψ′(s) [ψ(T )− ψ(s)]α−1 u(s)ds+

(yT − y◦)
(ψ(T )− ψ(0))

.

Hence, the integral solution of (1) is given by:

y(t) = y◦ +
(ψ(t)− ψ(0))

ψ(T )− ψ(0)
(yT − y◦) +

1

Γ(α)

∫ t

0
ψ′(s) [ψ(t)− ψ(s)]α−1 u(s)ds

− ψ(t)− ψ(0)

Γ(α) [ψ(T )− ψ(0)]

∫ T

0
ψ′(s) [ψ(T )− ψ(s)]α−1 u(s)ds

= y◦ +
(ψ(t)− ψ(0))

ψ(T )− ψ(0)
(yT − y◦)

− ψ(t)− ψ(0)

Γ(α)(ψ(T )− ψ(0))

∫ T

t
ψ′(s) [ψ(T )− ψ(s)]α−1 u(s)ds.

+
1

Γ(α)

∫ t

0
ψ′(s)

[
[ψ(t)− ψ(s)]α−1 − ψ(t)− ψ(0)

ψ(T )− ψ(0)
[ψ(T )− ψ(s)]α−1

]
u(s)ds.

If h (t) = y◦ + (yT−y◦)(ψ(t)−ψ(0))
ψ(T )−ψ(0) , then the solution of (1) is also a solution of (4). �

Definition 3.1. By a mild solution of the CIFDP (1), we mean a function u ∈ C(I,R)
that satisfies the integral equation (5).

Definition 3.2. Let A : C (I,R)→ C (I,R) be an operator defined by:

A (y (t)) = h(t) +

∫ T

0
ψ′(s)G(t, s)v(s)ds,

where v (s) ∈ C (I,R) satisfies the implicit fractional equation

v(t) = f(t, h(t) +

∫ T

0
ψ′(s)G(t, s)v(s)ds, Iα−β,ψv(t),

∫ t

0
k(t, s)v(s)ds),

where h (t) = y◦ + (yT−y◦)(ψ(t)−ψ(0))
ψ(T )−ψ(0) for all t ∈ I = [0, T ], and G (t, s) is the Green’s

function defined in (6).

3.1. Existence result via Schauder’s fixed point theorem. Our first result is based
on the existence of at least one mild solution for the CIFDP (1) using Shauder’s fixed
point theorem.

Lemma 3.2. The operator A is continuous.

Proof. Define the nonempty, bounded, closed and convex ball

Br = {y ∈ C(I,R) : ‖y‖ ≤ r}, with r ≥

|yT |+ G◦ TF

1−
[
‖λ‖(ψ(T )−ψ(0))α−β

Γ(α−β+1)
+‖λ‖KT

]
1− G◦F‖λ‖

1−
[
‖λ‖(ψ(T )−ψ(0))α−β

Γ(α−β+1)
+‖λ‖KT

]
Consider a sequence {yn} ⊂ Br that converges to y ∈ Br, i.e., yn → y in Br as n → ∞.
Then,

|A (yn(t))−A (y(t)) | ≤
∫ T

0
ψ′ (t) |G(t, s)| |un(s)− u(s)|ds,
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where un, u ∈ C(I,R), such that

un(t) = f(t, yn(t), Iα−β,ψun(t),

∫ t

0
k(t, s)un(s)ds),

u(t) = f(t, y(t), Iα−β,ψu(t),

∫ t

0
k(t, s)u(s)ds).

By assumption (H1), we have

|un(t)− u(t)|

= |f(t, yn(t), Iα−βun(t),

∫ t

0
k(t, s)un(s)ds)− f(t, y(t), Iα−βu(t),

∫ t

0
k(t, s)u(s)ds)|

≤ λ(t)

[
|yn(t)− y(t)|+

∫ t

0

ψ(s)′(ψ(t)− ψ(s))α−β−1

Γ(α− β)
|un(s)− u(s)| ds

+

∫ t

0
|k(t, s)| |un(s)− u(s)|ds

]
.

Taking supremum for all t ∈ I, we get

||un − u|| ≤ ‖λ‖
[
‖yn − y‖+

(ψ(T )− ψ(0))α−β

Γ(α− β + 1)
‖un − u‖+KT‖un − u‖

]
.

Thus,

‖un − u‖ ≤
‖λ‖

1− ‖λ‖
[
K T + (ψ(T )−ψ(0))α−β

Γ(α−β+1)

]‖yn − y‖.
Since, yn → y, then we get un(t)→ u(t) as n→∞ for each t ∈ I. And there exist ε > 0
such that |un(t)| ≤ ε

2 and |u(t)| ≤ ε
2 for each t ∈ I. By applying Lebesgue Dominated

Convergence Theorem we get

|A (yn(t))−A (y(t)) | ≤
∫ T

0
ψ′ (t) |G(t, s)| |un(s)− u(s)|ds

≤ |G(t, s)| (ψ (T )− ψ (0)) |un(s)− u(s)|
≤ |G(t, s)| (ψ (T )− ψ (0)) [|un(s)|+ |u(s)|]
≤ ε|G(t, s)| (ψ (T )− ψ (0))

Hence, ‖A (yn)−A (y) ‖ → 0 as n→∞ and consequently A is continuous. �

Lemma 3.3. The operator A maps bounded sets in Br into bounded sets in Br.

Proof. By assumption (H2), we have

|A (y(t)) | = |h(t) +

∫ T

0
ψ′ (t)G(t, s)v(s)ds| ≤ |h(t)|+

∫ T

0
ψ′ (t) |G(t, s)||v(s)|ds,

where v(t) = f(t, y(t), Iα−β,ψv(t),
∫ t

0 k(t, s)v(s)ds) such that:

|v(t)| = |f(t, y(t), Iα−β,ψv(t),

∫ t

0
k(t, s)v(s)ds)|

≤ F + λ(t)

(
|y(t)|+

∫ t

0

ψ(s)′(ψ(t)− ψ(s))α−β−1

Γ(α− β)
|v(s)| ds+

∫ t

0
|k(t, s)||v(s)|ds

)
.
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Taking supremum for all t ∈ I, we have

‖v‖ ≤ F + ‖λ‖
[
‖y‖+

(ψ(T )− ψ(0))α−β

Γ(α− β + 1)
‖v‖+K‖v‖T

]
.

Thus,

‖v‖ ≤ F + ‖λ‖r

1−
[
‖λ‖(ψ(T )−ψ(0))α−β

Γ(α−β+1) + ‖λ‖KT
] ,

and

|h(t)| =
∣∣∣∣y◦ +

(ψ(t)− ψ(0))

ψ(T )− ψ(0)
(yT − y◦)

∣∣∣∣ ≤ |yT |.
Thus, for each t ∈ I we have

|A (y(t)) | ≤ |yT |+
G◦ T (F + ‖λ‖r)

1−
[
‖λ‖(ψ(T )−ψ(0))α−β

Γ(α−β+1) + ‖λ‖KT
] ≤ r.

Taking supermum for t ∈ I, we have ||A (y) ‖ ≤ r for any y ∈ Br. Hence, A(Br) ⊂ Br. �

Lemma 3.4. The operator A is relatively compact.

Proof. Suppose that for every ε > 0, there exist δ > 0 and t1, t2 ∈ I, with t1 < t2
and |t2 − t1| < δ. Then, we have

|A (y(t2))−A (y(t1)) |

≤ |h(t2)− h(t1)|+
∫ T

0
ψ′ (s) |G(t2, s)−G(t1, s)| |v(s)|ds

≤ |h(t2)− h(t1)|+ ‖v‖
∫ T

0
ψ′ (s) |G(t2, s)−G(t1, s)| ds

≤ |h(t2)− h(t1)|+ F + ‖λ‖r

1−
[
‖λ‖(ψ(T )−ψ(0))α−β

Γ(α−β+1) + ‖λ‖KT
] ∫ T

0
|G(t2, s)−G(t1, s)| dψ (s) .

As t1 → t2, the right-hand side of the above inequality is not dependent on y and tends
to zero. Consequently,

|A (y(t2))−A (y(t1)) | → 0, ∀ |t2 − t1| → 0.

Thus, {Ay} is equi-continuous on Br, and T is a compact operator by the Arzela-Ascoli
Theorem [10]. �

Now, we present our first result which is based on Shauder’s fixed point theorem.

Theorem 3.1. If assumptions (H1) & (H2) hold, and if

‖λ‖
1− (ψ(T )−ψ(0))α−β‖λ‖

Γ(α−β+1) + ‖λ‖KT
< 1,

then the CIFDP (1) has at least one mild solution on I = [0, T ].

Proof. By using Lemmas 3.1, 3.2, 3.3, 3.4 and applying Shauder’s fixed point theorem on
the continuous and completely continuous operator A : C(I;R) → C(I;R), we deduce
that the CIFDP (1) has at least one mild solution on I = [0, T ]. �
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3.2. Uniqueness result via Banach’s fixed point theorem. Our second result is
based on the uniqueness of the mild solution for CIFDP (1) by using Banach’s fixed point
theorem.

Lemma 3.5. The operator A : C (I,R)→ C (I,R) defined as

A (y (t)) = h(t) +

∫ T

0
ψ′(s)G(t, s)v(s)ds

is a contraction.

Proof. Suppose that the assumptions of Theorem (3.1) hold, and consider the continuous
functions x, y ∈ C(I,R). Then, for any t ∈ I, we have

A (x(t))−A (y(t)) =

∫ T

0
ψ′ (t)G(t, s)u(s)ds−

∫ T

0
ψ′ (t)G(t, s)v(s)ds, (8)

where u, v ∈ C(I,R) such that

u(t) = f(t, x(t), Iα−β,ψu(t),

∫ t

0
k(t, s)u(s)ds),

v(t) = f(t, y(t), Iα−β,ψv(t),

∫ t

0
k(t, s)v(s)ds).

Then, for any t ∈ I we have

|A (x(t))−A (y(t)) | ≤
∫ T

0
ψ′ (t) |G(t, s)| |u(s)− v(s)|ds.

But, by conditions (H1) and (H2), we have

|u(t)− v(t)| =
∣∣∣∣f(t, x(t), Iα−β,ψu(t),

∫ t

0
k(t, s)u(s)ds)

−f(t, y(t), Iα−β,ψv(t),

∫ t

0
k(t, s)v(s)ds)

∣∣∣∣
≤ λ(t)

(
|x(t)− y(t)|+

∫ t

0

ψ(s)′(ψ(t)− ψ(0))α−β−1

Γ(α− β)
|u(s)− v(s)| ds

+

∫ t

0
|k(t, s)| |u(s)− v(s)|ds

)
≤ ‖λ‖

(
‖x− y‖+

(ψ(T )− ψ(0))α−β

Γ(α− β + 1)
‖u− v‖+K‖u− v‖ T

)
.

Taking supremum for all t ∈ T , we have

‖u− v‖ ≤ ‖λ‖

1− ‖λ‖
[
K T + (ψ(T )−ψ(0))α−β

Γ(α−β+1)

]‖x− y‖.
Thus,

|A (x(t))−A (y(t)) | ≤ G◦ ‖λ‖ T

1− ‖λ‖
[
K T + (ψ(T )−ψ(0))α−β

Γ(α−β+1)

]‖x− y‖.
Also, if we take supermum for t ∈ I, we get

‖A (x)−A (y) ‖ ≤

 G◦ ‖λ‖ T

1− ‖λ‖
[
K T + (ψ(T )−ψ(0))α−β

Γ(α−β+1)

]
 ‖x− y‖.
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Now, if G◦ ‖λ‖ T

1−‖λ‖
[
K T+

(ψ(T )−ψ(0))α−β
Γ(α−β+1)

] < 1, then the operator A is a contraction. �

Theorem 3.2. If assumptions (H1) and (H2) hold, and if

G◦ ‖λ‖ T

1− ‖λ‖
[
K T + (ψ(T )−ψ(0))α−β

Γ(α−β+1)

] < 1, (9)

then the CIFDP (1) has a unique mild solution on I = [0, T ].

Proof. It is already proven in Theorem (3.1) that CIFDP (1) has at least one mild
solution. In addition, Lemma 11 proves that the operator A is a contraction. Then, by
Banach’s fixed point theorem, we deduce that operator A has a unique fixed point which
is also a unique mild solution of the CIFDP (1) on I = [0, T ]. �

3.3. Stability results via Ulam-Hyers type. In the following, we consider the Ulam
stability for CIFDP (1). Let ε > 0, Φ : I → R+ be a continuous function, and consider
the following inequalities:

|cDα,ψy(t)− f(t, y(t),cDβ,ψy(t),

∫ t

0
k(t, s)cDα,ψy(s)ds)| ≤ ε(t), t ∈ I (10)

|cDα,ψy(t)− f(t, y(t),cDβ,ψy(t),

∫ t

0
k(t, s)cDα,ψy(s)ds)| ≤ Φ(t), t ∈ I (11)

|cDα,ψy(t)− f(t, y(t),cDβ,ψy(t),

∫ t

0
k(t, s)cDα,ψy(s)ds)| ≤ ε Φ(t), t ∈ I. (12)

Definition 3.3. [13] The CIFDP (1) is Ulam-Hyers stable if there exists a real number
cf > 0 such that there exists a solution x ∈ C(I,R) of (1) such that

|y(t)− x(t)| ≤ ε cf ∀ t ∈ I.

for each solution y ∈ C(I,R) of the inequality (10).

Definition 3.4. [13] The CIFDP (1) is generalized to be Ulam-Hyers stable if there is
cf ∈ C(R+, R+) with cf (0) = 0 so that there is a solution x ∈ C(I,R) of CIFDP (1) with

|y(t)− x(t)| ≤ cf (ε), ∀ t ∈ I.

for each ε > 0 and for each solution y ∈ C(I,R) of the inequality (11).

Definition 3.5. [23] The CIFDP (1) is Ulam-Hyers-Rassias stable with respect to Φ if
there exists a real number cf,Φ > 0 such that there is a solution x ∈ C(I,R) of (1) with

|y(t)− x(t)| ≤ ε cf,ΦΦ(t), ∀ t ∈ I.

for each ε > 0 and for each solution y ∈ C(I,R) of the inequality (12).

Definition 3.6. [23] The CIFDP (1) is generalized Ulam-Hyers-Rassias stable with respect
to Φ if the actual number cf,Φ > 0 exists in such a way that for each solution y ∈ C(I,R)
of the inequality (12) there is a solution x ∈ C(I,R) of (1) with the solution x ∈ C(I,R)
of the inequality.

|y(t)− x(t) > | ≤ cf,ΦΦ(t), ∀ t ∈ I.
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3.3.1. Ulam-Hyers stability. In the following, we present the Ulam-Hyers stability result
for CIFDP (1).

Theorem 3.3. Suppose that the assumptions of Theorem (3.2) are satisfied. Then, CIFDP
(1) is Ulam-Hyers stable.

Proof. Let ε > 0 and let z ∈ C(I,R) be a function which satisfies inequality (10), such
that

|cDα,ψz(t)− f(t, z(t),cDβ,ψz(t),

∫ t

0
k(t, s)cDα,ψz(s)ds)| ≤ ε, ∀ t ∈ I, (13)

and let y ∈ C(I,R) be the unique solution of CIFDP (1) which is by Lemma 3.1 is
equivalent to the fractional order integral equation

y(t) = h(t) +

∫ T

0
ψ′ (t)G(t, s)u(s)ds,

where u is the solution of the functional integral equation

u(t) = f(t, h(t) +

∫ T

0
ψ′ (t)G(t, s)u(s)ds,c Iα−β,ψu(t),

∫ t

0
k(t, s)u(s)ds).

Taking the left-sided ψ-Riemann-Liouville fractional integral Iα,ψ on both sides of inequal-
ity (13), and then integrating, we get

|z(t)− h(t)−
∫ T

0
ψ′ (t)G(t, s)v(s)ds| ≤ ε (ψ (T )− ψ (0))α

Γ(α+ 1)
. (14)

For each t ∈ I, we have

|z(t)− y(t)| = |z(t)− h(t)−
∫ T

0
ψ′ (t)G(t, s)u(s)ds|

≤ |z(t)− h(t)−
∫ T

0
ψ′ (t)G(t, s)v(s)ds+

∫ T

0
ψ′ (t)G(t, s)v(s)ds

−
∫ T

0
ψ′ (t)G(t, s)u(s)ds|

≤ ε (ψ (T )− ψ (0))α

Γ(α+ 1)
+

∫ T

0
ψ′ (t) |G(t, s)| |v(s)− u(s)|ds

≤ ε (ψ (T )− ψ (0))α

Γ(α+ 1)
+G◦‖u− v‖ (ψ (T )− ψ (0)) .

But, from Lemma 3.5, we have

‖u− v‖ ≤ ‖λ‖

1− ‖λ‖
[
K T + (ψ(T )−ψ(0))α−β

Γ(α−β+1)

]‖z − y‖,
which implies that for each t ∈ I

‖z − y‖ ≤ ε (ψ (T )− ψ (0))α

Γ(α+ 1)
+

G0‖λ‖ (ψ (T )− ψ (0))

1− ‖λ‖
[
K T + (ψ(T )−ψ(0))α−β

Γ(α−β+1)

]‖z − y‖.
Hence,

‖z − y‖ ≤ ε (ψ (T )− ψ (0))α

Γ(α+ 1)

1− G0‖λ‖ (ψ (T )− ψ (0))

1− ‖λ‖
[
K T + (ψ(T )−ψ(0))α−β

Γ(α−β+1)

]
−1

= ς ε,
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where ς = (ψ(T )−ψ(0))α

Γ(α+1)

1− G0‖λ‖(ψ(T )−ψ(0))

1−‖λ‖
[
K T+

(ψ(T )−ψ(0))α−β
Γ(α−β+1)

]
−1

. Therefore, the CIFDE (1) is

Ulam-Hyers stable. �

Indeed, if we put Φ(ε) = ς ε, then we get Φ(0) = 0 which yields that the CIFDP (1) is
generalized Ulam-Hyers stable.

3.3.2. Ulam-Hyers-Rassias stability. In the following, we study the Ulam-Hyers-Rassias
stability of CIFDP (1).

Theorem 3.4. Assume that assumptions (H1), (H2), and (H3) hold. Then, CIFDP (1)
is Ulam-Hyers-Rassias stable with respect to Φ.

Proof. Let z ∈ C(I,R) be a solution of the inequality (12), i.e.,

|cDα,ψz(t)− f(t, z(t),cDβ,ψz(t),

∫ t

0
k(t, s)cDα,ψz(s)ds)| ≤ ε Φ, t ∈ I.

In addition, let y be a solution of CIFDP (1), and let u ∈ C(I,R) such that:

y(t) = h(t) +

∫ T

0
ψ′ (s)G(t, s)u(s)ds,

where

u(t) = f(t, y(t),c Iα−β,ψu(t),

∫ t

0
k(t, s)u(s)ds).

Operating Iα,ψ on both sides of inequality (12) and then integrating, we get

|z(t)− h(t)−
∫ T

0
ψ′ (t)G(t, s)v(s)ds| ≤ ε

Γ(α)

∫ t

0
(ψ (t)−ψ (s) )α−1 Φ(s)ds ≤ εµΦΦ(t),

where v ∈ C(I,R) such that

v(t) = f(t, z(t), Iα−β,ψv(t),

∫ t

0
k(t, s)v(s)ds).

Hence, for each t ∈ I, we have

|z(t)− y(t)| = |z(t)− h(t)−
∫ T

0
ψ′ (t)G(t, s)u(s)ds|

≤ |z(t)− h(t)−
∫ T

0
ψ′ (t)G(t, s)v(s)ds|

+ |
∫ T

0
ψ′ (t)G(t, s)v(s)ds−

∫ T

0
ψ′ (t)G(t, s)u(s)ds|

≤ εµΦ Φ(t) +

∫ T

0
ψ′ (t) |G(t, s)| |v(s)− u(s)|ds

≤ εµΦ Φ(t) +

∫ T

0
ψ′ (t) |G(t, s)| |v(s)− u(s)|ds

≤ εµΦ Φ(t) +Go (ψ (T )− ψ (0)) ‖v − u‖
But, from proof of Theorem 3.2, we have

‖u− v‖ ≤ ‖λ‖

1− ‖λ‖
[
K T + (ψ(T )−ψ(0))α−β

Γ(α−β+1)

]‖z − y‖.
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Then, for each t ∈ I

‖z − y‖ ≤ εµΦ Φ(t) +
‖λ‖Go (ψ (T )− ψ (0))

1− ‖λ‖
[
K T + (ψ(T )−ψ(0))α−β

Γ(α−β+1)

]‖z − y‖.
Thus,

‖z − y‖ ≤

1− ‖λ‖Go (ψ (T )− ψ (0))

1− ‖λ‖
[
K T + (ψ(T )−ψ(0))α−β

Γ(α−β+1)

]
−1

εµΦΦ(t) = cΦεΦ(t),

where

cΦ =

1− ‖λ‖Go (ψ (T )− ψ (0))

1− ‖λ‖
[
K T + (ψ(T )−ψ(0))α−β

Γ(α−β+1)

]
−1

µΦ.

Therefore, the problem CIFDP (1) is Ulam-Hyers-Rassias stable with respect to Φ. �

4. Numerical Example

Given the following CIFDP :


cD

7
5
,e
√
t+1
y (t) =

√
t+1

6et+1

[
3+y(t)+cD

6
5 ,e
√
t+1

y(t)+
∫ 1
0 e

(t−s) cD
7
5 ,e
√
t+1

y(s)ds

1+y(t)+cD
6
5 ,e
√
t+1

y(t)+
∫ 1
0 e

(t−s) cD
7
5 ,e
√
t+1

y(s)ds

]
for all t ∈ [0, 1],

y(0) = 1, and y(1) = 1,
(15)

where α = 7
5 , β = 6

5 , T = 1, and ψ (t) = e
√
t+1, which is an increasing differentiable

function such that ψ′ (t) = e
√
t+1

2
√
t
6= 0 ∀ t ∈ [0, 1].

Set

f(t, u, v, w) =

√
t+ 1

6et+1

[
3 + |u|+ |v|+ |w|
1 + |u|+ |v|+ |w|

]
.

Obviously, f is a mutually continuous function. Besides, for any u1, v1, w1, u2, v2, w2 ∈
R, and t ∈ [0, 1] we have

|f(t, u, v, w)− f(t, u1, v1, w1)| ≤ 1

6e
[|u1 − u2|+ |v1 − v2|+ |w1 − w2|] .

Thus,

|f(t, u, v, w)| =
√
t+ 1

6et+1
(3 + |u|+ |v|+ |w|) , F =

1

2e
, and ‖λ‖ =

1

6e
.

Hence, condition (H2) is satisfied with

λ(t) =

√
t+ 1

2et+1
, ‖λ‖ =

1

6e
, and K = e.

It clear from Theorem 3.1 that the CIFDP has at least one mild solution on [0, 1] since
the condition

‖λ‖

1−
[

(ψ(T )−ψ(0))α−β‖λ‖
Γ(α−β+1) + ‖λ‖KT

] ≈ (
1
6e

)
5
6 +

(
(e2−e)1/5

6eΓ( 6
5)

) ≈ 0.0825829 < 1.
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In addition, the Green’s function G (t, s) is given by:

G (t, s) =


(
e
√
t+1−e

√
s+1
)2/5
−

(
e
√
t+1−e

)(
e
√
t+1−e

√
s+1

)2/5

e2−e
Γ( 7

5)
if 0 ≤ s ≤ t ≤ 1

(e2−e
√
s+1)

2/5
(
e
√
t+1−e

)
(e2−e)Γ( 7

5)
if 0 ≤ t ≤ s ≤ 1

and it is clear that G◦ = max{|G(t, s)|, (t, s) ∈ I × I}, then Go < 1.
Thus, if we check the condition (9) we get that

G◦ ‖λ‖ T

1− ‖λ‖
[
K T + (ψ(T )−ψ(0))α−β

Γ(α−β+1)

] ≈ 0.0743246 < 1.

It follows from Theorem 3.2 that problem (15) has a unique solution on I = [0, 1].

5. Conclusion

In this research paper. First, we proved the equivalence between CIFDP (1) and the
Volterra integration equation (5). Then, the existence and uniqueness of mild solutions
for boundary value problems of implicit fractional order differential equations were estab-
lished based on Schauder’s fixed point theorem and Banach’s contraction principle. In
addition, we studied both the Ulam-Hayers and the Ulam-Hyers-Rassias stability types,
and their generalizations for CIFDP (1), which is an implicit integro-differential equation
of fractional order, supplemented with fractional integral type boundary conditions. At
the end of the article, we gave a numerical example proving the applicability of the ob-
tained results. Moreover, we mentioned some remarks about the importance of our results.
In these remarks we found that if ψ(t) = t then the obtained outcomes in the current pa-
per incorporates the investigation of [11]. Besides, if we take f(t, x, y, z) = f(t, x, y) and
β = α, in Equation (2), then we have the implicit fractional-order differential equation,
which is the same result obtained in [9]. As a conclusion, our results can be considered a
step forward in the development of qualitative analysis of fractional differential equations,
and this article proposes a generalized nonlocal boundary condition to study Ulam-Hyers
stability in the frame of the ψ-Caputo fractional derivatives, and other coupled systems
will be provided in the near future.
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References

[1] Abbas, M. I., (2021), On The Coupled System of ψ-Caputo Fractional Differential Equations With
Four-Point Boundary Conditions, Applied Mathematics E-Notes, 21, 563–576.

[2] Al-Issa, Sh. M. and Mawed, N. M., (2021), Results on solvability of nonlinear quadratic integral equa-
tions of fractional orders in Banach algebra, J. Nonlinear Sci. Appl., 14(4), 181–195.

[3] Agarwal, R. P., Regan, D. O. and Meehan, M., (2001), Fixed point theory and application, Cambridge
university press in mathematics, 141.

[4] Agarwal, R. P., Benchohra, M. and Hamani, S., (2009), Boundary value problems for fractional differ-
ential equations, Georgian Mathematical Journal, 16(3), 401–411.

[5] Agrawal, O. P., (2012), Some generalized fractional calculus operators and their applications in integral
equations, Fractional Calculus and Applied Analysis, 15(4), 700–711.

[6] Alfuraidan, M. R. and Khamsi, M. A., (2015), Fixed points of monotone nonexpansive mappings on a
hyperbolic metric space with a graph, Fixed Point Theory and Applications, 1, 1–10.



92 TWMS J. APP. AND ENG. MATH. V.14, N.1, 2024

[7] Almeida, R., (2017), A Caputo fractional derivative of a function with respect to another function,
Commun. Nonlinear Sci. Numer. Simulat., 44, 460–481.

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

[9] Benchohra, M. and Lazreg, J. E., (2014), Existence and uniqueness results for nonlinear implicit frac-
tional differential equations with boundary conditions, Rom. J. Math. Comput. Sci, 4(1), 60–72.

[10] Curtain, R. F. and Pritchard, A. J., (1977), Functional analysis in modern applied mathematics,
Academic press.

[11] El-Sayed, A. M. A., Al-Issa, Sh. M. and Elmiari, M., (2021), Ulam-type Stability for a Boundary
Value Problem of Implicit Fractional-orders Differential Equation, Advances in Dynamical Systems
and Applications (ADSA), 16(1), 75–89.

[12] El-Sayed, A. M. A., Al-Issa, Sh. M. and Hijazi, M. H., (2020), Existence results to a class of first-order
functional integro-differential inclusions, Matrix Science Mathematic, 4(2), 44–50.

[13] Hyers, D. H., (1941), On the stability of the linear functional equation, Proc. Nat. Acad. Sci. 27,
222–224.

[14] Jung, S. and Lee, K., (2007), Hyers-Ulam stability of first order linear partial differential equations
with constant coefficients, Math. Inequal. Appl., 10(2), 261–266.

[15] Kilbas, A. A., Srivastava, H. M. and Trujillo, J. J., (2006), Theory and Applications of Fractional
Differential Equations, Theory and applications of fractional differential equations, Elsevier, 204.

[16] Kilbas, A. A., Marichev, O. I. and Samko, S. G., (1993), Fractional integrals and derivatives (theory
and applications), Gordon and Breach, Switzerland.

[17] Kiryakova, V., (1994), Generalized Fractional Calculus and Applications, Longman & J. Wiley, Har-
low, New York.

[18] Lakshmikantham, V., Leela, S. and Vasundhara, J., (2004), Stability theory for set differential equa-
tions, Dynamics of Continuous, Discrete and Impulsive Systems Series A, 11, 181–189.

[19] Miller, K. S. and Ross, B., (1993), An Introduction to Fractional Calculus and Fractional Differential
Equations, Wiley, New York.

[20] Oldham, K. B., (2010), Fractional differential equations in electrochemistry, Adv. Eng. Softw., 41,
9–12.

[21] Osler, T. J., (1970), Fractional derivatives of a composite function, SIAM J. Math. Anal., 1, 288–293.
[22] Podlubny, I. and EL-Sayed, A. M. A., (1996), On two definitions of fractional calculus, Preprint UEF,

3–69.
[23] Rassias, Th. M., (1978), On the stability of linear mappings in Banach spaces, Proc. Amer. Math.

Soc., 72, 297 -300.
[24] Rus, I. A., (2009), Ulam stability of ordinary differential equations, Studia Universitatis Babes-Bolyai,

Mathematica, 4, 125–133.
[25] Sabatier, J., Agrawal, O. P. and Machado, J. A. T., (2007), Advances in Fractional Calculus, Theo-

retical Developments and Applications in Physics and Engineering, Springer: Dordrecht, Netherlands.
[26] Ulam, S. M., (1968), A Collection of mathematical problems, Interscience, New York.
[27] Wang, J. R. and Lin, Z., (2014), Ulam’s type stability of Hadamard type fractional integral equations,

Filomat, 28(7), 1323–1331.



Y. A. AWAD, I. KADDOURA: ON THE ULAM-HYERS-RASSIAS STABILITY ... 93

Yahia Abdul Rahman Awad received his Ph.D. from Beirut Arab University in
2007 in pure mathematics - Number Theory. Currently, he is working as an asso-
ciate professor and the coordinator of the department of Mathematics and Physics,
Lebanese International University, Bekaa campus, Lebanon. His research interests
include: GCD and LCM matrices and their applications, Applied number theory
(Cryptography), and recently in fractional calculus.

Issam Hussein Kaddoura is currently working as an associate professor in the
department of mathematics and physics at the Lebanese International University in
Saida, and the International University of Beirut, Lebanon. He received his Ph.D.
degree from Baghdad University in 2000. He is interested in various research domains,
including recurrences, difference equations, matrix theory, number theory, dynamical
systems, and differential topology.


