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Abstract: Boundary value problems are very applicable problems for different types of differential
equations and stability of solutions, which are an important qualitative question in the theory
of differential equations. There are various types of stability, one of which is the so called Ulam-
type stability, and it is a special type of data dependence of solutions of differential equations. For
boundary value problems, this type of stability requires some additional understanding, and, in
connection with this, we discuss the Ulam-Hyers stability for different types of differential equations,
such as ordinary differential equations and generalized proportional Caputo fractional differential
equations. To propose an appropriate idea of Ulam-type stability, we consider a boundary condition
with a parameter, and the value of the parameter depends on the chosen arbitrary solution of
the corresponding differential inequality. Several examples are given to illustrate the theoretical
considerations.

Keywords: boundary value problems; Ulam-type stability; fractional differential equations; generalized
proportional Caputo fractional derivative

MSC: : 34A08; 34D99; 34B99

1. Introduction

Ulam stability is an important problem investigated in differential equations, which
include fractional derivatives. It has applications in optimization, biology, economics, etc.,
and it is a special type of data dependence of solutions (see, for example, [1-5]). Usually,
one first proves the existence and uniqueness of the problem and then one considers a cor-
responding differential inequality so, in the definition of Ulam-type stability, one assumes
that, for any solution of the corresponding differential inequality, there exists a solution of
the given problem, such that both solutions are close enough. In the case of an initial value
problem (IVP), usually one chooses the initial value of the differential equation, which will
depend on an arbitrary chosen solution of the corresponding differential inequality. For
example, Ulam-type stability for IVPs was studied in [6], the Caputo fractional differential
equation (FDE) was studied in [7], the Darboux problem for a partial FDE was studied
in [8], generalized fractional derivatives were studied in [9], fractional Volterra-type in-
tegral equations with delay were studied in [10], non-linear delay differential equations
with fractional integrable impulses were studied in [11], delay differential equations were
studied in [12,13], Caputo FDEs were studied in [14], Caputo FDEs with impulses were
studied in [15], Riemann-Liouville FDEs were studied in [16], Riemann-Liouville FDEs with
delay were studied in [17], Caputo FDEs with delays were studied in [18], Hadamard FDEs
were studied in [19], Hilfer-Katugampola FDEs with impulses were studied in [20], and
sequential FDEs were studied in [21] for first-order impulsive fuzzy differential equations.
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In the case of boundary value problems (BVP), the situation is more complicated.
There are mainly two different types of boundary conditions. One type is with a parameter,
and the other type is without a parameter (see, for example [22,23]), and, in this paper,
we propose an appropriate idea for Ulam-type stability. To motivate the idea, we study
linear boundary value conditions. First, we consider well known ordinary differential
equations, and we will illustrate the above ideas on a simple example, and we will set up
the boundary condition and the definition of Ulam-Hyers stability. Then, we study, in detail,
a linear BVP for nonlinear differential equations with generalized proportional Caputo
fractional derivatives(GPFDE). The generalized proportional Caputo fractional derivative
was recently introduced (see, [24,25]), and it provides wider possibilities for modeling
more complexity of real world problems, and this type of derivative is a generalization
of the Caputo fractional derivative. We consider the case when a parameter is involved
in the boundary condition and an integral representation of the solution of the studied
linear BVP for GPFDE is presented. The existence and uniqueness of the solution of the
BVP for GPFDE for any value of the parameter is also studied. In an appropriate way,
the Ulam-Hyers stability is defined, and some sufficient conditions are obtained. The
main idea is to choose an arbitrary solution of the corresponding differential inequality
with a generalized proportional Caputo fractional derivative and then to use a parameter
depending on this solution in the given boundary condition. As a special case, we provide
some results for linear BVPs for Caputo fractional differential equations. Our theoretical
results are illustrated with examples.

2. Ordinary Differential Equations and Ulam-Hyers Stability

Without loss of generality, we assume the initial time point is 0. Let 0T < oo.
Consider the scalar ordinary differential equation (ODE):

y'(t) = f(ty(1), t€(0,T] )

where f € C([0, T] x R, R).
Let ¢ > 0. Consider the differential inequality (ODI):

V(5 = f(tv(t)] <& te[0,T] @

If v € C'[0, T} is a solution of (2) then there exists a function ¢ € C[0,T] : |g(t)| <, t € [0, T]
such that u(f) is a solution of the ODE

V() = f(tv(n) +3(8), te0T) ®
Thus,
vt = v(0) + [ [f5,v(5)) + g(o)lds, t€[0,T], @
Case 1. Initial value problem (IVP) for ODE (1). Consider the initial condition:

]/(0) = Yo, @)

where yp € R.

Assume that, for any initial value y, the IVP for the ODE (1), (5) has a solution on
[0, T].

Let us recall the definition for Ulam-Hyers stability.

Definition 1 ([3,4]). The IVP (1), (5) is Ulam-Hyers stable (UHS) if there exists a real number
Cy > 0, such that, for each ¢ > 0, and for each solution v € C'[0, T] of the ODI (2), there exists a

solution y € C1[0, T of (1), (5) with |v(t) — y(t)] < Crefort € [0,T].
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Remark 1. In Definition 1, for the solution v € C'[0, T] of the ODI (2), we consider the solution
Y€ c! [0, T] of (1), (5) with yo = v(0). Then, for UHS, it is necessary to obtain conditions, such
that |v(t) —y(t)| < Cye for t € [0, T], where the constant Cy does not depend on e, and it is the
same for all solutions of the ODI (2).

In the case of the initial value condition, we introduce the following definition:

Definition 2. The solutiony € C'[0, T] of (1), (5) with an initial given value x is called modified
Ulam-Hyers stable (MUHS) if there exists a constant Cy > 0, such that, for each e > 0 and for
each solution v € C'[0, T], v(0) = yo of the ODI (2), the inequality |v(t) — y(t)| < Cje holds for
te 0, Tl

Remark 2. If we consider Definition 2 for all initial values x(, then one gives a description of
Definition 1.

We will use the following integral operator Q : C[0, T| — C[0, T] by

(w)(x) =0+ [ Flsy©)ds, Te0T) ©

and the integral operator (; : C[0, T| — C[0, T] by
(Qu)(0) = v(0)+ [ TF(5,v(6)) +g(6)lds, 7€ 0.7 ?

The solution y € C[0, T] of (1), (5) is a fixed point of the operator Q and vice versa. The
solution v € C1[0, T] of the ODE (3) is a fixed point of )1 and vice versa.
Case 2. Boundary value problem (BVP) for ODE (1). Consider the boundary condition

ay(0) +by(T) = p, ®)

wherea,b e R: a+b#0,ueR.

Assume that, for any u € R, the BVP (1), (8) has a solution on [0, T]. Note: if b = 0 in
(8), we obtain the IVP for (1).

Following the ideas of Definition 1, we define UHS by:

Definition 3. The BVP (1), (8) is Ulam-Hyers stable (UHS) if there exists a constant K > 0,
such that, for any number ¢ > 0 and any solution v € C'[0, T] of the ODI (2), there exists a
solution y € C'[0, T] of BVP (1), (8), such that |y(t) — v(t)| < Ke, t € [0, T).

Remark 3. In Definition 3, for the solution v € C[0, T] of ODI (2), we consider the solution
y € CY0,T] of (1), (8) with u = av(0) + bv(T). Then, for UHS, it is necessary to obtain
conditions, such that |v(t) — y(t)| < Ke for t € [0, T], where the constant K does not depend on ¢,
and it is the same for all solutions of the ODI (2).

In the case of an initial given value of u € R, following the ideas of Definition 2, we
introduce the following definition.

Definition 4. The solution y € C[0,T] of BVP (1), (8), with an initial given value of u, is
modified Ulam-Hyers stable (MUHS) if there exists a constant K > 0, such that, for any
number e > 0 and any solution v € C'[0, T], av(0) + bv(T) = u, of the ODI (2), the inequality
ly(t) —v(t)| < Ke holds for t € [0, T].

Define the operator Q2 : C[0, T] — C[0, T] by

() = 25— 2 [ pe st [ fleynds teloT, O
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and the operator ()1 : C[0, T] — C[0, T] by

= [ () + 56 ds+/ f(s,u(s)) + g(s))ds, te0,T]. (10)

For any value of i € R the solution y € C1[0, T] of BVP (1), (8) is a fixed point of the
operator Q) and vice versa. The solution v € C![0, T] of the ODE (3) is a fixed point of the
operator ) iff y = av(0) + bv(T) and vice versa.

Example 1. Consider the following scalar ordinary differential equation:
x'(t) = 1.5x(t), t€0,1]. (11)
Let & > 0 be a given arbitrary number and consider the differential inequality:
v'(t) —15v(t)| <e, te0,1]. (12)
Case 1. (IVP) Consider the initial condition
x(0) = xq, (13)

where xg € R. The IVP (11), (13) has a unique solution x(t) = xpe>, t € [0,1].

Case 1.1. We will look at Definition 1.

Choose an arbitrary solution of the ODI (12), for example v(t) = et? : |v/'(t) — 1.5v(t)| =
|2t — 1.5t%|e < ¢, t € [0,1]. Then, choose xg = v(0) = 0 in (13) and the solution of the IVP (11),
(13) is x(t) = 0. Thus, the inequality |x(t) — v(t)| = |0 — et?| < € holds for t € [0,1] and all
e>0.

Choose another solution of the ODI (12), for example v(t) = e(t> +0.5) : |[V/(t) — 1.5v(t)| =
|2t — 1.5(t> +0.5)|e < e, t € [0,1]. Then, choose xg = v(0) = 0.5¢ and the solution of the I[VP
(11), (13) is x(t) = 0.5ee'>*, and we have the inequality |x(t) — v(t)| = |0.5¢!>" — (2 +0.5)[e < ¢
fort € [0,1] and all ¢ > 0.

Case 1.2. We will look at Definition 2.

Let xq be given, for example, xo = 2. Then, the IVP (11), (13) has a unique solution
x(t) = 2¢5, t € ]0,1].

Let € be an arbitrary number, for example, ¢ = 0.01. Choose the solution v(t) = 2.004e~!
(—0.00199601 + €25t) of the ODI (12) and note |x(t) — v(t)| < 1.65¢ for t € [0,1], i.e
Cs = 1.65.

Let ¢ = 1. Choose the solution v(t) = 2e~" of (12) satisfying the initial condition v(0) = 2.
Then, |x(t) — v(t)| < 1.65¢ for t € [0,1].

Now, let xg = —5. Then, the IVP (11), (13) has a unique solution x(t) = —5¢-, t € [0,1].

Let ¢ = 0.01. Choose the solution v(t) = —0.004e " — 4.996¢'* of (12), satisfying the initial
condition v(0) = —5. Then, |x(t) —v(t)| < 1.65¢ for t € [0, 1].

Let ¢ = 1. Choose the solution v(t) = —0.4e~t — 4.6e' of (12) satisfying the initial
condition v(0) = —5. Then, |x(t) — v(t)| < 1.65¢ for t € [0,1].

Summarizing, if we have a particular initial value, then we consider a particular solution of the
corresponding IVP, and we study MUHS. If we have an arbitrary initial value, then we study UHS.

Case 2. (BVP) Consider the boundary condition:

0.5x(0) + 0.5 1°x(1) = p. (14)

Case 2.1. We will look at Definition 3.

Consider yu € R as a parameter. Then, the BVP (11), (14) has a unique solution x(t) = pe
for any given value of the parameter y.

Let € > 0 be an arbitrary number. Choose an arbitrary solution of the differential inequality
(12), for example v(t) = et?. Then, choose the parameter u = 0.5v(0) + 0.5¢~1v(1) = 0.5¢~ 1.

1.5t
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There exists a solution of the BVP (11), (14) for the chosen y, namely, x(t) = 0.5¢~2¢e!, and
|x(t) —v(t)| = |0.5e~ 12l — t2|e < 0.5¢ for t € [0, 1].

Additionally, in this case, the function g(t) = (2t — 1.5t)e and the solution v(t) = 0.5 !¢
are fixed points of the operator ()1 with the chosen value of .

Case 2.2. We will look at Definition 4.

Let y have a particular initial given value, for example y = 0.5e~1°. Then, the BVP (11), (14)
has a solution x(t) = 0.5¢1-5(t=1),

Let & > 0 be an arbitrary number, for example, ¢ = 1.

Choose an arbitrary solution of the differential inequality (12) with ¢ = 1, such that
0.5v(0) + 0.5¢~15v(1) = 0.5e 1. For example, v(t) = t2. Then, the inequality |x(t) — v(t)| =
|0.5¢1-2(=1) — 12| < 0.5¢ holds for t € [0,1].

Summarizing, if we have a particular boundary condition (initially given the value y), then
we consider a particular solution of the corresponding BVP, and we study MUHS. If we have a
boundary condition with a parameter (arbitrary value of u), then we study UHS.

Remark 4. In connection with the above example and the above discussion to study UHS of any
type of differential equation, we need a boundary condition with a parameter. Otherwise, we could
only study MUHS of a particular solution.

3. Generalized Proportional Caputo Fractional Differential Equations and
Ulam-Hyers Stability

3.1. Preliminary Results from Fractional Calculus

Fractional differential equations arise in many investigations in recent years, and
they are widely used in dynamical models with chaotic dynamical behavior, quasi-chaotic
dynamical systems, the dynamics of complex material or porous media, and random walks
with memory (for some physical background and numerical algorithms of fractional partial
differential equations, see Chapter 1 [26] and the recent book [27], for example). Recently,
there are several types of fractional derivatives defined and studied in the literature. In our
paper, we will use the generalized proportional Caputo fractional derivative, which is a
generalization of the Caputo fractional derivative (see, [24,25]).

Letv : [0,T] = R, (T < o). The generalized proportional fractional integral is
defined by (as long as all integrals are well defined, see [24,25])

« 1 T E(T—s) a—1
(0T%v)(7) = m/g e T (r — ) u(s)ds, te(0,T], a>0,pe(01],

and the generalized Caputo proportional fractional derivative is defined by (see, [24,25])

1-— T el s —a
(GD ) (7) = Wlp—a)/o ¢TI (T —5) () ds -
i lTlf)iM/()TeT(TS)(T—S)“V'(S) ds, 1€ (0,T], ac(0,1), pe(01]

Remark 5. The Caputo fractional derivative § D%v () is a partial case of the generalized Caputo
proportional fractional derivative (§D*Pv)(t) with p = 1.

We consider the following classes of functions:

C*[0,T] = {v:[0,T] = R: (§D*v)(t) exists forall T € (0,T]},
I“PI0,T] ={v:[0,T] = R: (oZ%v)(7) exists forall T € (0,T]}.

Remark 6. Note, in this paper, the space C*[0, T| is not the Holder space in the literature.

For v € C%[0,T], {D*Fv(.) € I**[0, T] we have the following result:



Axioms 2023, 12, 226

6 of 16

Lemma 1 (Theorem 5.3 [24]). Let p € (0,1] and a € (0,1). Then, we have:

(GT(ED00))(6) = v(t) —v(0)e'T, t € (0,T].

Forv € I*P[0, T, gZ**v(.) € C*[0,T], p € (0,1] we have:
Corollary 1 ([24]). Let « € (0,1). Then:
(G D (0I*v))(7) = v(7), 7€ (0Tl

Lemma 2 (Theorem 5.2 [24]). For p € (0,1] and a € (0,1), we have:

w, ?t — _ r(.B) %5 —1+4a
(OI fe t'B 1)(6) - p“l”(ﬁ—i—a))e é(ﬁ o 4 ﬁ>0‘

-1
Corollary 2 ([24], Remarks 3.2 and 5.4). The equality (SD“'PePT('))(T) =0fort € (0,T],
p € (0,1], « € (0,1), holds.

Lemma 3 (Proposition 5.2 [24]). For p € (0,1] and a € (0,1), we have:

@D @) = g EeT e, o

Later, we will use the following result (for the proof see Example 5.7 [24] with a slight
modification):

Lemma 4. The solution of the scalar linear generalized proportional Caputo fractional initial
value problem

(§D*v)(t) = p*Av(t) + E(t), v(0) =1y, a € (0,1), p € (0,1]

where F € C([0, T],R), has a solution
Et _ t E(tfs) 1
v(t) = voe' 7 Ea(M) + 07 [ Ena(A(t =)’ (- 5)* TR (s)ds, t € [0,T]. (16)
0

Applying E,(0) =1, Eyq(0) = ﬁ, we obtain the following result:

Corollary 3. The solution of the scalar linear generalized proportional Caputo fractional initial
value problem
(§D%v)(t) = F(1), v(0) =v, a € (0,1), p € (0,1]

where F € C([0, T],R), has a solution
p—1 1

T ()

3.2. Ulam Type Stability for Initial Value Problems

Consider the nonlinear generalized proportional Caputo fractional differential equa-
tion (GPFDE)

/Ore%(T_s)(T —s)* 1F(s)ds, T € [0, T]. (17)

(GD¥x)(1) = f(t,x(1), te(0,T], (18)

with an initial condition
x ( 0 ) = X0, ( 1 9)

where xg € R, « € (0,1) and p € (0,1].
Assume the following holds:
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(A). The function f € C([0,T] x R) : f(,,v(.)) € I*P[0, T] for any function v € C[0, T].
Consider the fractional integral operator Q) : C[0, T] — CJ[0, T| (see, Corollary 3)

() (1) = xe'? " + pqu(a) / T ) _ ) (s u(s))ds, TE[0,T].  (20)

For any type of fractional differential equation, an appropriate integral operator is
defined, and its fixed point is called a mild solution (see, for example, Definition 3.1 [28]
for fractional neutral evolution equations, [29] for fractional evolution equation, and [30]
for Caputo-Hadamard fractional differential equations). We use the ideas in the above
mentioned papers to define a mild solution of (18), (19).

Definition 5. The fixed point x € C([0, T]) of the fractional integral operator Q), defined by (20)
(if any), is called a mild solution of the IVP for GPFDE (18), (19).

Theorem 1. If condition (A) is satisfied, then any solution x € C*[0, T] of (18), (19) is a mild
solution and vice versa.

Proof. Let x € C*?[0, T] be a mild solution of (18), (19), i.e.,

x(t) = () (1) = x0e'7 '+ (0T £(, x()))(8), t € [0,T] (21)

Take the fractional derivative (D% on both sides of (21), use Corollaries 1 and 2, and
obtain (18).

Let x € C*P[0, T] be a solution of (18), (19). Take the fractional integral ¢Z** on both
sides of (18), use Lemma 1, and obtain x(t) = (Qx)(t), t € [0,T]. O

Let ¢ > 0 and consider the generalized proportional Caputo fractional differential
inequality (PFDI):

|(§D*v)(H) — f(tv()| <, te 0TI, (22)

Note, if v € C**[0, T] is a solution of (22), then there exists a function ¢ € I“*[0, T] :
lg(t)| < e t €[0,T],such that v(t) is a solution of the GPFDE

(GDv)(t) = f(t,v(1) +g(t), t€[0,T]. (23)

Define the fractional integral operator (2; : C[0, T| — C|0, T] by

-1 1 T el
(Q)(R) =07+ s [T I —) (fls,v(s)) +3(0)ds, T 0.T] (1)
The fixed point of the operator (); (if any) is called a mild solution of (23) with the initial

value v(0).
Similar reasoning as in Theorem 1 guarantees:

Theorem 2. If condition (A) is satisfied, then, for solution v € C* |0, T] of PFDI (22), there exists
a function g € 1P[0,T] : |g(t)| <, t € [0,T], such that v(t) is a mild solution of (23) and
vice versq.

Definition 6. The IVP (18), (19) is Ulam-Hyers stable (UHS) if there exists a real number Cy > 0,
such that, for each ¢ > 0, and for each solution v.€ C*[0, T| of the PFDI (22), there exists a
solution x € C*P[0, T} of (18), (19) with [v(t) — x(t)| < Cye for t € [0, T].

Remark 7. In Definition 6, for the solution v € C*%P[0, T of the PFDI (22), we consider the
solution x € C*P[0, T] of (18), (19) with xo = v(0). Then, for UHS, it is necessary to obtain
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conditions, such that |v(t) — x(t)| < Cye for t € [0, T|], where the constant Cy does not depend on
g, and it is the same for all solutions of the PFDI (22).

In the case of an initial condition (19), we introduce the following definition:

Definition 7. The solution x € C**[0, T| of (18), (19), with an initial given value x, is called
modified Ulam-Hyers stable (MUHS) if there exists a constant C¢ > 0, such that, for each
e > 0, and for each solution v € C“P[0,T], v(0) = xo, of the PFDI (22), the inequality
[v(t) —x(t)| < Cye holds for t € [0, T].

Remark 8. If we consider Definition 7 for all initial values x¢, then one gives a description of
Definition 6.

3.3. Existence and Uniqueness of the Solution of Boundary Value Problem

Consider the following linear generalized proportional Caputo fractional differential
equation
(§D*v)(t) = E(t), te€(0,T], (25)

with the boundary condition
av(0) +bv(T) =, (26)

p-1
wherea,b € R: a+be? ' # 0, u € Ris a parameter, « € (0,1) and p € (0,1].
Note that, in the case b = 0 in (26), we obtain an initial condition.
We introduce the assumption:

—1
(B). The condition a + b’ T # 0 holds witha € (0,1), p € (0,1].

Lemma 5. Let F € I“°[0, T| and condition (B) be satisfied.
Then, for any value of the parameter u € R, the BVP (18), (25) has a unique solution:

p—1 p—1 1 T p=1p_ F
v(t) = Lpepp b bk1 ePp t = / €PP (T S)%ds
adber L atber ! p*L(w) Jo (T—s 27)
+ L/te%“‘s)ids teo,T]
p*T'(a) Jo (t—s)t '
The claim of Lemma 5 follows directly from Corollary 3, and we omit the proof.
We use the supremum norm in C[0, T|, namely, ||x|| = SUpPyc(o,7] |x(t)|, where x € C[0,1].
Consider the fractional integral operator Q) : C[0, T] — CJ[0, T| (see Lemma 5):
-1 -1 T p-1
(Qu)(r) = — LT S [T S
a+ber | a+ber ! T (a) Jo (T—s) (28)
L [T ) f5,v(s))
+ / er L~ ds, Te€|0,T]|.
p“T'(a) Jo (T—s)'7" 0.7]

Definition 8. The solution (if any) u € C([0, T|) of the fractional integral operator O3, defined by
(28), is called a mild solution of the BVP for GPFDE(18), (26).

Remark 9. Both the mild solution and the solution of BVP for GPFDE (18), (26) depend on the
parameter u.

Theorem 3. Let condition (B) be satisfied and the function x € C([0, T]) be a mild solution of the
BVP for GPFDE (18), (26) for a given value of the parameter . If x € C*[0, T|, then the function
x(t) is a solution of the same problem.
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Proof. From (28), it follows that x(t) satisfies boundary condition (26). Take the derivative
gD""P on both sides of (28), use Corollaries 1 and 2, and obtain

(§D*2)(1) = (§D*0(x)) (1) = (FD (TP £(,x()) (1) = flt (). (29)
O

Theorem 4. Let condition (B) be satisfied and let the function x € C*|0, T| be a solution of BVP
for GPFDE (18), (26) for a given value of the parameter u. If the function F € I*|0, T| where
F(t) = f(t,x(t)), then the function x(t) is a mild solution of the same problem.

Proof. Take the fractional integral gI‘W on both sides of (18), use Lemma 1, and obtain

STo¢ (§D%x) (1) = (5T £(.,x() ). (30)

Thus, »
x(t) = 2(0)e 7 '+ ST F(,x()))t, (31)

apply the boundary condition (26), and we obtain ax(0) + bx(O)epP%lT + (ST f(., x()N))(T) =
Jor
1
x(0) = ——5== |1 = (62 f (., x()) )(T) |- (32)
i ()

Substitute (32) in (31) and obtain x(¢) = (Qx)(t). O

Corollary 4. If conditions (A) and (B) are satisfied, then any solution x € C**[0, T| of (18), (26)
for a given value of the parameter y is a mild solution and vice versa.

We now consider the existence and uniqueness of the solution of the BVP for GPFDE
(18), (26) for any value of the parameter p.

Theorem 5. Let the following conditions be fulfilled:

1. The condition (B) is satisfied.
2. The condition (A) is satisfied and there exists a constant L > 0, such that, for t € [0, T],
xj €R, j = 1,2, the inequality |f(t,x1) — f(t,x2)| < L|x1 — x2| holds.

3. The inequality LT* | 1+ % < p*T(1 + ) holds.
a+be 71

Then, for any given value of the parameter y, the BVP for GPFDE (18), (26) has a unique
mild solution.

Proof. Let u,v € C([0,T]). From condition (A), the operators (Qu)(7) and (Qu)(7) are
well defined for any given value of the parameter y, and for T € [0, T] we have:

b =1 L T o1y lu(s) —v(s)|
Q) - (Q < d
(0u)(x) = ()0 < | e g [ €7 e
L T E(T,SHM(S)—U(SH

p”‘l"(tx)/o A ds (33)

L T b
< ~— (1 —l.
~ T < ! a+beﬂﬂ;lT )Hu ‘I

From inequality (33) and condition 3, it follows that the operator () is a contraction. [
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Remark 10. According to Corollary 4, if the conditions of Theorem 5 are satisfied, then the BVP
for GPFDE (18), (26) for a given value of the parameter y has a unique solution x(t), such that
x(t) = (Qx)(t),t € [0, T], where ) is defined by (28).

For an arbitrary ¢ > 0, we consider PFDI (22). As above, if v € C**[0, T|] is a solution
of (22), there exists a function g € I“P[0,T] : [g(t)| < ¢ t € [0,T], such that v(t) is a
solution of the GPFDE (23). Then, as above, we have the following results:

Lemma 6. Let conditions (A) and (B) be satisfied, and the function v € C**[0, T| is a solution of
the PFDI (22). Then, there exists a function g € I*P[0,T] : |g(t)| < e fort € [0, T| such that v is
a fixed point of the fractional integral operator ()1, where

av(0) + bv(T)e%t

(o)(t) = e-lp
a+be e
b e / L [l B8y gy,
— e (T
t -1
L1 /e%(t—s)wda te[o,T].
0T (a) Jo (t—s)"
Remark 11. Note that, if we modify operator (1 by
-1
Qo)1) = —F e
a+ber |
T ey s /rﬁps)w% (35)
pipes T PT@) o (T—s)"
ot -1
L1 / e%(t—s)wda telo,T],
T (a) Jo (t=s)™"

then the solution v of the PFDI (22) is a fixed point of the modified O iff u = av(0) + bv(T).

3.4. Ulam Type Stability for Boundary Value Problems

Consider the boundary condition (26). This condition depends on y, which could be a
given value, or it could be a parameter. According to Remark 10, the BVP (18), (26) has a
solution x(t) in both cases.

Following the ideas of Definition 6, we define UHS by:

Definition 9. The BVP (18), (26) is Ulam-Hyers stable (UHS) if there exists a constant K > 0,
such that, for any number ¢ > 0 and any solution v € C*P[0, T] of the PFDI (22), there exists a
solution x € C**[0, T] of BVP (18), (26), such that |x(t) — v(7)| < Ke for t € [0, T].

Remark 12. In Definition 9, for the solution v € C**|0, T| of PFDI (22), we consider the solution
x € C%[0,T] of (18), (26) with uy = av(0) + bv(T). Then, for UHS, it is necessary to obtain
conditions, such that |v(t) — x(7)| < Ke for T € [0, T], where the constant K does not depend on
g, and it is the same for all solutions of the PFDI (22).

In the case of an initial given value of # € R in the boundary condition (26), following
the ideas of Definition 7, we could introduce the following definition.

Definition 10. The solution x € C*|0, T| of BVP (18), (26) with an initial given value of i is
modified Ulam-Hyers stable (MUHS) if there exists a constant K > 0, such that, for any number
e > 0 and any solution v € C*[0,T|, av(0)+ bv(T) = p, of the PFDI (22), the inequality
|x(t) — v(T)| < Ke holds for T € [0, T].
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Theorem 6. (UHS). Let the following conditions be satisfied:

1. The conditions of Theorem 5 are satisfied.
2. Forany e > 0, the inequality (22) has at least one solution from C**[0, T|.

Then, the BVP for GPFDE (18), (26) is Ulam-Hyers stable.

Proof. Let ¢ > 0 be an arbitrary number and let the function v € C**[0, T| be a solution of
inequality (22). According to Lemma 6, there exists a function g € I**[0, T], such that the
function v is a fixed point of the operator ()1 defined by (35).

Let 4 = av(0) + bv(T) in the boundary conditions (26). According to Theorem 5 and
Remark 10, the BVP for GPFDE (18), (26) has a solution x € C*?[0, T| for this particular
value of the parameter y, and it is a fixed point of the operator (), defined by (28).

Let T € [0, T| be fixed. From condition 2 of Theorem 5, we obtain:

|u(7) = x(7)| = [(Qu)(7) = (Qx)(7)]

-1 T p- _

L [t <,

4T T p*T'(a) Jo (T —s)

+ al /Te%(rfs)u“(s)_x(lszl(“’cds (36)

p"I(a) Jo (t—s)

b 1 T b 1 T
<|lu—x||L|1+ ‘LW W@f?+c 1+ ‘L% T &
atber T|)P a+ber | [P

and therefore
|[x —ul| < Ge+GL[[x —ul],

|b|
—1
u+bepTT
ity LG < 1 holds.
According to Definition 9, the BVP (18), (26) is UHS with K = % O

whereG = | 1+

pﬂr(Tf Ty According to condition 3 of Theorem 5, the inequal-

Theorem 7. (MUHS). Let the conditions be satisfied:

1. The condition (B) is satisfied, and the value of y is given.

2. The function x € C**[0, T] is a solution of the BVP for GPFDE (18), (26) with the given .

3. The function f € C([0, T] x R) is such that f(.,x(.)) € I*[0, T], where x(t) is the solution
from condition 2, and there exists a constant L > 0, such that, for t € [0, T|, Xj € R, j=1,2,
the inequality |f(t,x1) — f(t,x2)| < L|x1 — x3| holds.

6]
-1

4. The inequality LT* | 1+
atbe 7T

< p*T(1 + ) holds.

5. Forany e > 0, the inequality (22) has at least one solution from C**|0, T}.
Then, the solution x(t) of the BVP for GPFDE (18), (26) is modified Ulam-Hyers stable.

The proof of Theorem 7 is similar to the one in Theorem 6, so we omit it.
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3.5. Ulam Type Stability for BVP for Caputo Fractional Differential Equations

Since the Caputo fractional derivative is a special case of the generalized proportional
Caputo fractional derivative (p = 1), we will give only the sufficient condition for UHS and
MUHS for the Caputo fractional differential equation (CFDE)

§D%(t) = f(t,x(t)), t€(0,T], a <€ (0,1). (37)

with a boundary condition (26).
Let e > 0. We consider the following Caputo fractional differential inequalities:

|(§D*u)(t) = ftu()| <, telo,T]. (38)

Theorem 8. (UHS). Let the following conditions be satisfied:

1. The condition (A) is satisfied with p = 1, and there exists a constant L > 0, such that, for
t€[0,T],x; €R, j =1,2, the inequality | f(t,x1) — f(t,x2)| < L|x1 — x2| holds.

2. The inequalities a + b # 0 and LT* (1 + \a‘i‘b\) <T(1+w) hold.

3. Forany e > 0, the inequality (38) has at least one solution.

Then, the BVP for CFDE (37), (26) is Ulam-Hyers stable.

Theorem 9. (MUHS). Let the conditions be satisfied:

1. The inequality a + b # 0 holds, and « € (0,1) and y are given.
2. The function x(t), t € [0, T}, is a solution of the BVP for GPFDE (37), (26) with the given j.
3. The function f € C([0, T] x R) is such that f(.,x(.)) € I%'[0, T], where x(t) is the solution
from condition 2, and there exists a constant L > 0, such that, for t € [0, T], xeR, j=12,
the inequality | f(t,x1) — f(t,x2)| < L|x1 — x2| holds.
14

The inequality LT* (1 + W) < T'(1+ «) holds.

For any e > 0, the inequality (38) has at least one solution.
Then, the solution x(t) of the BVP for GPFDE (37), (26) is modified Ulam-Hyers stable.

3.6. Examples

Since Caputo fractional differential equations are studied by many authors, we will
start with a simple example with the Caputo fractional derivative (o = 1).

Example 2. Consider the linear Caputo fractional differential equation (x € (0,1))
$D%x(t) = —0.5x(t), te€ (0,1]. (39)
Let & > 0, and consider the fractional differential inequality
’gD"‘v(T) + 0_5v(r)‘ <e T€(01] (40)

The functions v(t) = eE,(—0.5t*) and v1 (t) = € are solutions of (40) for a constant e.
Case 1. (IVP). Consider the initial condition

x(0) = xo. (41)

Case 1.1. We will look at Definition 6 with p = 1.

The IVP (39), (41) has a unique solution x(t) = xoE,(—0.5t"), where E,(.) is the Mittag-
Leffler function with one parameter (see Lemma 4 with p = 1,A = —0.5, F(t) = 0).

Consider the solution v(t) = ¢E,(—0.5t%) of the fractional inequality (40). Take xg = v(0) = ¢,
then the inequality |x(t) —v(t)| =0 <e¢, t € [0,1], holds.

Consider the solution v1(t) = € of (40). Take xy = v1(0) = e. Then, the inequality
|x(t) —v1(t)| = €|Ex(—0.5t%) — 1| <, t € [0,1], holds.
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Case 1.2. We will look at Definition 7 with p = 1.

Let the value of xq be given, for example, xo = 0. The IVP (39), (41) has a unique solution
x(t) =0.

For an arbitrary € > 0, we choose a solution of (40), which satisfies the initial condition (41)
with xg = 0, for example v(t) = et?. It satisfies (40) because § D*t> = m and also
note [v(t) — x(t)| = |et> — 0] < et € [0,1].

Summarizing, if we have a particular initial value, then we consider a particular solution of the
corresponding IVP, and we study MUHS. If we have an arbitrary initial value, then we study UHS.

Case 2. We will consider the linear Caputo fractional differential equation (x € (0,1)) (39)
with a boundary condition.

Case 2.1. We will look at Definition 9 with p = 1.

Consider the boundary condition

VO + s = )

where y is an arbitrary constant.

The BVP (39), (42) has a unique solution x(t) = 0.5uEy(—0.5t*) for any value of the
parameter u.

Inthiscase, L=05, T=1,a=1,b = ﬁ and the inequality LT* (1 + \a‘—lﬁb\) =
0.5(1 + HEC}W) < T(1+ w) is satisfied for all « € (0,10). Therefore, the conditions of
Theorem 8 are satisfied, and the BVP for CFDE (39), (42) is Ulam-Hyers stable.

In this case, the operator Q) defined by (28) with p = 1is

_ HE(-05) L Sy 0
@) =g o +1 T B (05 +1T () /0 (1- S)Hds

17 v
T /0 (t— s)l_"‘ds' Te[01].

(43)

Consider the solutions v(t) = eE,(—0.5t") and vy (t) = € of the fractional Equation (40).
The operator )1 is defined by (35), and it reduces to:

_ MEL(-0.5) 1 1 1 ov(s)—e
(O)(0) = £ 205 71 T Ex(=05) 71 T(a) /o (1— S)l—rxds

1 (7 v(s)—c¢
) /0 (T—s)lf"‘dS, T€[0,1].

(44)

Ifu = v(0)+ ﬁv(l) = 2¢, then v(t) is a fixed point of the operator O3y, and
|x(t) —v(t)] =10.5(2¢)Eq(—0.5t) — eEo(—0.5tY)| = 0 < e for t € [0,1].

Ifu =v1(0) + ﬁvl(l) =e(1+ ﬁ), then vy (t) is a fixed point of operator ()4
and |x(t) —v(t)| = €]0.5(1 + ﬁ)Ea(—O.St“) —1| <efort € [0,1] (notea € (0,1)).

Case 2.2. We will look at Definition 10 with p = 1.

Consider the boundary condition without any parameter, i.e.,

v(0) = ﬁm). (45)

The BVP (39), (45) has a unique solution x(t) = E,(—0.5t%).

In this case, L = 05,T = 1,b = —plge,a = 1, and LT*(1+ %) = 0501+

m > T(1+w) fora € (0,1). Then, condition 3 of Theorem 9 is not satisfied, and we
cannot conclude that the solution x(t) = E,(—0.5t") of BVP for CFDE (39), (45) is modified

Ulam-Hyers stable.
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Note that, in this case for MUHS, we need to take only solutions of PFDI (40), which satisfy
the boundary condition (45). For example, the solution u(t) = e of (40) could not be applied because
it does not satisfy the boundary condition (45). The solution v(t) = eE,(—0.5t") of (40) satisfies
the boundary condition (45), and the inequality |x(t) — v(t)| = |1 — ¢|Eo(—0.5t*) < Ce is not
satisfied for ¢ close to 0.

Summarizing, the type of boundary condition is very important for Ulam-type stability. If it
has a parameter, one might be able to select this parameter, so that PFDI (40) is satisfied, and the
BVP has some sort of Ulam-type stability.

In connection with the above example and the above discussion to study UHS of any
type of differential equations, we need a boundary condition with a parameter.

In the case when the initially given boundary value problem does not have a pa-
rameter, we could only study MUHS of a particular solution. In this case, we have to
use only solutions of the corresponding differential inequality, which are satisfying the
given boundary condition (see, for example, the given BVPs without any parameter, the
definitions of Ulam type stability and the study of the stability of the unique solution
in [31] for Riemann-Liouville FDEs, Lemma 4.1 in [32] for nonlinear coupled systems of
Riemann-Liouville fractional differential equations, for implicit Caputo FDEs, and [33,34]
for Caputo FDEs).

Example 3. Consider the following GPFDE:

C1y0.307 oyl
’ =0. 4
gD y(t) 06t+1e , te[0,1] (46)
with boundary condition
3y(0) +2y(1) = p. (47)
In this case, f(t,y) = 0.6;5e W and L =06, =03,p=07,T=1a=3,b=2.
Additionally,
|b| ™ 1 2
G=|1+ _ = + . = 1.81648, (48)
ot b T| [T a) — 073T(13) ( 340007 ))

and LG = 0.908239 < 1, C = #8215 = 19.7958.

According to Theorem 6, the BVP for GPFDE (46), (47) is Ulam-Hyers stable.
For example, let ¢ = 0.35. Consider the function v(s) = e 7, s € [0,1]. According to

Lemma 3 with p = 0.7, p = 2, we have (OD""PePTtt)(T) = 0‘?0(;2()2) )6#711’0'3 and

-1
t
e

(0D**e 30 ())(1) = 06—

f <035 telo1].

Consider the solution y(t) of (46), (47) with y = 3v(0) +2v(1) = 0+ 27 = 1.30288.
Then, the inequality max;c(o 1] |x(t) — e#tﬂ < 0.35C = 6.92853 holds.

Remark 13. The above definition and ideas for Ulam-Hyers stability could be easily used as a basis
for definitions of other types of Ulam stability, such as Ulam-Hyers-Rassias stability, generalized
Ulam-Hyers-Rassias stability, and for other types of boundary conditions for differential equations
with different types of derivatives.

4. Conclusions

A linear boundary value problem for a generalized proportional Caputo fractional
differential equation is considered. The boundary condition depends on a parameter. The
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existence and uniqueness of the solution depending on this parameter are discussed, and
the Ulam-Hyers stability is defined and discussed. Several examples are given to illustrate
the theory. The obtained results and the ideas in this paper could be applied to study other
types of Ulam stability for various types of fractional differential equations with boundary
conditions, i.e., the proposed ideas could be applied to study Ulam-type stability for various
types of boundary value problems for other types of fractional equations, such as fractional
differential equations of order « € (1,2), integro-differential fractional equations, and
partial differential equations with time fractional derivatives.
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