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conditions, involving the Riemann-Liouville fractional derivative of order « € (1,2). The main
objectives are to obtain conditions for the existence and uniqueness of solutions (within appropriate
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conditions for the existence and uniqueness of solutions are obtained based on the analysis of an
associated class of fractional integral equations and distinct fixed-point arguments. Additionally,
using a Bielecki-type metric and some additional contractive arguments, conditions are also obtained
to guarantee Ulam-Hyers and Ulam-Hyers—Rassias stabilities for the problems under analysis.
Examples are also included to illustrate the theory.
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1. Introduction

Given the importance that fractional derivatives and integrals [1-7] have shown to
have in the optimization and improvement of mathematical models of real events or even
of those associated with other areas of knowledge (namely through making these models
more accurate when compared to what they effectively model), we have recently witnessed
a large development in the mathematical analysis of classes of fractional order differential
and integral equations.

In this context, it is essential to know about the possible existence of several solutions
to the problems in question, possible sufficient conditions to obtain a unique solution and
even conditions that eventually guarantee distinct forms of stability of the solutions (this
being a crucial aspect, in particular, for the study of approximate solutions to the problems
in analysis). The most used techniques in these problems involve the consideration and
identification of operators that (in a sense) represent the problem (in some “equivalent”
way) and usually involve different principles of contraction, as well as different estimates,
usually framed, or dependent, on norms (or metrics), within the spaces framework most
suited to the problems under study.

For this type of problem, the analysis of their eventual stability is also a study of sig-
nificant importance. Namely, through the Ulam-Hyers and Ulam-Hyers—Rassias stabilities
[1,8-17] which, with their specific characteristics, make it possible to identify forms of a
slight disturbance in the system (that defines the problem) does not have a too disturbing
effect on that system.
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Having this general framework in mind, we would like to start by emphasizing that
in [18], Chai studied the existence of solutions to the boundary value problem

{ D&, x(t) + 1Dy x(t) = f(t,x(t), te€(0,1),
x(0) =x(1), x(§) =1, ¢€(0,1),

where ¢D%, and CDZ‘f denote the standard Caputo derivatives of order « and & — 1, re-
spectively, in this case with 1 < & < 2, and r # 0. Additionally, more recently, Xu et al. [19]
considered the existence of solutions and the Ulam-Hyers stability for the fractional bound-
ary value problem

{ ADS, x(t) + Db x(t) = f(t,x(t)), te(0,T),
x(0) = 0, pDix(T) + Ig3 () = 73,
where Dg . denotes the Riemann-Liouville fractional derivative operator of order ¥,1 < a < 2,
1<B<a0<A<10<pu<10<y <a—p 7 >0 Ij2 denotes the
Riemann-Liouville fractional integral operator of order 7, and 0 < 7 < T. Moreover,
in [20], Ahmad et al. investigated the existence of solutions and the Ulam-Hyers stability

for a fractional initial value problem given by

(CDZ‘+x(t) + )\fDZ‘;lx(t) —I—/\ZCDZ:zx(t) = f(t,x(t)), te€laT),
x®)(a) = b, k=0,1,2,

where €D, is again the Caputo fractional derivative of order & € (2,3), and A; and A,
are nonzero constants. In [21], Alvan et al. investigated the existence of solutions for the
fractional boundary value problem

{ CDE, x(t) +2r°Dy () + r2°DE 2x(t) = f(tx(t), D51, r>0, te(0,1),
x(0) = x(1), ' (0) = x'(1), ¥'(¢) +rx(¢) =1, ¢ € (0,1),

where 2 < a < 3 and 7 is a positive real number. Bilgici and San [22] considered the
existence and uniqueness of solutions to the problem

{ ADS x(t) = f(t,x(t), Dy 'x(t), t>0,
x(0) =0, Dy x(t)]—0 = b,

where a € (1,2) and b # 0.

Motivated by the analysis and the results already achieved for the above-mentioned
problems (included in the works [18-22]), we investigate in this paper the stabilities of
Ulam-Hyers and Ulam-Hyers—Rassias types [1,8-11,14,16], and the existence and unique-
ness of solutions to the following initial value problem of fractional order (IVPFO)

{ Dy x(t) + ADE'x)(t) = f(t,x(1), te€[ab],

@
x(a) =x'(a) =0,

where 1 < a < 2, A is a nonzero constant, 2,b € R (witha < b)and f : [4,b] x R — R

is a continuous function. Thus, this problem can also be viewed as a class of problems

depending on the parameter A, and with the form of a single-point boundary problem “a”

of a two-term fractional differential equation.

The remaining part of the work is organized as follows: Section 2 contains the nec-
essary definitions and the fundamental tools that are used in the sections that follow; in
Section 3, we derive different conditions for the existence and uniqueness of solutions
for the IVPFO (1); in Section 4, we discuss the Ulam-Hyers and the Ulam-Hyers—Rassias
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stabilities and obtain conditions for their existence. Finally, some examples are included to
describe the obtained results in a more concrete way.

2. Preliminaries and Background Material

We start this section by presenting the known basic definitions of the main objects that
we will use.

Definition 1. The Riemann—Liouville fractional integral of order & € R of a function x (on [a, b))
is defined by

I8, x(t) = I,(la)/at(t—s)“lx(s)ds (@a<t<b)

provided the right -hand side is pointwise defined and where I denotes the Euler Gamma function
(given by T'(a) = [;° % le~tdt, & > 0).

Definition 2. The Riemann—Liouville fractional derivative of order & > 0 of a function x (on [a, b])
is defined by
« 1 d" ! n—u—1
Dy x(t) = md?/a (t—s) x(s)ds,
withn = [a] 4+ 1.

In what follows, we denote by L!([a, b]) the Banach space of Lebesgue integrable func-

tions from [a, b] into R with the norm ||x||;1 = f |x(t)|dt and by C(][a, b]) the Banach space
of all continuous functions g : [a, b] — R endowed with the norm ||g|| = SUP;e a4 lg(t)].

Lemma 1 ([3]). Assume that x € C([a,b]) N LY([a, b]) with a fractional derivative of order a > 0.
Then

Doy Loy x(t) = x(t)
and
I Dx(t) = x(8) +er(t—a) et —a) 4 +oa(t—a)* ",

forsomec; € R,i=1,2,...,n, where n is the smallest integer greater than or equal to .

For the reader’s convenience, let us recall some classic principles of contraction and
inequalities that we will use later.

Theorem 1 (Banach contraction principle). Let (X, d) be a generalized complete metric space,
and consider a mapping T : X — X which is a strictly contractive operator, that is

d(Tx,Ty) < Ld(x,y), Vx,y€X,

for some constant 0 < L < 1. Then:
(a) the mapping T has a unique fixed point x* = Tx*;
(b)  the fixed point x* is globally attractive, namely, for any starting point x € X, the following
identity holds:
lim T"x = x¥;

n—o0

(c) we have the following inequalities:

d(T"'x,x*) < L'd(x,x*), n>0,x€X;
d(T"x,x*) < %d(T”x, T"x), n>0xeX;
d(x,x*) < Ld(x, Tx), xe€X.

1-L
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Theorem 2 (Schauder’s fixed point theorem). If Q) is a closed, bounded, convex subset of a
Banach space X and the mapping T : Q) — Q) is completely continuous, then T has a fixed point
in Q).

Keeping in mind some parts of the proofs of the next results, let us recall an important
integral inequality that we will actually use later.

Theorem 3 ([23], [Theorem 11.2]). Let u(t), b(t), o(t) and k(t,s) be nonnegative continuous
functions for a < s <t < b and suppose that

t t s
u(t) < e1 4+ o(t) <C2+/ b(s)u(s)ds+/ / k(s,T)u(T)des)),
a a a
for t € [a,b], where c1,cp > 0 are constants. Then,
u(t) < cpeli BEOI(S)ds 4 / ¢ B(s)elt Bty

where B(s) = b(s) + [ k(s, T)dT.

We denote by C?([a,b]) the space of functions x which are 2-times continuously
differentiable on [a, b] endowed with the norm

2
Ixllca = Y- sup |x¥ ().
k=0t€[a,b]

It is well-known that (C2?([a, b]), || - ||c2) is a Banach space.

In our next analysis of the existence and uniqueness of solutions for the IVPFO (1),
we will make use of the following auxiliary property (which may be considered as a very
natural and expectable property; cf., e.g., [24]).

Lemma 2 (See also [24]). Let & € (1,2) and x € C?([a,b]) with x(a) = x'(a) = 0. Then
Di x € C([a,b]) and

(P00 = iz [ (=9 ().

Moreover,

(D x)(1) = (D 'a)(8). @

Proof. For the reader’s convenience, we have chosen to include here a proof of this lemma.
Within the stated conditions, we simply have to use integration by parts to obtain

/;(t — )17 (s)ds = 5 1 " ./;(t —5)27%'(s)ds,

/at(t —5)2 %/ (s)ds = 3 i " /at(t —5)37%x"(s)ds.

And so, it follows
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(Dayx)(t) = T2—a)

Since under the present conditions | ; (t —s)1~*x”(s)ds is continuous on [a, b], we conclude
that Df, x is continuous on [a, b].
Moreover,

2
(D2, 5)(t) = ml_)(jt) '/;ufs)l-“x(s)ds

_ 11—« / ds
T T(2—a)dt '

Integrating by parts, and using the circumstance that x(a) = 0, we obtain

/ (t— ) (s)ds = (DA Lx') (8),

(P30 =ty

which concludes the proof. O

Remark 1. Proceeding in a similar way as in the previous lemma, for « € (1,2), x € C?([a, b])
and x(a) = x'(a) = 0, it follows that D*'x € C([a,b]) and

(D00 = gy [ (=9 ().

3. Different Conditions for the Existence and Uniqueness of Solutions

In the present section, we will analyse conditions to ensure the existence of solutions
to the IVPFO (1) and also conditions to guarantee the uniqueness of the solution. In view
of this, let us first start to “translate” the IVPFO (1) through a fractional integral equation.

Proposition 1. As before, let « € (1,2), f : [a,b] x R — R be a continuous function and
A # 0. A function x € C%([a,b)) is a solution of the IVPFO (1) if and only if x satisfies the
integral equation

e M tru
x(t) = m/a /a (u—s)*2eM f(s,x(s)) dsdu. 3)

Proof. Let X € C?%([a, b)) be the solution of IVPFO (1). By Lemma 2, we have that
Dy, x, Dt ot X € C([a,b]) and D, x = Dt o+ X'. Thus, we can rewrite our main equation
in (1),

(Da+x) (1) + M(Dgy ' x) (1) = f(t,x(1)),
in the form

(D312 (8) + A(Dg ) (1) = £t x(8)). 4)

In view of Lemma 1, one has

(L' De ) (1) x(t) + e (t—a)* 3,
(DY) (1) = X () +di(t—a)* 2, t € [a,b].
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Thus, applying Ig;l to both members of Equation (4), we obtain
¥ (t) + Ax(t) + (Aey + i) (E— a)* 72 = [T (- x()](). ®)
Since x(a) = x'(a) = 0, we conclude that
/\Cl + dl =0,
and so it follows
x(8) + Ax(t) = [ f( x())](0). ©®)
Let y(t) = eMx(t). One has that
() = —AeMy(t) + My (1)
Substituting the last two identities in (6), we obtain
y'(t) = M FC ey ()0 )
Since x € C2([a,b]), we have that y' € C'([a,b]). Moreover, I*.'f is a continuously
differentiable function. Thus, integrating Equation (7) from a to ¢, we obtain
_ oc -2 )\u
W) =@+ gy [ o2 s e () s,
Taking into account that y(t) = eMx(t), it follows that
e—/\t t ru
x(t) = e MYy (a) + m/a /a (u—s)*2eM f(s,x(s))dsdu,
and using the initial conditions, we conclude that
— a 2 Au
() = 7=y // £(s,x(s)) dsdu.
Conversely, assume that x is given by (3), and thus
(1) = gy 0902 (s x(s) s ®)

It is clear that x(a) = 0 and since x is continuously differentiable on [, b], differentiating
both sides of (8), we get

e/\t

My (b) + AeMx(t) = a1 /at(t —8)"2f(s,x(s))ds,

which is equivalent to

x'(t) + Ax(t) = I’(le—l) /ut(t —8)*2f(s,x(s))ds. ©)

Thus x'(a) = 0 and since x € C?([a, b]), accordingly to Lemma 2, we have that D%, x and

DZ‘;lx exist. Applying Df,‘;l to both sides of Equation (9), using Lemma 1 and (2), we
also obtain

(D& x)(8) + A(DgT ) (1) = f(t,x(1)),

which completes the proof. [
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Having in mind Proposition 1, we realize that studying the solutions of IVPFO (1) is
the same as studying the solutions of

x=Tx,
where T is the fractional integral operator given by
e M b x—2 Au
(Tx)(t) = =1 /a /,; (u—s)* e f(s,x(s))dsdu, (10)
for x € C%([a,b]) and A € R\{0}.

Remark 2. Another way to discover an integral form of x(t) is to consider the integral equation
t
= —/\/ s)ds + 5y / (t—s)""1F(s,x(s))ds. (11)
a

In fact, applying 1%, to both members of equation (D%, x)(t) + AM(D%1x)(t) = f(t, x(t)), and
using Lemma 1, we obtain

K(0) +an(t =) b ap(t— a2 44 [ (x(6) (s — 0 2)ds = (15 F,x()]0)
(a1,a2,b1 € R), which is equivalent to

) = = (m A )= =) 2 A [ s+ [ £
Since x(a) = 0, it follows that ay = 0. Observing that

X (1) = —((a = Dag + Aby) (t—a)* "2 = Ax(t) + [ F (- x (D)),

and using the initial condition x'(a) = 0, we also conclude that a; + /\abfll = 0, and thus,
Equation (11) is obtained.

Let us fix the following notation

_ (b= 3 2),—A(b—a)
ky = M[HMHAZ (14 A+ A%)e M0~ a)}
* AT () ’
and
. k-, A<0
K=K(7) ._{ ko AS0 (12)

Theorem 4. If f : [a,b] x R — R is continuously differentiable, then the IVPFO (1) has at least
one solution in C?([a, b]).
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Proof. We will use the Schauder fixed point theorem for the fractional integral operator
T, defined in (10). The continuity of Tx follows from the continuity of f. Moreover, we

have that
T = [ [ s x(odsn
ey [ 9 s a(eas
= M_T / [ et =) 2 (s, x(6))dsd
* r<1,x) (<ta>“ 1 (a,0) + / )L, x(s))ds),
and

—At
(T2)" (1) = %1 // M — §)42f (s, x(s))dsdu

Fmy L (9 2 x(e)ds

1

ey (=072 @0 + [ (=92 (s x()as ).

Since f is continuously differentiable, there exist positive constants A and B such that
|f(t,x(t)] < Aand |f'(t,x(t))| < B, t € [a,b]. Define Q = {x € C*([a,}]) : ||x]|= < R}
with R being a positive real number satisfying

(b—a)*2 (b —a)~ 1
> A N G
R > KA+ Ta—1) f(a,0) + ()

It is clear that Q) is a closed, bounded and convex subset of C2([a,b]). Moreover, we
have that

e*/\t

(TR = ]r(l [ [ o2 (s ) dsat

< &_1 [ [ = 92156, x(s) lasa
< ’Zoﬁ‘i / b [ sy 2dsdu
e u
< WA(ZJ_IZ) /a eMdu
_ (b_a)ail —A(t—a
= A
Qe M u
(O] < Sy [ 9 26 (s a(s) s
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Yy

[(Tx)"(t)] < ’ Ta—1) / / Au( ) 2f (s, x(s))dsdu

+‘F(“A_1)/ (t = 5)*2f(s, x(s))ds

+' I"(lxl_ 1) <(t - a)aizf(a/ 0) + ut(t - S)lxzfl(S,x(S))dS>

—g)-1 —g)x2 _ )1

(b/\r(i) (R = e A A+ (?(a _)1) fla0)+ F(zx)) 5

Thus, we have that

_ gl
ITxllc2 < sup]{W(l_eA(ta))A}

S U@
o [ - )
It

Thus, if A < 0, we have that

|Tx||lcz < (b;r‘(‘iv;l[1—A+A2—(1—A+A2)e—A<b—ﬂ>+A—A2}A
+<§(—_>1) £(,0) + (b?<)>3
k_A+ Mf(a,o) + (br&);_lB <R,
and if A > 0, we have
ITx|| 2 < (b/\_ra;_l[l+)\+)\2(1+/\+/\2)e‘/\(b_“)+/\+/\2}A
+(?(lxa_)i_)2f(a,0) )i r&);_l B
A Ui a)* b—a)tp g

Ta—1 @0+ 1

Consequently, we conclude that T is a bounded operator on QO C C?([a, b]).
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Let us prove that operator T : 3 — Q) is completely continuous. For t1,t, € [a,b],
t1 < t, one has

()6 = (] = [ [ [ e 926 s )t
e [ [ e s
< e 9 s s s

[ sy 20 s s,

which tends to zero as t; — t; (independently of x and A). In the same way, we get

[(Tx)' (t2) = (Tx)' (1)

= (T () — (T2) (k) + =

fa gy [ (= s () s +

+F(¢x11) /ah“h —5)"72 = (= 9)"?]|f (s, x(s))|ds,

which tends to zero as t, — t;. Finally, we observe that
[(Tx)"(t2) = (Tx)" (t1))

= AT () = (T ()] + gy ] 2= 9% 2 (s, () s +

I'(a—1) Jy
gy 6= 97 = (=) 2 s x(o) s

Ta—1) Ja
—a a—2 —a a—2
(tZ ) 1—-(“ _(i3 ) f(a/ 0)

tends to zero as t, — t1. Thus, we conclude that T() is equicontinuous. Following Arzela-
Ascoli Theorem, we obtain that T is completely continuous. Applying Schauder’s fixed
point theorem (cf. Theorem 2), we conclude that the operator T has at least one fixed point,
which means that the IVPFO (1) has at least one solution and the proof is completed. [

We will now exhibit other conditions under which, besides the existence of solutions,
we will also guarantee the uniqueness of the solution to the IVPFO (1).

Theorem 5. Let f : [a,b] x R — R be a continuously differentiable function and suppose that
there are L1 and Ly > 0 such that, for t € [a,b],

If(tx(t) — f(ty®)] < Li|x(t) —y(t)], (13)
If'(tx(8) = f Ly < La(lx(t) —y(B)| + ' (8) =y (B)]). (14)
If
—a a—1
KL, +L2(bfw)) <1,

then the problem (1) has a unique solution on C?([a, b]).
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Proof. Since f is a continuously differentiable function, according to Theorem 4, the
IVPFO (1) admits at least one solution. Let us assume that conditions (13)—(14) hold.

Thus, we can obtain that, for x,y € C?([a, b]),

(T - IO < o e e

5)"2|f(s,x(s))

Le)\t
< 1 . / )\u/ (1 — 5)*2|x(s)
a_

IA

1

[(Tx)'(8) = (Ty)' (1) < F(m_l)/t(t—S)“_zlf(Sﬂf(S))—J‘(S,3/(S))|Cls

\Ale M / Au/

lX—l
L
I(a—1)

L1|)\|€ ’\t/ /\u/
oc—l

IN

IN

(b a)"‘ 1(1—6 A(t— a))

) 21f(s,x(6) -
[ =51 2xs) — y(o)las

tX 2|x

—f(sy

f(s,y

(b—a)* 1(A + A (1 = e

Lil[x = yllc2

and

2 At
(T =)' O] < {2 [ e
Al

N

+

_
I(a—

Ll)\2 At// )\u
0‘*1 a Ja

|A|Lq

+

IN

+

Ly
T(a—1) Ja

+

AT (a)

=) 2 |f(s,x(s))

—5)"2|x(s) -
[(a—1) /ut“ —8)"2|x(s) —y(s)lds
/t(f —8)¥72(|x(s) —y(s)| + |x'(s) — ¥/ (s)])ds

—f(sy

—y(s)|dsdu

—y(s)|dsdu

7

o ), t(th)“‘zlf(s,x(S)) ~ £5,y(s))lds
5 [ =9t s x(s) = (s yls) s

y(s)|dsdu

(b — a)*1 (A2(1 — M)y 4 /\|/’\|)

IN

Liflx =yl
L _
+ 2||x y”C2 F(Dé)

Thus, we conclude that, for A > 0

AT (a)

(b _ a)zx—l

(s))|dsdu

(s))|dsdu

(s))|dsdu

[ Tx — Tyl 2
= sup [(Tx)(t) = (Ty)(t)| + sup [(Tx)'(t) = (Ty)"(t)| + sup |(Tx)"(t) — (Ty)"(t)]
te(a,b] te(a,b] te(a,b]
—g)e1 2 2 ef)\(hfa) —g)e1
< Ir—ylle lLl (b —a)*1[1 +2A+2}i\r(“)(1 +A+A2) IR W))

b—aqg)r1
= (k+L1+L2( T(a)) >||x—y|c2,
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and for A < 0,

ITx = Tyl|c
(b _ a)tx—l[l _ e—)\(b—a) + Ae—/\(b—ﬂ) _ /\Ze—/\(b—u)] (b _ a)a—l
< _
< lx=vlle [Ll AT () = I'(a)
b—a)*1
= <k—L1 + LZ(F@B)) [x = yllca-

Since KLy + Ly "5

contraction principle (cf. Theorem 1), we conclude that T has a unique fixed point, which
from Proposition 1 means that the IVPFO (1) has a unique solution on C?([a,b]). O

< 1, we have that T is a contractive operator. Thus, by Banach

4. Ulam-Hyers and Ulam-Hyers—Rassias Stabilities

In this section, we analyse the Ulam—-Hyers and the Ulam-Hyers—Rassias stabilities of
the above class of problems. In fact, since from Proposition 1 we have a new Equation (3)
to describe the IVPFO (1) equivalently, we may choose to discuss the stabilities of (1) or (3).
Thus, in here, we choose to exhibit, in detail, conditions for the Ulam—-Hyers stability of (1)
and the Ulam-Hyers—Rassias stability of (3). To this purpose, let us first point out what are
the definitions of such stabilities in each of those cases.

Definition 3. The IVPFO (1) is Ulam—Hyers stable if there exists a real constant k > 0 such that,
for each € > 0 and for each solution y € C?([a, b)) of the inequality problem

(15)

{ DLy + MDY — flLy()] <€ telab),
y(a) =¥/ (a) =0,

there exists a solution x € C?([a, b]) of the problem (1) (or, equivalently, of (3)) such that
ly(t) — x(t)| < ke, t€ |a,b].

Remark 3. If we look at what is inside the modulus function in (15) as a single “new” function h,
it directly follows that a function y € C2([a, b)) is a solution of the inequality in (15) if and only if
there exists a function h € C([a, b]) (which depends on y) such that

(i) |h(t)| <€ t€lab)],

(ii) y(a) =y'(a) =0,

(iii) Dy, y(t) + MDD 'y) () — f(t,y(t) = h(t), t € [a,b].

Definition 4. The fractional integral Equation (3) is Ulam—Hyers—Rassias stable with respect to
@ : [a,b] — RY if there exists a real constant ko, > 0 such that, for each € > 0 and for each solution

yof

At u
‘y(t) - ﬁ /at/ﬂ (u—s)*"2eMf(s,y(s)) dsdu| < ep(t), t€ [a,b], (16)

there exists a solution x of the problem (3) with
[y() — x(8)] < kgeq(t), t€ [a,b].

4.1. Ulam—Hyers Stability

As indicated above, we will start by identifying conditions that guarantee the Ulam—
Hyers of the IVPFO (1).



Mathematics 2023, 11, 297

13 of 22

Theorem 6. Let the continuously differentiable function f satisfy the Lipschitz conditions (13)—(14),
forall t € [a,b], and assume that

(b—a)*1

Ify € C?([a, b)) satisfies the inequality and initial conditions (15) (with € > 0), for all t € [a, b],
then there exists a unique solution x € C?([a, b]) of the IVPFO (1) such that

ly(t) —x(t)| < ke, t€[ab],

<1. (17)

for

B a1 (1_97)\(b7a)>(b_”)m—l
r— (b—a) Ly PO (18)

a—1
which, in particular, means that the IVPFO (1) is Ulam—Hyers stable.

Proof. According to the hypothesis, there exists a unique solution of the IVPFO (1).
Let y € C?([a, b)) be any solution of the inequality of (15). By Remark 3, following the
procedure of Proposition 1, one has that

e~ M t ru
y(t) = 7/ / (u —5)¥2eM f(s,y(s))dsdu

IXZ)U/I
“71 // h(s)dsdu,

with |h(t)| < €. Thus, we have that
x()—y(t)] = \ o [ =9 s x(5) — o))

m/ / (u —5)*2eMn(s)dsdu

< —fl / t / u(u—s)“*zeA”lf(srx(SD — Fls,y(s))ldsdu
< 1ﬁ / M / (1 — )" |x(s) — y(s)|dsdu
zx—l / M/ ) dsdu
B ot
+€<1—e“fmjz><)b— a)*!
<« L (O [ [ bt ) — ) asa

1A_FE;A_<b;> (e(b ;f)f_l . /ut /au Ly (1 — )82 x(s) — y(s)|dsdu).
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Thus, according to Theorem 3, we have that

b—a)1 1-cAl-a) (t—a)r1

[x(t) —y()] < L a‘f)lfe RS
— 1—e=Mb=) ) (p—g)a—1

Meh( Ar(.x))( )

a—1

4

and we conclude the above claimed inequality and that the IVPFO (1) is Ulam—Hyers stable. [

4.2. Ulam—Hyers—Rassias Stability

We will now consider the Ulam-Hyers—Rassias stability. For that purpose, we consider
the space C([a, b]) equipped with the Bielecki type metric

[x(t) —y(1)]

d(x,y) = sup 0 ,

te(a,b]

where ¢ is a non-decreasing continuous function ¢ : [a,b] — RT. It is known that
(C([a, b]),d) is a complete metric space (cf. [25]).

Theorem 7. Let f : [a,b] x R — R be a continuous function satisfying the Lipschitz condition

If(t,p1) — f(t,02)| < Llo1 —p2|, p1,02 €ER, t € [a,b],

with L > 0. Additionally, let o : [a,b] — R™ be a nondecreasing function and suppose that exist a
constant ¢ € [0,1) such that

L/\t /t /u(u —5)" 2M g (s)dsdu < Eo(t), t € [a,b]
T(vc — 1) a Ja o ’ o
If y satisfies
() - i [ [ (=926 (s y() | < eo(t) £ € b
y I’(a — 1) . ., ,y —= 7 ’ 7
and L¢ < 1, then there exist a solution x of the fractional integral Equation (3) such that

) -yl < T2 e fnt),

i.e., under the present conditions, the fractional integral Equation (3) has the Ulam—Hyers—
Rassias stability.

Proof. Having in mind the fractional integral Equation (3), we will consider (in the frame-
work of the above presented Bielecki type metric) the operator T : C([a, b],d) — C([a, 1], d)
defined by

oAt "
0 = iy [ =2 (s () s
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Let us first prove that T is strictly contractive in C([a,b],d). For any v,w € C([a,b],d),
we have

o o S (n = s)2 2 (£ (s, 0(s)) —f(S,W(s))dsdu‘

d(Tv, Tw) = sup
te[a,b] o(t)
f f oc 2 /\u ()|U(S()Tz;;’(s)\dsdu‘
< L su
tefab] ‘T(t)
< L&d(v,w).

Consequently, for L < 1, we have that T is strictly contractive in the present framework,
and we have a unique solution x to the equation Ty = y.

Let us now identify € as an upper bound for d(Ty, y), and use this knowledge. Indeed,
from the hypothesis, we have

() = Ty(0)] = |v(0) ~ s [ s e o) s < o),

which allows us to conclude that

1
doy) < 7o) < 7

and so
€

[x(t) —y()] < T—pz00), £ € [ B]
O

The Ulam-Hyers stability is a particular case of the Ulam-Hyers—Rassias stability in
the sense that instead of having a function ¢ controlling the differences in the last stability,
we simply have a constant k in the first one. Thus, attending that

_ \a—1
O] / / V2 dsdu < %(1 —e M) ke [a, 1),

and proceeding in an identical way to the proof of Theorem 7, we would pass from an
upper bound that depends on a function (of the variable t) to an upper bound in the form
of a constant, which is here directly concluded (following the proof of Theorem 7) in the
next result:

Corollary 1. Let f : [a,b] x R — R be a continuous function satisfying the Lipschitz condition

If(t,01) = f(t,02)| < Llp1 —p2|, p1,02 €R, t € [a,b],

with L > 0. Let

b—g)r1
1= - ) (19)
If Ly < 1 and y satisfies
OE— o [ s e s o) dsau| <€, e o)

then there exist a solution x of the fractional integral Equation (3) such that

x() ~yO] < = t€ la b, 20)
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i.e., under the above conditions, the fractional integral Equation (3) has the Ulam—Hyers stability.

Remark 4. Please, note that the constants k in (18) and ﬁ in (20) cannot be compared for all the

values of the parameters. Consider, for example, the following cases. Admit that L = L1 = Ly = %,
x = % and consider two intervals, one of amplitude equal 1 and another one with amplitude 0.8.
With these values, we have that, for A €] — 2,0[U]0, 5[ condition (17) is verified and also, Ly < 1
for iy as defined in (19). For the case b — a = 1, it is possible to observe that k > ﬁ (cf. Figure 1,

where p(A) > q(A)). For the case b —a = 0.8, we verify that k < ﬁ (cf. Figure 2, where
p(A) <q(A)).

Figure 1. The graphs of p(A) = k(A) and q(A) = % for A € [-2,0]U[0,5]: case b —a = 1.

1.02 ~k
1001
0.98 1

0.96 1
4 4
0.92 k

-2 -1 0 1 2 3 4 5

Figure 2. The graphs of p(A) = k(A) and q(A) = ﬁ*](?\) for A € [-2,0] U [0,5]: case b —a = 0.8.
4.3. Concrete Examples

Let us now consider some concrete examples to illustrate the above theory.
We start by considering the following IVPFO

A=

{ (D2x)(t) + A(D2x)(t) = 75 (x(t) +sin(t)), (21)

x(2) =x'(2) =0,
for t € [2,3]. Thus, in the previous notation, we have in here a = %, a=2,b=3and

f(tp) = %(p +sin(t)),

being clear that f is a continuously differentiable function.
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According to Theorem 4, there exists, at least, one solution of the IVPFO (21). In ad-
dition, having in mind that f'(t, x(t)) = 7 (x(t) 4+ £ x'(t) + sin(t) + t cos(t)), for t € [2,3],
one has that

f(&x(8) = f(Ly(D)] < %IX(t) -y,

f'(tx(1) = f(Ly)] < % (%' (8) =/ ()] + [x() = y(B)]).

Following Theorem 5 and its notation, we have in here L1 = Ly = 21—5 Thus, fora = 2 and

b = 3, we obtain that

( b— a)a—l
I'(a)

for A € [-1, 0] U[0,9] (cf. (12) and Figure 3). Thus, for these cases of A, the IVPFO (21)

admits a unique solution in C([2,3]). Moreover, from Theorem 6, we also know that for

those A the IVPFO (21) is Ulam—-Hyers stable.

KL1 + L, <1,

2 0 2 4 6 8 10

Figure 3. The graphs of z1(A) = K(A)L; + % and zp = 1.

The example we have just analyzed allows us to see that there really are classes of
problems, dependent on A, in which the conditions required in Theorem 5 are met, and
there are still other cases (for different parameters A) in which this is not the case. In view
of this, and keeping in mind that the conditions of Theorem 5 are just sufficient conditions,
an open analysis eventually involves obtaining other weaker conditions according to which
the uniqueness of solution for those classes of problems can still be guaranteed. The same
can be envisaged for Theorem 6 and its sufficient conditions to guarantee the stability of
the Ulam-Hyers type.

Let us now investigate the Ulam-Hyers—Rassias stability of

—At t ru 3 ot .
x(t) = 1"(—1)/2 /2 (u—s)272e" 7—5(y(s)+s1n(s))dsdu, (22)

NIw|

fort € [2,3]and A = 3.
Letting o(t) = ¢!, we have that ¢ is a non-decreasing function and

(cf. Figure 4). Thus, for the notation of Theorem 7, we have L = 5, { = % and so
L =5 <L



Mathematics 2023, 11, 297

18 of 22

4<
3<
2<

1<
0 , , , , ,

2 2.2 2.4 2.6 2.8 3

t
Figure 4. The graphs of pi(t) = %0(t) = Le' (the upper one), and po(t) = lf(it) fzt Jo(u —
2

s)22e3Ug(s)dsdu, t € [2,3].

Take y(t) = f—o(t —2)2. We have that y € C?([2,3]) and y(2) = y'(2) = 0. We have that
(cf. Figure. 5)

e 3t gt oqu 145
‘y(t)—r(g)/z /2 (u—5) 26" 2 (y(s) + sin(s)) dsdu gﬁa(t), te[2,3).

0.107
0.081
0.06
0.044

0.021

w d

2 22 24 26 28
Figure 5. The graphs of ¢i(t) = 5o(t) (the upper one) and gp(f) =

y(t) — W) s fou—s) 23 5 (y(s) +sin(s)) dsdul, t € [2,3].

Thus, according to Theorem 7, the problem (22) is Ulam—-Hyers—Rassias stable with
respect to o'(t) = ¢! and
5et
_ < )
() —x(D)] < g5, € 2.3

Moreover, we can also observe that

1
< = .
<10 te[2,3]

—3t u .
‘y(t) — 15(3) /;/2 (u— s)_763”7s—5(y(s) + sin(s)) dsdu

Thus, applying Corollary 1 and the respective notation, we have that € = 11—0. Additionally,

n= 1=¢? ~ 0.36 and we conclude that

30(3)

[x(t) — y(£)] < 0.1
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In this last example, it is relevant to emphasize the importance of the function ¢ in
the whole process, with special predominance, from the outset, in the determination of the
exhibited upper bounds. In this case, we chose to work with the exponential function, and
this had expected consequences given the growth that the function presents. Incidentally,
the importance of the choice and the impact that the ¢ function has is well evidenced by
the fact that the same problem can be Ulam-Hyers—Rassias stable for a given oy function
and not Ulam-Hyers—Rassias stable for another o, function. Thus, it is precisely for this
reason that the Ulam-Hyers—Rassias stability is determined depending on the chosen ¢
function (and it is also for this reason that this is explicitly mentioned in the name of this
type of stability).

Let us now consider the following different IVPFO

{ (DSx)(t) + M(D5x)(t) = £5x(t) —e ™, t € [0,1], )
x(0) = x'(0) = 0.
Accordingly to the previous notations, we have now a = g, a =0b=1and

f(t,x(t)) = {zx(t) —e~". Itis clear that f is a continuously differentiable function in
[0,1] x R. Thus there exists, at least, one solution of the IVPFO (23) (cf. Theorem 4). More-
over, one has that

f(&x(8) = f(Ey(5)]
f'(tx() = f Ly <

IN

Following Theorem 5, we have L1 = L, = 11—0. Since a = 0 and b = 1, we obtain that for

A €] -1, 0[U]0, % [, the condition

(b _ a)acfl
I'(a)

is verified (cf. Figure 6), which means that the IVPFO (23) admits a unique solution in
C2([0,1]) when considering those values of A (cf. Theorem 5).

KL+ Ly <1

N W A N3 0O
N f f f f h f !

[N

20 2 4 6 8 10
A

Figure 6. The graphs of 1 (A) = K(A)L; + r(L—g) and hp, = 1.
5

Thus, for these cases of A, the IVPFO (23) admits a unique solution in C2([0,1]). More-
over, from Theorem 6, we also know that for those A the IVPFO (23) is Ulam-Hyers stable.
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Let us now analyse the Ulam-Hyers—Rassias stability of

x(t) eg / / ’*ze)‘” (%x(s) - e*s> dsdu, (24)

fort € [0,1], A = 2, and with respect to o'(t) = t. Let x € C?([0,1]) be the exact solution
of the IVPFO (23), and let us consider y(t) = sin(t) — t. It follows that y € C%([0,1]) and
y(0) = y/(0) = 0. We have that ¢ is a nondecreasing function and

4

—2t 1
// )-etio(s)dsdu < go(t), 1€ [0,1)
(cf. Figure 7).
0.257
0.201
0.151
0.101

0.051

0 02 04 06 08 1
t

Figure 7. The graphs of m; (¢ = fO fO ~5e2uc(s)dsdu and my(t) = %g(t) = Z e [0,1].

For the notation of Theorem 7, we have L = % and ¢ = %, and so L¢ = ﬁ < 1. Thus,

‘ = / / (10y( s) = s) dsdu

(cf. Figure 8).

7
< —
< 500(1‘), t e [0,1]

0.141

0.121

0.10

0.081

0.061

0.04 1

0.021

0 0.2 0.4 0.6 0.8 1
t

Figure 8. The graphs of wq (t) = |y(t) — % fot o (u— s)_%ez" ($5y(s) — e ®) dsdu| (the lower one)
5
and wy(t) = Zo(t), t € [0,1].
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Therefore, according to Theorem 7, the problem (24) is Ulam-Hyers—Rassias stable
with respect to o (t) = t and

90 — ()] < ggo(t), € [0,1].

In this last example, we deliberately chose o (t) = t to work with y(t) = sin(t) — ¢,
which can be considered not the most ideal choice (which, by the way, can be easily noticed
when we look at Figure 8 and see, on the right, the “greatest” distance between the two
functions represented there). Anyway, we consider this example important because it
emphasizes that the theoretical conditions obtained earlier are robust enough to guarantee
stability in less favorable or obvious choices.

Moreover, according to Corollary 1, we can also conclude the Ulam—Hyers stability.

Using the respective notation of the Corollary, we have that € = 50, n=1 (g ) ~ 0.47 and

jS1[o)

L = 5. Thus, we conclude that |x(t) — y(t)| < &

5. Conclusions

We conclude this article by summarizing the results obtained. We analyze a class of
nonlinear fractional differential equations, with initial conditions, characterized by having
the Riemann-Liouville fractional derivative of order & € (1,2). Having made use of distinct
fixed-point arguments, we were able to deduce conditions that guarantee the existence
and uniqueness of solutions in a frame of adequate spaces, and we also obtained sufficient
conditions to have the Ulam-Hyers and Ulam-Hyers—Rassias stabilities of the problems
in the analysis (where the use of a Bielecki-type metric and some additional contractive
arguments were of crucial importance). In the last section, some examples were included
mainly to illustrate that the conditions obtained in the theoretical part really exist and can
be considered in particular cases.
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