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Abstract

In this article, we study the stability problem of some fractional differential equations in the sense of Hyers-Ulam and
Hyers-Ulam-Rassias based on some fixed point techniques. In this way, we improve and generalize some recent results by
dropping some basic assumptions.
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1. Introduction

The legendary question that has been posed by Ulam in 1940 ignited the theory of stability of func-
tional (differential, difference, integral) equations. Ulam posed his question in the famous talk at the
university of Wisconsin (see, e.g., [9, 13, 16, 18, 28, 31] for more details). The mentioned open problem
can be stated as follows:

Let G be a group and (G*, p) a metric group. Given ¢ > 0, does there exist > 0 such thatif f: G — G*
satisfies

p(f(xy), f(x)f(y)) <o

for all x,y € G, then a homomorphism g : G — G* exists such that
p(f(x),g(x)) <, Vx,y € G?

Many well-known mathematicians have addressed Ulam’s problem. For example, in 1941, Hyers
introduced an affirmative answer in the special case where G, G* are Banach spaces (see [17]). Since then
the problem is called Hyers-Ulam or Ulam-Hyers stability problem. In 1950, Aoki (see [3]) investigated
this problem for additive mappings (see also [8]). A new name (Hyers-Ulam-Rassias) of the problem
has been presented when Th. M. Rassias (see [27]) generalized the theorem of Hyers by considering the
stability in the case of unbounded Cauchy differences. The interesting result introduced by M. Rassias
reads as follows (see [27]).
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Theorem 1.1. Consider By, B to be two Banach spaces, and let f : By — By be a mapping such that the function
t — f(tx) from R into By is continuous for each fixed x € By. Assume that there exists © > 0 and p € [0,1) such
that

[0 +y) =) = f() | < OIx[I” +[[ylIP), %y € B1 \ {0}
Then there exists a unique solution T : By — By of the Cauchy equation with
26[x|[?

PEUTI € By \ {0}

[T(x) =T <

The results of Hyers and Rassias have been generalized in many directions to other settings. For instance,
several authors have studied the stability for differential equations (see [2, 19, 21, 23, 24]).

In general terms, stability has been studied using each of the following methods. The method Hyers
put forward quite frequently called the direct one (see [17]), the method of invariant means (introduced in
[29]), the fixed point method (see [4, 12]), the method based on sandwich theorems [26], and the method
using the concept of shadowing (see [30]). The fixed point method is well-known as the second most
popular method in proving the stability of functional equations. According to the best of our knowledge,
Baker in 1991 (see [4]) was the first to use the fixed-point approach in the investigations of stability of
functional equations. Basically, Baker employed some version of Banach fixed point theorem to obtain the
Hyers-Ulam stability of functional equations.

It should be remarked that Diaz and Margolis in [15] proved a theorem of the alternative for any
contraction mapping on a generalized complete metric space. The approach presented by Diaz and
Margolis is widely used in different contexts, see, e.g., [1]. Fixed point techniques have been used in the
literature in the investigation of Hyers-Ulam stability. For instance, in 2012, Ciepliniski (see [14]) wrote
a survey in which he presented some applications of various fixed-point theorems to the theory of the
Hyers-Ulam stability of functional equations. In 2011, Brzdek (see [10]) proved a fixed-point theorem for
(not necessarily) linear operators and used it to obtain Hyers-Ulam stability results for a class of functional
equations. Brzdek and Cieplifiski in [11] proved a fixed-point result in complete non-Archimedean metric
spaces as well as in complete metric spaces.

In a recent paper, Jung in [21] used the fixed point approach to prove the stability of ceratin first order
differential equations. In [5] Basci et al. studied the stability of some differential equations in the sense of
Hyers-Ulam. In [7] the authors investigated the Hyers-Ulam stability for fractional differential equations
including the new Caputo-Fabrizio fractional derivative. In [6] the Hyers-Ulam-Rassias stability for Abel-
Riccati-type first-order differential equations has been investigated and in [25] the author studied the
stability of delay differential equations in the sense of Hyers-Ulam on unbounded intervals.

The goal of this paper is to investigate the Hyers-Ulam stability (HUS) and the Hyers-Ulam-Rassias
stability (HURS) of some fractional differential equations. The main tool used in our analysis is the fixed
point theory that has been introduced by Diaz and Margolis (see [15]). In our study, we drop some of
the assumptions in some recent results. The rest of the article is organized as follows. In Section 2, we
recall and discuss some basic definitions and lemmas that are necessary in the analysis. We also present
the fixed point theorem that is our basic tool in the analysis. In Section 3, we will apply the fixed point
method to study the stability the differential equation of interest, and in the last section, we conclude our
work.

2. Preliminaries

Throughout the article, we will use R to denote the set of reals, IR to denote the set of positive reals,
and C to denote the set of complex numbers. We first recall some definitions.

Definition 2.1. Given an interval [a,b] of R, the fractional order integral of a function h € L1([0,b],R) of order
o € Ry is defined by
1

Ig, h(t) = F(oc)J (t—s)* Th(s)ds,
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where T'(-) is the gamma function.

Definition 2.2. For a function h given on the interval [a, b], the x-th order Riemann-Liouville fractional derivative
of h, is defined by

t
(DF W) = g ()" | (=9 his)as,

where n = [&] + 1 and [o] denotes the integer part of x.
Definition 2.3. For a function h given on the interval [a, b], the Caputo fractional order derivative of h, is defined
by

cTy & _ 1 t _ m—a—1y, ()
CDE M) = s | (=9 TN (s)as,

where n = [o + 1.
The following lemmas are well known, see, e.g., [22].

Lemma 2.4. Forallb > 0and a > —1

¢ b1 aqs  TOT(a+1) g
Jo(t_s) S ds—mt+.

Lemma 2.5. For all \,v,w > 0, and for any t > 0, we have
t A
v J (t—s)V 1M le™™sds < max{1,2 VIN(A) (1 + ;)w_)‘.
0
For a nonempty set Y; we recall the concept of generalized metric on Y as follows.

Definition 2.6. A mapping p: Y x Y — [0, 00] is called a generalized metric on set Y if p satisfies:

(Gl) p(X,y) =0 ifll?’ld only ifx =y,
(G2) p(x,y) =ply,x) forallx,y €Y;
(G3) p(x,2) < p(x,y) +p(y,z) forall x,y,z €Y.

Definition 2.7. The fractional differential equation

F(f,y,D%y,...,D%y) =0 (2.1)
is said to be Hyers-Ulam stable if for a given ¢ > 0 and a function y which satisfies the inequality

[F(f,y, D™y, ..., DMyl <e,

there exists a solution ye of (2.1) such that [y(x) —y«(x)| < Ki(e) and lime_,0Kq(e) = 0. If the expression
holds when we replace € and Kq(¢e) by f(x) and g(x), where f, g are appropriate functions not depending on y and
Y, then we say that the fractional differential equation has the generalized Hyers-Ulam stability, or the equation is
Hyers-Ulam-Rassis stable.

In the following theorem, we introduce one of the fundamental results of fixed point theory. For the
proof, we refer to [15]. This theorem will play an important role in proving our main results.

Theorem 2.8. Let (Y, p) be a generalized complete metric space. Assume that A : Y — Y is a strictly con-
tractive operator with L < 1, where L is a Lipschitz constant. If there exists a nonnegative integer k such that
p(ARTly, ARy) < oo for somey € Y, then the following are true:
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(a) the sequence A™y converges to a fixed point y* of A\;
(b) y* is the unique fixed point of A in Y* :={yy € Y : p(A*y,y1) < oo};
(©) ifyr € Y*, then p(y1,y*) < T p(Ay1,y1).

In this article, by using Theorem 2.8, we study the Hyers-Ulam-Rassias stability and the Hyers-Ulam
stability of the following fractional differential equation

Dg,ylx) =flx,yx)), (2.2)

where Dy, is the Caputo fractional derivative of order o € (0,1) with the lower limit a € R, the unknown
function y is some continuous function, y : I — Y for some interval I : [a, b] and a normed space Y.

3. Main results

In this section, we fix an interval I := [0, r] for some real number r > 0, further, we define the set S of
all continuous functions on I by

S:={f:1— R|fis continuous} = C(I,IR). (3.1)
The following result will be used in our analysis:

Lemma 3.1 ([5]). Define the function d : S x S — [0, oo] with
d(f, g) == inf{C € [0,00] : [f(t) — g(t)le At < Ch(t), t 1},

where A > 0 is a given constant and ¢ : I — (0, 00) is a given continuous function. Then (S, d) is a generalized
complete metric space.

The following theorem is the main theorem of this article. It presents stability results of the fractional
differential equation (2.2) in the sense of Hyers-Ulam-Rassias.

Theorem 3.2. Suppose that f : I x R — IR is some continuous function that satisfies the following Lipschitz
condition

[f(t,y1) — f(t, y2)| < Llyr —yo (3.2)
forallt € 1, y1,y2 € R, and a Lipschitz condition L > 0. Furthermore, if a continuously differentiable function
y: I = R satisfies

‘D, y(x) — fx, y(x)) < @(t) (3.3)

forall t € 1 and a continuous and non-decreasing function ¢ : 1 — (0, 00), then there exists a unique solution yo

of (2.2) such that
N

M)A —NL?
forall t € 1 and arbitrary constants A and N such that the inequalities

ly(t) —yo(t)] < (t)

NL

AT () €

<1, max{1,2'"%} (L—H)
o
hold.

Proof. First, we consider the set S defined by (3.1) and define the following function d : S x S — [0, c0]
with
d(f, g) =inf(C € [0, 00] : [f(t) —g(t) [e~*" < Cop(t), t € .

In view of Lemma 3.1, (S, d) is a complete generalized metric space (see also, e.g., [20]). Now, define the
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operator 7:S — S by

1 t
(Ty)(x) =y(0) + m J;) (t— s)"‘_lf(s,y(s))ds, tel (3.4)

for all y € S. It should be noted that T is well-defined since both f and F are continuous.
Next, we will check that the operator T is strictly contractive on the set S. Note first that using Lemma
25withax=v,tg=0,A=1,w=A we get

t 1 1
J (t—s)* teMsds < — max{l,Zl_“}<1 + —)t“‘l.
0 A x

Using the above inequality we write

Jt(t —s)* p(s)e™sds < @(t) Jt(t —g)* leAsgs
0 0 (35)

- 14+« _10(t) N
<max{1,2 }( " )t A S A(P(t)e ,

where N is some constant such that the inequality

14+«

max{1, 2%} ) < NeAt

holds. Now, for any hy, hy € S, let Cp, n, € [0,00] be an arbitrary constant with d(h;, hy) < Cp, n, thatis
lhi(t) — ha(t)le” A < Chyn, (1) (3.6)

for all t € I. Then by using (3.4), (3.5), and (3.6), it follows that for hy, h; € S,

1 t x—1
T]'Ll(t)_%Z(t)‘ < ‘WL (t—s) {f(s,hl(S))—f(s,hz(S))}ds

1 rt
(o) Jo
L (¢

< (t=5)*1f(s, ha(s)) = f(s, ha(s)) s

< (t—5)7" [ha(s) — ha(s)|ds

N

(t— s)“*l‘m(s) — hz(s)‘e*AseAsds

(t—s)* Lo(s)eMds

for all t € 1. Therefore, we have

_ NLCh, n
Thy(t) — Tha(t)[e At < L2 o(t
1(1) = Tha(1 Fraga ol
for all t € I, which means that
NL
d(Thy,Thy) < d(hy, h
(Thy, Thy) F(oc)A(l 2)

for all hy,hy € S.
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Thus we conclude that the operator 7 : S — S defined by (3.4) is strictly contractive. From fundamental
theorem of calculus, it is clear that Ty € S and thus we infer that

[Tha(t) — ha(t)]e A < o0
forany hy € Sand t € I, i.e., d(Thy, hy) < oo for all hy € S. Similarly,
()~ h(t)]e A < o0
for all h € S and t € I, which means that d(h;,h) < co forallh € §, ie.,
{heS:d(h,h) <oo}=S.

Now we have shown that all the conditions of Theorem 2.8 are satisfied with S* = S. It follows from (3.3)
that

—(t) < °Dg,y(x) —f(x,y(x)) < o(t)

for all t € L. If we multiply all sides of the above inequality by (t —s)*~! and integrate from 0 to t to get

Ty(t) —yl < I (t)<1jt(t—s)“1 (s)ds<1r(t—s)“1 (s)ersds < — N (t)ert
YETIE T S T g PSS oy )y ¢ S AT ®

for all t € I. Now the inequality above means that

Ty(t) —yle M <

ie.,

d(Ty,y) <

Al(x)

Therefore, according to Theorem 2.8, there exists a unique solution yo : I — R of differential equation

(2.2) satistying
N

1 AT (x) _
dly,yo) < ——d(Ty,y) < 218 _p(r)e AL,
1- M)A 1- o)A
It follows from the definition of the metric d(y,yo) that
N
_ AT _
y(t) —yo(t))le At < AL (p)e At
1- M)A
which implies that
io N
AT (x
ly(t) —yo(t))l < N @(t) = @(t)
1— rIx IMNo)A —NL
foralltel. O

Remark 3.3. Notice that in our analysis we don’t assume that 0 < KL < 1 in Theorem 3.2, while it is required in
Theorem 3.1 in the article of Wang [32].

Remark 3.4. Notice that in our analysis we drop the assumption (4) of Theorem 3.1 in the article of Wang [32].

In light of Definition 2.7, the following corollary introduces the Hyers-Ulam stability result of equation
(2.2).
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Corollary 3.5. Suppose that 1 = [0, 1] is given for fixed real number v. Let f : I x R — R is continuous function
which satisfies (3.2) for all t € 1, and some positive constant L. Moreover, if e > 0 and y : I — R is a continuous
function which satisfies

“Da, y(x) = flx,y(x)) < e

forall t € 1, then there exists a unique continuous function yo : I — R such that

“Da,yolx) = flx, yo(x)),

and
N

M)A —NL©
forall t € I and arbitrary constant A and N such that the following inequalities

[y(t) —yo(t)] <

NL
AT ()

1
<1, max{1,21*“}<%) < NetMt

hold.

Proof. We omit the proof because it is a direct application of Theorem 3.2 if we define the function ¢(t) :=
€. O

4. Conclusion

In this article, we studied both the Hyers-Ulam-Rassias and Hyers-Ulam stability of some fractional
differential equation with Caputo derivative. In our study, we drop some of the assumptions of some
recent known results. In this way, we improve several earlier outcomes. Potential future work could be
to investigate the Hyers-Ulam-Rassias and Hyers-Ulam stability for much more complicated fractional
differential equations.
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