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Abstract: In this paper, the Hyers-Ulam stability of linear Caputo—Fabrizio fractional differential
equation is established using the Laplace transform method. We also derive a generalized
Hyers—-Ulam stability result via the Gronwall inequality. In addition, we establish existence and
uniqueness of solutions for nonlinear Caputo-Fabrizio fractional differential equations using the
generalized Banach fixed point theorem and Schaefer’s fixed point theorem. Finally, two examples
are given to illustrate our main results.
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1. Introduction

Fractional differential operators describe mechanical and physical processes with historical
memory and spatial global correlation and for the basic theory—see [1-3]. Results on existence, stability
and controllability for differential equations with Caputo, Riemann-Liouville and Hilfer type fractional
derivatives can be found, for example, in [4-19]. Caputo and Fabrizio [20] introduced a new nonlocal
derivative without a singular kernel and Atangana and Nieto [21] studied the numerical approximation
of this new fractional derivative and established a modified resistance loop capacitance (RLC) circuit
model. Losada and Nieto [22] presented a fractional integral corresponding to the Caputo—Fabrizio
fractional derivative and introduced Caputo-Fabrizio fractional differential equations and established
existence and uniqueness results. Baleanu et al. [23] extended the study to Caputo-Fabrizio fractional
integro-differential equations and obtained the approximate solution. Franc and Goufo [24] established
a new Korteweg—de Vries-Burgers equation involving the Caputo-Fabrizio fractional derivative
with no singular kernel and presented existence and uniqueness results and also gave numerical
approximations.

Hyers—-Ulam stability is a concept that provides an approximate solution for the exact solution
in a simple form for differential equations. A Laplace transform method is applied to show the
Hyers-Ulam stability for integer order differential equations in [25,26] and Wang and Li [27] adopted
the idea and applied a Laplace transform method to show the Hyers—Ulam stability for fractional
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order differential equations involving Caputo derivatives. There are many papers on differential
equations involving fractional derivatives—see, for example, [28-36]. However, there are only a few
papers on the Hyers-Ulam stability for differential equations with the Caputo—Fabrizio fractional
derivative. In [37], Wang et al. offered the Ulam stability for the fractional differential equations with
the Caputo derivative.

First, we recall the well-known Caputo fractional derivative [2] of order §, given by

(DPy)(x) = ml_ B /ax (xf(ss))ﬂds, 0<p<1,

where f € Cl(a,b),b > a. By changing the kernel (x — s) ~# with the function exp(f% (x —s)) and

L by 1 , we obtain the new definition of fractional derivative without a singular kernel
r(1-p) V27(1-a2)

(“FD?*y)(x)—see Definition 1 for details.
In this paper, we study Hyers—Ulam stability and existence and uniqueness of solutions for the
following Caputo—Fabrizio fractional derivative equations:

('D%) (x) = A" DPy) (x) = u(x), x € [0, T], 0 < &, B <1, 1)
and
(FD*y)(x) = f(x,y(x)), x€[0,T], 0 <a <1, ©)

where (“*D7y)(-) denotes the Caputo-Fabrizio derivative for y with the order 0 < ¢ < 1 (see
Definition 1), A € R, u: [0,T] — Rand f : [0, T] x R — R will be specified later.

The main contributions are as follows: we obtain a simple result to check whether the approximate
solution is near the exact solution for linear Equation (1), which implies Hyers—Ulam stability and
generalized Hyers—Ulam stability on the finite time interval. In addition, we present a condition to
derive existence and uniqueness of solutions for nonlinear Equation (2) using the generalized Banach
fixed point theorem (this improves the result in (Theorem 1, [22])). In addition, we establish sufficient
conditions to guarantee the existence of solutions for nonlinear Equation (2) using Schaefer’s fixed
point theorem. Based on the existence and uniqueness result, we prove the Hyers-Ulam stability of (2)
via the Gronwall inequality.

2. Preliminaries
Let C(I,R) be the Banach space of all continuous functions from I into R with the norm ||y||c :=

sup{|y(x)| : x € I}.

Definition 1 (see [22]). Let 0 < a < 1, h € C'[0,b) and b > 0. The Caputo—Fabrizio fractional derivative
for a function h of order « is defined by

CFpApy(7) = (22—(10c)_]\;[§a) /OT eXp(—l bt

— (7 — x))W (x)dx, T>0,

where M(a) is a normalization constant depending on a. Note that (FD*)(h) = 0 if and only if h is a
constant function.

Definition 2 (see Definition 1, [22]). Let 0 < a < 1. The Caputo-Fabrizio fractional integral for a function h
of order w is defined by

2(1 - «) 2

I = G @ O T T

T
/ h(x)dx, T > 0.
0
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Theorem 1 (see [20,22]). Let « € (0,1). Then,

(2 —a)M(w)

LIFDRONS) = 50 T afT—g)

(sL[h(T)](s) —h(0)), s > 0.

Motivated by (Definition 2.3, [37]), we introduce the following definition.

Definition 3. Let 0 < &, < 1and u : [0, T] — R be a continuous function. Then, (1) is Hyers—Ulam stable
if there exists K > 0 and € > 0 such that, for each solution y € C([0, T],R) of (1),

ICFD*y (x) — ATDPy(x) — u(x)| <€, Vx € [0, T], (3)
and there exists a solution z € C([0,T),R) of (2) with
ly(x) —z(x)| < Ke, ¥Vx € [0, T].

Definition 4. Let 0 < o, < 1, u: [0, T] — R be a continuous function and G : [0, T] — R be continuous
functions. Then, (1) is generalized Hyers—Ulam—Rassias stable with respect to G if there exists a constant
cf,c > 0such that for each solution y € C([0, T],R) of (1),

Dy (x) = ATTDPy(x) —u(x))| < G(x), Vx € [0,T], @
and there exists a solution z € C([0, T|,R) of (2) with
ly(x) —z(x)| < crcG(x), Vx €0, T].

Definition 5. Let f : [0, T] x R — R be a continuous function. Then, (2) is Hyers—Ulam stable if there exists
K > 0and e > 0 such that for each solution y € C([0, T],R) of (2),

Dy (x) — f(x,y(x) <€ Yx e[0T, ®)
and there exists a solution z € C([0,T),R) of (2) with
ly(x) —z(x)| < Ke, ¥Yx € [0, T].

Definition 6. Let f : [0, T] x R — Rand G : [0, T| — R be continuous functions. Then, (2) is generalized
Hyers—Ulam—Rassias stable with respect to G if there exists a constant cg > 0 such that, for each solution
y € C([0, T, R) of (2),

DYy (x) — f(x,y(x))] < G(x), Vx € [0,T), ©6)

and there exists a solution z € C([0, T],R) of (2) with
ly(x) —z(x)| < ¢rcG(x), Vx € [0, T].

3. Stability Results for the Linear Equation

In this section, we study Hyers-Ulam and generalized Hyers-Ulam-Rassias stability of (1).

Theorem 2. Let 0 < B,a < 1, A € R, and u(x) be a given real function on [0, T|. If a functiony : [0, T] — R
satisfies the inequality

(D) (x) = AT DPy) (x) —u(x)| < @)
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for each x € [0, T] and € > 0, then there exists a solution y, : [0, T] — R of (1) such that

190 —ya)] <21 Sle+2| 222 PC a1, exp(—2 1) e +2) % e,
where
A=(1-p)2-a)M(a) = A2 = B)M(p)(1 - «)
B= (2 a)M() — A2~ B)M(B)a
C=(1-p)(1-a),
D=a+p—2ap.
Proof. Let

F(x) = (“"D*y) (x) = A(“"'DPy) (x) —u(x), x € [0,T].

Taking the Laplace transform of (10) via Theorem 1, and we have

L{F()}s) = L{TD)(x) = A(TTDPy) (x) — u(x)}(s)
= L{(D)(0)}(s) = AL{(TDPy) (x)}(5) — L{u(x)}(s)

— e 2 et () )

s))  2(s+p(l—s))
(2 —a)M(w)
2(s+a(1—5)) 2(s+ B(1—35))

+-

where L{F} denotes the Laplace transform of the function F. From (11), one has

L{y(x)}(s)
1 1 2(s+a(l—s))(s+pB(1—s))

= YO T M@ s+ B —9) - A2 AIMP) T a1 =)

(L0} + LFWYE))

1 C AD-BC 1 apl ap 1
- o5+ 525

s+% Bs Bs+

B
A
where A, B, C, D are defined as in (9). Set

AD —BC _ap

ytz(ac):y(0)+2§u(x)+z(A2 B)/ exp(— 5l — i+ 258 [ty

Taking the Laplace transform of (13), one has

L{Ya(x)}(s)

1 C AD —BC af 1
= g}/(0) +2—£{u(x)}(s) +2( Y B> s+ L

= o+2( G+ PR L e PR ) o)

s+8 Bs Bs+B

Note that

L{(F DY) (x) = A(TFDPy,) (%)} (s)
(2—a)M(a)(s+B(1—5s)) —
2(s+a(l—s))(s+p(1—s))

F A2 PMP) 3y 0) - L{u()(s),

)w{u(x)}(s) + L{E@)}(6)),

AM2=PMB)(s +a(1=5) (oo )15 — y(0)).

40f 14

®)

©)

(10)

(11)

(12)

(13)

L{u()}6) + 2% L u()} 5)

(14)

(15)
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Substituting (14) into (15), we obtain
L{UFDya) (x) = A DPya) (1)} (s) = L{u(x)},
which yields that y,(x) is a solution of Equation (1) since £ is one-to-one. From (12) and (14), we have

L0 ~w()6) =2 G+ Pt S -
A

Jetrt).
This implies that

y0) — ya(0) =25 F(x) + 2222 EC By e Dy P + 2% (14 Py,

SO

() ~ o )

F3)+ 20225 5E - By (exp(— ) « F(x) + 2% (14 ()

AD — BC aﬁ
A2

AD—Bc_gg
A? B

ly

C

_ ‘zA
C

Jexp(— 5 2)  E(x)| +2)% 1 ()|

IN

2|ZF(X)| —f—Z)

IN

2| SIIE@) +2

[ 1exp(=Z011EG = nlat +21E | [ PG 1)1ar

C AD —-BC «
R

AD —BC B ap
—z " § xmax{l,exp(—ZT)}s +2\§|xs.

IN

| nnax{1,exp(-§§(79)}dt+-z|%§¢sjéx1d@

IN

ﬂ%k+2

The proof is complete. [

Remark 1. If T < oo, then (1) is Hyers—Ulam stable with the constant

= 2|—| —I—Z\M “'B\max{l exp(——T)}T+2|“/3|T

Remark 2. Let 0 < B,a < 1, A € R, and u(x) be a given real function on [0, T]. If a function y : [0,T] — R
satisfies the inequality

[(CFD*y) (x) = A(FDPy) (x) — u(x)] < G(x), (16)

this implies that

[F(x)] < G(x)

for each x € [0, T| and some function G(x) > 0, where F is defined in (10).
From Theorem 2, then there exists a solution y, : [0, T| — R of (1) such that

C AD — BC aﬁﬂ

y(x) —yal) =25 F(x) +2( 22 xp(— o) « F(x) + 2% (14 F(x)),
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and
90— ya()
C AD —BC af B
< 25F@I+2 2P - lexpl- )« Fl +21F 1L+ Fx)
C AD — BC ucﬁ B
< 2|A||F(x)—0—2‘A2 max{1, exp(— 3 }|/ x—tdt\—0—2| ||/ (x — t)dt|
C AD—-BC « B
< 25IR@ +2 22EEE P max{y exp(- S DHF)+ 21 F NP
AD — BC _ap B «p
< = e _Z hatad
< 2151 |22 — 2 max{t,ewp(— 5 (1)} + 11| 6
provided that

/Oxp(t)dt < F(x)

forany x € [0, T], where F is defined in (10) and A, B,C, D are defined as in (9). Thus, (2) is generalized
Hyers—Ulam stable with respect to G on [0, T].

4. Existence and Stability Results for the Nonlinear Equation
We introduce the following conditions:
[A1] : f: [0, T] x R — Ris continuous.

[A2] : There exists a k¢ > 0 such that
fCoy) = Fo @)l < ksly—gl, Yy, g €R,x€[0,T].

[A3] : There exists a constant L > 0 such that

fey)| < L+ ly])

foreach x € [0, T| and all y € R.
Letaq = 29=% M(a), ba = 2% M(«), y(0) = yo and Co = —af(0, ¥o) + yo-

Theorem 3. Let 0 < a < 1. Assume that [A1] and [A2] hold. If axk; < 1, then (2) with y(0) = yo has a
unique solution.

Proof. Consider P : C([0, T],R) — C([0, T],R) as follows:

(Py)(x) = o+ au f(x,y(0)) + o [ Fls,y(s))d 7)

Note P is well defined because of [A1]. For all y3,y, € C([0,T],R) and all x € [0, T], using [A2],
we have

[(Py1) (¥) = (Py2) ()]
aulf (61 (1) = £ a0+ [ 175, 1()) = Flxa(x))lds

oyl (x) = 120 + o [ Kylyr(6) = vals)ds
= ackgllyr — yallc + bakpx|ly1 — y2llc.

IN

IN
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Denote Ci = Next,

(n— 1)‘1'

|(P2y1) (x) = (P2y2) ()]

< alf e (Pn) (0) = £, (Py) )|+ b [ 156 (Pra) () = £, (Py) (1)) ds
< aky|Py(x) = Pya(x)] + b [ kelPya(s) = Pya(s)lds
< ackg(ankslly1 —y2llc + baksx[lyr — v2llc)
ks [ (ankgllyn = valle + bukgxlyn — vellc)ds
< (K byx)?

(<kfaa>2+zkfaa<kfbax> S I - vl

||y1 —yallc

Il
Il MI\)

For any m € N, suppose the following inequality hold

PPy () — (Py) ()] < 2 s~ vl
Then,
Py ) () — (P ) (x)
<l (P () — £ (P () b [ £ (P)(5) — F, (Pya) 5)) s
< (chaalgo ) hgb) b [ Cnlkye)” ("fb“ds> It - yalle
= Gy

i=0
< S(m)lly1 —y2llc,
+1 ci

where S(m) := Z Ll
i=0

(kfam)m+1_i(kfbaT)i
i!

. Thus, forany m € N*,

[Py, — Pyl < S(m)|lyr — vallc.

7 of 14

From the condition k fix < 1 via (Theorem 2.9, [38]), one has S(m) — 0 as m — co. This implies

that for any large enough m € N*, S(m) < 1. Thus, P is a contraction mapping. As a result, P
fixed point. Thus, (2) with y(0) = yp has a unique solution. This proof is complete. [

has a

Remark 3. In (Theorem 1, [22]), an existence and uniqueness result for (2) with y(0) = yo is established
by imposing a uniformly Lipschitz condition and applying Banach’s fixed point theorem with the condition

anks + b Tky <1, where k¢ denotes the Lipschitz constant. Here, we use the generalized Banach fixed
theorem and we weaken the condition a,xkf + b,kaf < 1in (Theorem 1, [22]) to aakf <1

Next, we show that the existence of solutions for (2) via Schaefer’s fixed point theorem.

point

Theorem 4. Assume that [A1] and [A3] hold. If a,L < 1, then (2) with y(0) = yo has at least one solution.

Proof. Consider P as in (17). We divide our proof into several steps.
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Step 1. P is continuous.
Let y, be a sequence such that y, — y in C([0, T],R). For all x € [0, T], we get

Pyal() = Py(x)| = laaf (e n(0) + b [ F(5,a(5))ds = aaf(x,9(x)) — b [ £, v())ds]

IN

aulf (y(x)) = Fy ()| + bl [ F(s,ym(s))ds = [ Fs,u())ds|

au| f(2,yn(x)) = f(x,y(x))] + ba /Ox (s, yn(s)) = £(s,y(s))lds.
< (@ + b D) fCoyn) = FCy)le

IN

This shows that P is continuous since || fy, — fy|[c — 0 when n — oo.

Step 2. P maps bounded sets into bounded sets of C([0, T], R).

Indeed, we prove that for all > 0, there exists a k > 0 such that for every y € B, = {y €
C([0,T],R) : |lyllc <r}, wehave ||Py|c < k. In fact, for any x € [0, T], from [A3], we have

Py < ICol+ aalfCry(xD] + b [ 1 y(6)lds

X
< [Col +aal(L+ [y +bal | (1+[y(s))ds
< [Col +aaL(1 + lyllc) + BaTLI(1 + [yllc)
< |Col+axl(1+7)+ b, TL(1+71)

|C0| + (ﬂa + baT)L(l + 7")/

which implies that

Pyl < |Col+ (ax + baT)L(1 + 1) := k.

Step 3. P maps bounded sets into equicontinuous sets in C([0, T|, R).
Let x1,xp € [0, T], with 0 < x; < x < T,y € B,. From [A3], we have

IN

IN

<

|Py(x1) = Py(x2)]
a0 f e,y ) b [ £(5,(5))ds = af(xa,y(32)) = b [ £, y(s))is|

ol y()) = Flaa,y()] + bl [ FGs,(s)ds = [ £, v(s))ds|

ao| f(x1,y(x1)) = f(x1,y(x2))| + au|f (x1,y(x2)) — f(x2,y(x2))| + ba] /J:Zf(srl/(s))dﬂ
aq|f(x1,y(x1)) — f(x1,y(x2))| + aalf(x1,y(x2)) — f(x2,y(x2))| + baL(1 + 1) (x2 — x1).

Then, as x1 approaches x, the right-hand side of the above inequality tends to zero (because of [A1])
as x; — x. Thus, P is equicontinuous.

We can conclude that P is completely continuous from Step 1-Step 3 with the
Arzela—Ascoli theorem.

Step 4. A priori bounds.

Now, we show that the set E(P) = {y € C([0, T|,R) : y = APy for some A € (0,1)} is bounded.

Lety € E(P). Then, y = APy for some A € (0,1). For each x € [0, T|, we have
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VL < 1G]+ aul £+ b [ 175 y(s))lds
< ICol+auL(1+ (0 + bl [ (1+ ly(o))ds
< K+ axLly(x)| + bl /0 y(s)lds (K = |Co| + auL + boLT).

Using the condition 1 — a,L > 0, one has

V| < e+ e [,

and Gronwall’s inequality yields

] < K exp (BT o
YW =1, 9P\ 1= 4L ‘

Then, the set E(P) is bounded.
Schaefer’s fixed point theorem guarantees that P has a fixed point, which is a solution of (2).
The proof is finished. O

In the following, we consider (2) and (6) to discuss the generalized Ulam-Hyers—Rassias stability.
We need the following condition.

[A4] : Let G € C([0, T],R4) be an increasing function and there exists Ag > 0 such that
X
/ G(s)ds < AcG(x), Vx € [0,T].
0

Theorem 5. Assumptions [Al], [A2] and [A4] hold. If axks < 1, then (2) is generalized Ulam—Hyers—Rassias
stable with respect to G on [0, T](T < o).

Proof. Let ¢ € C(]0, T],R) be a solution of (6). From Theorem 3,

CFD*y(x) = f(x,y(x)), 0<a <1, t€[0,T),
{ Co, (18)

has the unique solution

() = Co -+ auf(x,y() + by [ F(s,y(s))ds, x € 0T

From (6), we have

|g(x) = Co — anf (x,8(x /fsg )ds|

IN

G(x) + by /Ox G(s)ds
< (ag +baAg)G(x), x €0, T].

A
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Thus,
8(x) —y(x)]
< ‘g() Co — anf(x,y(x) fba/fsy ))ds
< ‘g() Co—anf(x,8(x —b/fsg
+aof(x,y(x) +ba/ f(s,y(s))ds — an f(x, y(x /fsy ))ds
< ‘g() Co—anf(x,8(x —b/fsg

] £, (0)) = £ g0+ b [ 1£(5,(5)) = Fs,g(6)lds
< (a0 baAG)G(x) + ackyly(x) — ()| + buky [ ly(s) — g(s)lds.

Note that a,k <l and so,

) —gto)| < e BASICE) ke ) ggs)ias

1-— uakf 1 — a,xkf
From Gronwall’s inequality, we have

) -] < | e e Gt xe 071 19

Set K* = ”{‘f::?fc exp(T). Note that one has

y(x) —g(x)| < K*G(x), x € [0, T].

From Definition 6, (2) is generalized Ulam-Hyers—Rassias stable with respect to G on [0, T|. The proof
is complete. O

5. Examples

In this section, two examples are given to illustrate our main results.
For convenience in calculating, we suppose that M(-) in Definition 2 is the roots of the
following equation:
2(1—-) n 2.
2—)M() ~ (2—)M()

=1
Then, one can derive an explicit formula M(a) = 5% and M(B) = ﬁ (see (p- 89, [22])).

Example 1. Consider

(CDiy)(x) - 5 (D)) = 2"+ 30— 2, xe 0,T] (20)

Seta =%, B =2 u(x) =3e"+%e72 — Zand A = L. From (Definition 1,[22]), M(%) = § and M(3) = 3.
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Let y1(x) = e*, and we have

(CFID)Zyl —2/ el reldt = e —e7%,

(CPDSyl —3/ 2Nt = o* — 72,

Choose € = 5. Note y1 (x) = ¥ satisfies

3 3 3
1 1 2 1 2
_ X _ ,—X _ X S —2x _ ~ x _ ~,—2x
= |e-—e 38 —|—3e 3e 3 +3’
2 .2
= |=— < =
3 -e1=3

Note y1(0) = 1 and with the formulas of A,B,C, D in (9) and (13), we obtain an exact solution of
Equation (1) as

Yalx) = ﬂm+z§mm+a<A7;Bc—if>éﬂym—igwx—ﬂm
—i-Z% /Ox u(x — t)dt
_ 1+§ex_%e—2x_§_g Bt (pxt 4 _2(; ) —1)dt
+g et 62(2“) —1)dt
= '+ % + %67336 - gefzx - gx.
Clearly,
ly1(x) —va(x)| = | x—l-ﬁ—l—z%e*?’x—%e*zx—gx—ex
= 24—7 + %673" - %efzx - %x
e
< §+gx:(1+§x)§.

Note in Theorem 2 (see Remark 1) that we have K = 2|§| + 2|AD_BC “ﬁ|max{1, exp(—3T)}T +
2|% |T =1+ 4T and € = 3 Thus, Equation (20) is Hyers—Ulam stable when T < oo.

Example 2. We consider the following fractional problem:

—2x

e lyl
1+ﬁ1+WVx€mJL (1)

(DY) (x) =
and the inequality
—2x
¢ W | <), xe o2 (22)

CFmyi _
DN - | S
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Seta =1, T=2and f(x,y) = e W (x,y) €0, 2} x R. Clearly, [A1] holds. Then, M(3) = &,

%Y) = T Ty
al = %é, b% = % Let G( ) eX e C([O, }, ﬂnd f(] = fO eSds = ¥ — 1 < ex. Here/
Ao =1>0.
Forany x € [0,2] and y1,y2 € R,
e | 2] e |y1 — o
X, — flx, = — <
Floy) = floml = e | Ty R O I )
e—2x
<
S Oxen 1 —12f < |y1 vl < 2|y1 val.
Forallx € [0,2] and y € R,
efzx |]/| —2x —2x

fley)l =

<
Tre ity = Tyl = 5l < Iyl (1+Iy|)
Thus, [A2] and [A3] hold.
Set L = 7 = k. Then a,xkf = 25 X % = 25 < 1. From Theorem 3, (21) has an unique solution.

Thus, all the assumptions in Theorem 4 are satisfied, so our results can be applied to (21).
Let g € C([0,2],R) be a solution of (22). We have

—2x

(CFD5g)(x) — f(x,g(x))| = | ((FD3g) (x) —

e 8!
< .
11 et 1+ g] ‘ < G(x), x€0,2] (23)

From Theorem 3, we see (21) with y(0) = Cq has the unique solution

y(x) = C0+a1f(xy —l—b1/ f(s,y(s))ds

24 ey 12 ¥ eyl
251+e*1+4y| 25Jo 14+e 1+ |y

= Go
Applying the fractional integrating operator ¥ 1%(-) on both sides of (23), we have

'g<) Co—ayf(xg(x —b1/fsg

X
a%G(x)—kb%/o G(s)ds

IN

< (ﬂ% er%)LG)G(X), X e [0,2].
In addition,
B (a% +b%/\G)
y(x) —8(x)| < | ————exp(x)|G(x), x € [0,2].
1 —{l%kf
a1+bi A
Set K* = % al%kfc exp(2) = 154'725><1 2 _ 36e . Note that one has
1 —25%3

ly(x) —g(x)] < K*G(x), x € [0,2].
6. Conclusions

By applying the well-known Gronwall inequality and fixed point theorems, we obtain the
Hyers—Ulam stability of linear and semilinear Caputo—Fabrizio fractional differential equations.
Existence and uniqueness theorems of solution are established. In a forthcoming work, we shall
consider the impulsive Cauchy problem with Caputo-Fabrizio fractional derivative.
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