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ON STABILITY FOR NONLINEAR IMPLICIT
FRACTIONAL DIFFERENTIAL EQUATIONS

MOUFFAK BENCHOHRA - JAMAL E. LAZREG

The purpose of this paper is to establish some types of Ulam stabil-
ity: Ulam-Hyers stability, generalized Ulam-Hyers stability, Ulam-Hyers-
Rassias stability and generalized Ulam-Hyers-Rassias stability for a class
of implicit fractional-order differential equation.

1. Introduction

Fractional calculus is a generalization of ordinary differentiation and integration
to arbitrary order (non-integer). See, for example, the books such as [2—4, 7, 27,
31, 37] and the articles [9, 10], and references therein.

In recent years, fractional differential equations arise naturally in various
fields such as rheology, fractals, chaotic dynamics, modeling and control theory,
signal processing, bioengineering and biomedical applications, etc; Fractional
derivatives provide an excellent instrument for the description of memory and
hereditary properties of various materials and processes. We refer the reader,
for example, to the books such as [8, 23, 25, 39], and references therein.

“Under what conditions does there exist an additive mapping near an ap-
proximately additive mapping?” This is the stability problem of functional equa-
tion (of group homomorphisms) which was raised by Ulam in 1940 in a talk

Entrato in redazione: 3 giugno 2014
AMS 2010 Subject Classification: 26A33, 34A08.
Keywords: Initial value problem, Caputo’s fractional derivative, implicit fractional differential
equations, fractional integral, existence, Gronwall’s lemma, fixed point, Ulam-Hyers stability,
Ulam-Hyers-Rassias stability.


https://core.ac.uk/display/236004454?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

50 MOUFFAK BENCHOHRA - JAMAL E. LAZREG

given at Wisconsin University [40, 41]. In 1941, Hyers [17] gave the first answer
to the question of Ulam (for the additive mapping) in the case Banach spaces.
Between 1982 and 1998 Rassias established the Hyers-Ulam stability of linear
and nonlinear mappings. Jung [19, 20] investigated in 1998, the Hyers-Ulam
stability of more general mappings on restricted domains. Obloza [26], in 1997,
is the first author who has investigated the Hyers-Ulam stability of linear differ-
ential equations. After, many articles and books on this subject have been pub-
lished in order to generalize the results of Hyers in many directions. For more
detailed definitions of the Hyers-Ulam stability and the generalized Hyers-Ulam
stability, we refer the reader to the papers [1, 5, 6, 16, 18, 21, 22, 24, 32, 36, 43—
45] and the books [12, 33, 34].

Integer order implicit differential equations of arbitrary orders have been
considered extensively in the literature; see for instance [11, 13-15, 28-30, 35,
38, 46].

The purpose of this paper, is to establish four types of Ulam stability : Ulam-
Hyers stability, generalized Ulam-Hyers stability, Ulam-Hyers-Rassias stability
and generalized Ulam-Hyers-Rassias stability for the equation, for the following
initial value problem for implicit fractional-order differential equation

‘D¥y(r) = f(t,y(t),*D%y(1)),VteJ, 0 <a <1, (1)

¥(0) = o, 2)
where D% is the Caputo fractional derivative, f:J X R xR — R is a given
function space, yo € Rand J =[0,T], T > 0.

This paper intiates the study of Ulam stability for such class of problems.

2. Preliminaries

Definition 2.1 ([31]). The fractional (arbitrary) order integral of the function
he L'([0,T],R,) of order & € R, is defined by
1 3
I%h(t) = 7/ 1 — )% h(s)ds,
0= g , 0 —9°H0)

where I is the Euler gamma function defined by I'(t) = / 1% e ldt, o> 0.
0

Definition 2.2 ([23]). For a function 4 given on the interval [0, 7], the Caputo
fractional-order derivative of order « of A, is defined by

1

(‘D*n)(t) = Tn—a) ./Ot(t — )" % h") (s)ds,

where n = [a] + 1 and [¢] denotes the integer part of the real number o.
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Lemma 2.3 ([23]). Let a > 0 and n = [&t] + 1. Then
n—1 rk
o (C O _ f (0) k
1D (1) = fl0) - X
k=0
We state the following generalization of Gronwall’s lemma for singular ker-

nels.

Lemma 2.4 ([42]). Let v: [0,T] — [0,+) be a real function and w(.) is a
nonnegative, locally integrable function on [0,T| and there are constants a > 0
and 0 < o < 1 such that

v(t) < w(t) -i-a/ot(t —5)"%v(s)ds,

Then, there exists a constant K = K (o) such that
t
v(t) < w(t) —I—Ka/ (t—s)"%w(s)ds, for everyt € [0,T].
0

We adopt the definitions in Rus [36]: Ulam-Hyers stability, generalized Ulam-
Hyers stability, Ulam-Hyers-Rassias stability and generalized Ulam-Hyers-Ras-
sias stability for the equation, for the implicit fractional-order differential equa-
tion (1).

Definition 2.5. The equation (1) is Ulam-Hyers stable if there exists a real
number ¢y > 0 such that for each € > 0 and for each solution z € C!(J,R) of the
inequality
“D%2(t) — f(t,2(t),"D¥2(t))| < €, t €J, 3)
there exists a solution y € C!(J,R) of equation (1) with
|2(t) = y(t)| < cre, ted.

Definition 2.6. The equation (1) is generalised Ulam-Hyers stable if there ex-
ists yy € C(Ry,R.), y(0) = 0, such that for each solution z € C!(J,R) of the
inequality (3) there exists a solution y € C!(J,R) of the equation (1) with

|2(t) —y(t)| < wy(e), t €J.

Definition 2.7. The equation (1) is Ulam-Hyers-Rassias stable with respect to
¢ € C(J,R, ) if there exists a real number ¢y > 0 such that for each € > 0 and
for each solution z € C'(J,R) of the inequality

°D%2(t) = f(1,2(),“ D*2(1))| < €9(1), t € J, ©)
there exists a solution y € C!(J,R) of equation (1) with

2(t) —y(t)| < creq(t), t €J.
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Definition 2.8. The equation (1) is generalised Ulam-Hyers-Rassias stable with
respect to ¢ € C(J,R,.) if there exists a real number cy,, > 0 such that for each
solution z € C'(J,R) of the inequality

“D%z(t) = f(2,2(1),* D¥2(1))| < @ (1), 1 €7, (5)

there exists a solution y € C!(J,IR) of equation (1) with

2() —y(t)| < crpp(t), t €J.

Remark 2.9. A function z € C!(J,R) is a solution of of the inequality (3) if and
only if there exists a function g € C(J,R) (which depend on y) such that

() |gt)| <e,Vteld.

(i) °D%z(t) = f(t,z(¢),*D%z(t)) + g(t), t € J.
Remark 2.10. Clearly,

(i) Definition 2.5 = Definition 2.6.

(i) Definition 2.7 = Definition 2.8.

Remark 2.11. A solution of the implicit differential inequation (3) with frac-
tional order is called an fractional &-solution of the implicit fractional differen-
tial equation (1).

So, the Ulam stabilities of the implicit differential equations with fractional
order are some special types of data dependence of the solutions of fractional
implicit differential equations.

3. Ecxistence and Ulam-Hyers Stability

Definition 3.1. A function u € C'(J) is said to be a solution of the problem
(1) — (2) is u satisfied equation (1) and condition (2) on J.

Lemma 3.2. Let a function f(t,u,v):J x R xR — R be continuous. Then the
problem (1) — (2) is equivalent to the problem

y(t) =yo+1%(1), (6)

where g € C(J,R) satisfies the functional equation

8(t) = f(t,y0+1%g(t),&(1)).
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Proof. If “D%y(t) = g(t) then I* “D%y(r) = I%g(t). So we obtain y(t) = yo +
1%g(1). O

Lemma 3.3 ([9]). Assume
(HI) The function f :J xR xR — R is continuous.

(H2) There exist constants K > 0 and 0 < L < 1 such that

|f(t,u,v)— f(t,a,V)| < K|lu—i|+L|v—7| for any u,v,i,v € Randt € J.

If
KT*®
(I NCES @

then there exists a unique solution for the IVP (1) —(2) on J.

Theorem 3.4. Assume that the assumptions (H1), (H2) and (7) hold. Then the
equation (1) is Ulam-Hyers stable.

Proof. Let z € C(J,R) be a solution of the inequation (3), i.e.
°D%2(t) — f(,2(1),D%(1))| < &, 1t € J. ®)
Let us denote by y € C(J,R) the unique solution of the Cauchy problem

‘DY(t) = f(t.y(t),"Dy(1)), V1 €J, 0 < < 1,

¥(0) = 2(0)
By using Lemma 3.2, we have
1 ! a—1
0 =200) + gy [, =9 s

where g, € C(J,R) satisfies the functional equation

8y(t) = f(1,y(0) +1%,(1), 8y(1))-

But, by integration of the formula (8) we obtain

Z(;)_Z(O)—F(a)/ol(f—s)algz(s)ds S 1“(511)

eT®
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where g, € C(J,R) satisfies the functional equation

g:(t) = f(£,2(0) +1%g(1), 8:(1))-
On the other hand, we have, for eacht € J
1

() =200~ g7 | 1—9" s )

(1)~ 2(0) - F(la) =9 g 50as

1 ! a—
- 1"(06)/0 (1 =5)%"" (g:(s) — gy(s5)) ds

() ~2(0) — o [ (=) gels)ds

I'(a) Jo
+F(1a) [ =97 ets) — 5l (10)
where
gy(t) = f(t,5(1),8(1)),
and

8:(1) = f(1,2(1), &:(1))-
By (H2), we have, for eacht € J

182(1) = &y () = [ £ (2,2(2), g:(1)) — (2, 5(2), 8,(1))]|
< Klz(1) = y(0)| + L|g=(r) — gy(1)]-

Then
K
8:() — (1) < <) =¥(0)] (an
Thus, by (9), (10), and (11) we get
eT* K

a 1) + (=0 (a) /0 (t— )" z(s) — y(s)|ds.

Then Lemma 2.4 implies that for each t € J

() -0l <

eT” n YKT®
a+1) (1-L)(a+1

where ¥ = y() is a constant. So, the equation (1) is Ulam-Hyers stable. This
completes the proof. O

|2(t) —y(1)] < I )] ‘= cE, (12)

By putting y(€) = ce, y(0) = 0 yields that the equation (1) is generalized
Ulam-Hyers stable.
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4. Ulam-Hyers-Rassias Stability.
Theorem 4.1. Assume (HI), (H2) and

(H3) The function ¢ € C(J,R,.) is increasing and there exists Ay > 0 such that,
foreacht € J, we have

I*¢(t) < Ap ().
Then the equation (1) is Ulam-Hyers-Rassias stable with respect to .
Proof. Let z € C(J,R) be a solution of the inequation (4), i.e.
1°D%z(1) — f(1,2(1),*D%z(1))| < e€@(r), 1 € J, € > 0. (13)
Let us denote by y € C(J,R) the unique solution of the Cauchy problem
‘D% (1) = f(t,y(t), D% (1)), Ve, 0<a <1,
¥(0) = z(0).
By using Lemma 3.2, we have

y(t) =z(0) + 1“(106) /Ot(t - s)“*lgy(s)ds,

where g, € C(J,R) satisfies the functional equation

8y(t) = f(1,y(0) +1%,(1),8,(1)).
But, by integration of the formula (13) and by (H3), we obtain

1 t o— ) ! a—
@ =9 gulsyas| < o JREDO
< edpo(1), (14)

where g, € C(J,RR) satisfies the functional equation

g:(t) = f(t,2(0) —i—IagZ(l),gZ(t)).

On the other hand, we have, for eacht € J

1 .
o JREDIOT

(1)~ 2(0) — F(la) [ 505

1 ! _oa—1 o
+ 1o | =9 lgelo) — g s)las, (15)
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where
g(t) = f(t.y(t),8y(1)),
and
gz(t) :f(t,z(t),gz(t)).
By (H2), we have
|8:(1) — gy(1)| = | f(1,2(2),8:(1)) — f (2, ¥(1),8(1))]|
< Klz(t) = y(t)| + Lig:(t) — gy(1)I.
Then

K
1-L

|82() = gy(1)[ < [2(1) = y(2)]. (16)

Thus, by (14), (15), and (16)

<0 =5(0)] < eg00) + r—prrres [ (0= lls) =y(5)lds.

Then Lemma 2.4 implies that, for each t € J

)30 < ergo)+ 250 (-9 oas. ()

where constant y; = ;(a) is a constant.
Thus, by (H3) and (17), we obtain

)LZ
l2(t) = y(1)| < EAgo (1) + W

= <1 + le/l(P) ApEQ(1).

1-L
Then, for eacht € J

-5l < | (1432

> M} eQ(t) :=cep(t). (18)

So, the equation (1) is Ulam-Hyers-Rassias stable. This completes the proof.
O
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5. Examples
Example 5.1. Consider the following Cauchy problem

1 D7y
CD%y(t) 10O(tcosy( )— y(t)sin(t))—i—Q Veelo,1], (19)
50+ [¢D2y(t)|
y(0) =1. (20)
Set
ft,u,v) = m(tcosu—usin(t))—i— %ﬂ’ 1 €[0,1], u,v € R.
Clearly, the function f is jointly continuous.
For any u,v,i,v € Randz € [0,1] :
(e u,v) = f(t,a,9)] < 100VHCOSM—COSM!
it O =7
sin —_—
200! M Y S0 50+ 7)
1 1
B T S TS A
- 100 ST L I

ju—il + g5y 7
_Souu v—1.

Hence condition (H2) is satisfied with K = L = %.
Thus condition
KT B % 2
(I-DC(a+1) (1-4HT(E) 49v7

is satisfied. It follows from Theorem 3.3 that the problem (19)-(20) has a unique
solution on J, and from Theorem 3.4, equation (19) is Ulam-Hyers stable.

Example 5.2. Consider the following Cauchy problem

2+ |y(1)|+ D2y (1))

1
Diy(r) = ,Vtelo,1], (21
2 120e"+10(1 + |y(1)| + D2 y(1)]) o
y(0) =1. (22)
Set )
Fltsur) = ot €0.1], uveRr,

120eH19(1 + |u| + |v])’
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Clearly, the function f is jointly continuous.
For any u,v,ii,v € Randz € [0,1]
f(2,u,v) = f(2,,7) (|l —a +[v =)

< -
< 120e10

Hence condition (H2) is satisfied with K = L =
Let ¢(t) = t>. We have

1L
12010

2
1%9(t) < —17:= A 0(1).
I(3)
Thus condition (H3) is satisfied with @(¢) = > and Ay = %Z) = % It
follows from Theorem 3.3 that the problem (21)-(22) as a unique solution on J,
and from Theorem 4.1 equation (21) is Ulam-Hyers-Rassias stable.
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