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Existence and Stability Results for Nonlinear
Boundary Value Problem for Implicit Differential
Equations of Fractional Order

MOUFFAK BENCHOHRA%" AND SOUFYANE BOURIAH®

ABSTRACT. In this paper, we establish sufficient conditions for the existence and stability of
solutions for a class of boundary value problem for implicit fractional differential equations with
Caputo fractional derivative. The arguments are based upon the Banach contraction principle.
Two examples are included to show the applicability of our results.
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1. Introduction

Fractional calculus is a generalization of ordinary differentiation and integration to
arbitrary order (non-integer). See, for example, the books (]2, 3, 6, 9, 10, 24, 25]), the
papers [4, 5, 11] and the 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 ex-
cellent instrument for the description of memory and hereditary properties of various
materials and processes. We refer the reader, for example, to the books [10, 21, 30]
and the references therein.
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The stability problem of functional equations (of group homomorphisms) was raised
by Ulam in 1940 in a talk given at Wisconsin University ([31, 32]). The question
posed by Ulam was ” Under what conditions does there exist an additive mapping near
an approximately additive mapping?” In 1941, Hyers [15] gave the first answer to the
question of Ulam (for the additive mapping) in the case Banach spaces. In 1978, Rassias
established the Hyers-Ulam stability of linear and nonlinear mapping. Jung [17, 18]
investigated in 1988, the Hyers-Ulam stability of more general mapping on restricted
domains. Obloza [23] in 1993, is the first author who has investigated the Hyers-Ulam
stability of linear differential equations. After, many articles and books on this subject
have been published 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, 7, 8, 14, 16, 19, 20, 22, 26, 29, 34, 35, 36]
and the books [13, 27, 28]. Let us notice that Ulam-Hyers stability concept is quite
significant in realistic problems in numerical analysis, biology and economics.

The purpose of this paper is to establish four types of Ulam stability, namely Ulam-
Hyers stability, generalized Ulam-Hyers stability, Ulam-Hyers-Rassias and generalized
Ulam-Hyers-Rassias stability for the following problems of implicit fractional-order
differential equations

‘D%(t) = f(t,y(t), D(t)), foreveryte J:=[0,T,T >0, 0<a<1l (1)

ay(0) + by(T) = ¢ (2)
where ¢D® is the fractional derivative of Caputo, f : J X R x R — R a continuous
function, and a, b, ¢ are real constants with a + b # 0, and

‘D%(t) = f(t,y(t), D(t)), foreveryte J:=[0,T],T >0, 0<a<l (3)

y(0) +9(y) = yo (4)
where g : C'([0,7],R) — R a continuous function and y, a real constant. This type
of non-local Cauchy problem was introduced by Byszewski [12]. The author observed
that the non-local condition is more appropriate than the local condition (initial) to
describe correctly some physics phenomenons [12], and proved the existence and the
uniqueness of weak solutions and also classical solutions for this type of problems. We
take an example of non-local conditions as follows:

gly) = Z ciy(t:)

where ¢;, ¢ =1,...,p are constants and 0 < t; < ... <t, <T.
The present results initiate the concept of Ulam stablity for such class of problems.

2. Preliminaries

In this section, we introduce notations, definitions, and preliminary facts which are
used throughout this paper. By C(J,R) we denote the Banach space of continuous



24 M. BENCHOHRA AND S. BOURIAH

functions from J into R with the norm

1Ylloo = sup{ly(®)] - t € J}.

By L'(J) we denote the space of Lebesgue-integrable functions y : J — R with the
norm

T
Iyl = / ly(8)|dt.

Definition 2.1. ([25]) The fractional (arbitrary) order integral of the function h €
L' ([0,T],Ry) of order o € R, is defined by

I"h1) = 7oy /0 (1 — $)* h(s)ds,

+oo
where I' is the Euler gamma function defined by T' (o) = / t*tetdt, a > 0.
0

Definition 2.2. ([21]) For a function h given on the interval [0,T], the Caputo
fractional-order o of h, is defined by

R S AP S P
o [ T O s

where n = [o] + 1 and [ denotes the integer part of the real number «.

D h)(t) =

Lemma 2.1. ([21]) Let o > 0 and n = [ + 1, then

n—1 (k)
e = £ - 3 L O

Lemma 2.2. ([25]) Let o > 0, so the homogenous differential equation of fractional
order:

°D*h(t) =0,
has a solution:
h(t) = co + cit + cot® + ...+ cpit"
where ¢;, i = 1,...,n are constants and n = o] + 1.

We state the following generalization of Gronwall’s lemma for singular kernels.

Lemma 2.3. ([33]) Let v : [0,T] — [0, +00) be a real function and w (.) is a nonneg-
ative, locally integrable function on [0,T]. Assume that there are constants a > 0 and
0 < a<1 such that

v (t) §w(t)+a/0 (t—s)"%v(s)ds.

Then, there exists a constant K = K («) such that

v(t) <wl(t)+ Ka/o (t—s) “wl(s)ds, foreverytel0,T)].
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For the implicit fractional-order differential equation (1), we adopt the definition in
Rus [29] of the Ulam-Hyers stability, generalized Ulam-Hyers stability, Ulam-Hyers-
Rassias stability and generalized Ulam-Hyers-Rassias stability.

Definition 2.3. 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*z(t) — f(t,2(t)," Dz(t))| <€, t € J,

there exists a solution y € C* (J,R) of equation (1) with
|2(t) —y(t)| < cre, t € J

Definition 2.4. The equation (1) is generalized Ulam-Hyers stable if there exists ¢y €
C(Ry,Ry), ¢y (0) =0, such that for each solution z € C* (J,R) of the inequality

“D=(t) — f(£,2(8)," D2(t))| < €, t € J,
there exists a solution y € C' (J,R) of the equation (1) with

2(t) —y(O)| < by (e), t € J.

Definition 2.5. The equation (1) is Ulam-Hyers-Rassias stable with respect to ¢ €
C (J,Ry) if there exists a real number ¢y > 0 such that for each € > 0 and for each
solution z € C' (J,R) of the inequality

1°D2(t) — f(t,2(t),"D2())| < ep(t), t € J,
there exists a solution y € C' (J,R) of equation (1) with
2(t) — u(0)] < csep(t). te ]

Definition 2.6. The equation (1) is generalized Ulam-Hyers-Rassias stable with respect
to p € C(J,Ry) if there exists a real number cy, > 0 such that for each solution
z € CY(J,R) of the inequality

“D%2(t) — f(t, 2(t)," D=(1)| < ¢ (1), L € J,
there exists a solution y € C* (J,R) of equation (1) with
2(t) —y(t)] S crpp(t), t €]
Remark 2.1. A function z € C* (J,R) is a solution of the inequality
|°D*z(t) — f(t,z(t)," Dz(t))| <€, t € J,

if and only if there exists a function g € C (J,R) (which depends on solution y) such
that

i): [g(t)] <€ VEE

8): “D2(t) = f(t, 2(t)," D*z(t)) + g(t), t € J.
Remark 2.2. Clearly,

t): Definition (2.6) = Definition (2.7)

i1): Definition (2.8) = Definition (2.9).
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Remark 2.3. A solution of the implicit fractional differential inequality
“D%2(t) — f(t, 2(1),° D=(t))| < €, t € J,

is called an fractional e—solution of the implicit fractional differential equation (1).

3. Existence and Ulam-Hyers stability of the boundary value problem

Lemma 3.1. Let 0 < a < 1 and h : [0,7] — R be a continuous function. Then the
linear problem

‘Dy(t) =h(t), teJ (5)
ay(0) +by(T) = c (6)
has a unique solution which is given by:

1 t

o) = r—/ (t— )™ h(s)ds
o

@
o /T h(s)ds — c|

1
Proof. By integration of formula (5) we obtain :

a+b
o0 =0+ s [ = s g

We use condition (6) to compute the constant yg, so we have:

ay (0) = ayo and by (T) = byy + ﬁ /o (T — $)* " h(s)ds

then, ay (0) 4+ by (T') = ¢, since

Yo = (a_—+1b) {% /OT (T — 5)* " h(s)ds — c] .

Substituting in equation (8) leads to formula (7).

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

y(t) = A+ I°g(t) (9)
where g € C (J,R) satisfies the functional equation
g(t) = f(t, A+ Ig(t), (1))

and
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Proof. Let y be solution of (9). We shall show that y is solution of (1)—(2). We
have

So, y(0) = A and y(T) = A + FLCY) i (T — )" g(s)ds.
wO)+0(T) = s [ 7= (s
ac v? T a1
a+b (a+b)F(a)/0 (T =)™ gls)ds
Jralfb +% i (T — 5)* tg(s)ds

Then
y(0) +by(T) = c.
On the other hand, we have
“Doy(t) = DA+ I(t) = g(t)
= f{t,y(t), Dy(t)).
Thus, y is solution of problem (1)-(2).

Lemma 3.3. Assume assumption
(H1) there exist two constants K >0 et 0 < L < 1 such that

|f(t,u,v) — f(t,u,v)| < K|u—1u|+ L|v—"1| foreachte J andu,u,v,v € R.

KT~ 0]
(1-L)T(a+1) (1+|a+b|)<1’ (10)

the problem (1)-(2) has a unique solution.

If

Proof. Let the operator
N : C(JR)— C(J,R)

where

and
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By Lemmas 3.1 and 3.2, it is clear that the fixed points of N are solutions of (1)-(2).
Let y1,y2 € C(J,R), and t € J, then we have

N () = Nt < s [ 0= i (5) = s ()] "
‘b’ T a—1
e T (6 = g ()]s
and
9y, () = gy, @) = [f(t,01(8)," D1 (t)) — f (£, ya(t),” Dya(t))]
< Klyi(t) —y2(B) + Llgy, (t) — gy ()] -
Thus e
10 ()= 3, ()] < 2 1 () = 0. (12)
By replacing (12) in the inequality (11), we obtain
K t o1
Nusl) = N0 < prpa [ =9 () s (s ds
|b] K g a1
+(1—L)]a+b|F(a)/0 (T_S) |y1(5>_y2(8)‘d‘9
KT
S AT vl
PR UL P
(1—L)|a+b|T (a41) "7 72lee
Then T "
V0= N < | =y (1 gy )| B = el

From (10), it follows that N has a unique fixed point which is solution of problem
(1)-(2).

Theorem 3.1. Assume that (H1) and (10) are satisfied, then the problem (1)-(2) is
Ulam-Hyers stable.

Proof. Let € > 0 and let z € C'(J,R) be a function which satisfies the inequality:
|°D%z(t) — f(t,2(t),D2(t))| < e foranyteJ (13)
and let y € C'(J,R) be the unique solution of the following Cauchy problem

{ “Doy(t) = f(t,y(t).c Dy(1)); teJ; 0<a<l
y(0) = 2(0),y(T) = =(T).
Using Lemmas 3.1 and 3.2, we obtain

y(t) = A, + ﬁ /O (t— )% g, (s)ds.
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On the other hand, if y(T') = 2(T) and y(0) = 2(0), then A, = A.. Indeed
0]

T
A Al < L g - gs))d
A4 -l < e | =9 ) = au(o)l s
and by the inequality (12), we find
A A |b|K /T a—1
A, — A < T — — d
A=A S G L T )~ =)lds
ol K
= “y(T) — 2(T)| =
ey ) =T =0
Thus ) )
A=A,

Then, we have

with

We have for any t € J

|2(t) —y(t)] =

IN

Using (12), we obtain

ere K ¢ o1
0= v(0] < 5+ Ty, T e el
and by the Gronwall’s lemma, we get
er yKT® o
090 £ ra s | BT =

where v = v («) a constant, which completes the proof of the theorem. Moreover, if
we set ¢ (€) = ce; 1(0) = 0, then the problem (1)-(2) is generalized Ulam-Hyers stable.

Theorem 3.2. Assume that (H1), (10) and
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(H2) there exists an increasing function p € C (J,Ry) and there exists A\, > 0 such that
foranyte J

I%p(t) < App(t)
are satisfied, then, the problem (1)-(2) is Ulam-Hyers-Rassias stable.

Proof. Let z € C*(J,R) be solution of the following inequality
1°D%z(t) — f(t,2(t), D*=(t))| < ep(t) , t€J, €>0 (14)
and let y € C'(J,R) be the unique solution of Cauchy problem:
{ “Dy(t) = ft,y@t),  Dy(t); teJ; 0<a<1
y(0) = 2(0), y(T) = 2(T).
By Lemmas 3.1 and 3.2, we have

~ 1

y(t) = A, + ] /0 (t—s)*! gy () ds,

I'(«
where g, € C(J,R) satisfies the equation:

gy(t) = F(t, A, + I°g,(1), (1)),

and
A= — [y
L= c— —— — s L (s)ds| .
atb | T(a) Jy !
By integration of (14), we obtain

- 1 t a1
2(t) — A, — F(a)/ (t—s)"""g.(s)ds

m/ (t— )" o (s) ds
< edp(t).

On the other hand, we have

-y = o0 - - s [ -9 )
o [ 0 - o s
< |z(t) — A, (a/ (t—s)" g.(s)ds
1
b [ =9 o)~ (ol ds

Using (12), we have
200~ 0] S Aplt) 4 e [ (=9 (o) — ylo)l s
— <e _ — — :
’ (1=L)T () Jy
By applying Gronwall’s lemma, we get that for any ¢t € J :

'71€K)‘4p ! a—1
() = 9(0)] < \elt) + 2GS [ =9 g ()
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where 71 = v (@) is constant, and by (Hs), we have:

1€K)\2 1
200~ 00 < Asptt) + 2 (1+ 252 ) one 0
Then for any t € J :

0 w0l = | (14 225 ) oy e (0 = e 1)

which completes the proof of Theorem 3.2.

Remark 3.1. Our results for the boundary value problem (1)-(2) are appropriate for
the following problems:

e Initial value problem: a =1,b=0,c = 0.

e Terminal value problem: a = 0,b = 1, c arbitrary.

o Anti-periodic problem: a=1,b=1, ¢ =0.
However, they are not for the periodic problem, i.e. fora=1,b=—1,¢=0.

4. Existence and Ulam-Hyers Stability of the nonlocal boundary value prob-
lem

Lemma 4.1. Let 0 < o < 1 and let h : [0,T] — R a continuous function. Then the
linear problem
‘D%y(t) = h(t),

y(0) + 9(y) = wo
has a unique solution which is given by:

y(t) = yo — g(y) + ﬁ/o (t — )" " h(s)ds.

Lemma 4.2. Let f : J xR xR — R be a continuous function, then the problem
(3)-(4) is equivalent to the following problem

y(t) = o — gy) + I K,y(1)
where
Ky(t) = f(t,y(t), K,(t)).
Theorem 4.1. Assume
(P1) there exist K > 0,0 < K <1 and 0 < L <1 such that:
|f(t,u,v) — f(t,u,0)] < K |u—1| + K |v — 1| for anyu,w,v,v € R

and
lg(y) — 9@)|| < Llly —yl| for anyy,y € C (J,R).

KT“
T i ey ! (15)

then, the boundary value problem (3) -(4) has a unique solution on J.

If
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Proof. Let the operator
N : C(J,R)—=C(J,R)

Ny(t) = yo—g<y>+ﬁ / (t — 5" K, (s) ds

where

Ky () = f(tyo — 9(y) + 1K, (1), Ky (1)) -
By Lemmas 4.1 and 4.2, it is easy to see that the fixed points of N are the solutions
of the problem (3) -(4). Let y1,y2 € C (J,R), we have for any ¢t € J

[Nys () = Ny (O] < g (92) — 9 (y2)] + ﬁ /Ot (t = 5)" 7 Ky, (5) = Ky, (5)] ds

then
[Ny: (t) = Ny2 (1) < Llys (1) — w2 (1)

w0 K @ - K ras 1O
On the other hand, we have for every t € J
Ky, (1) — Ky )] = [f(&,31(0), Ky (8) — f(t,52(8), Ky, (2))]
< Ky (t) - (t)!+7| () = Ky, (1]
Thus e
Ko ()~ Ko (0] < —— o ()~ 2 ()] (1
By replacing (17) in the inequality (16), we obtain
[Ny1(t) = Ny2 ()] < Ly () — 92 (¢)]
K t a1
+m/® (t=5)"" |y (s) — 2 (5)]
KT*
< |L+ (BTt Iy — ol
Thus
KT~
||Ny1 Ny?” L+ (1—7)F(0¢+1) ||y1_y2||oo

from which it follows that N is a contraction which implies that N admits a unique
fixed point which is solution of the problem (3) -(4).

Theorem 4.2. Assume that (P1) and the inequality (15) are satisfied, then the problem
(3)-(4) is Ulam-Hyers stable.

Proof. Let ¢ > 0 and let 2 € C' (J,R) satisfying the inequality:
[°DY2(t) — f(t,z(t),D2(t))| < e for every t € J (18)
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and let y € C' (J,R) the unique solution of the Cauchy problem:

{ ‘DY%(t) = f(t,y(t),cD%(t)), t€J, 0<a<l
z(0) +9(y) = yo

where
K, (t) = f(tyt), K1)
By integration of the inequality (18), we find

2(6) = yo + (=) — ﬁ / (t— ) K, (s) ds

where K, (t) = f(t,2z(t), K,(t)). For every t € J, we have

2(t) —y(t)] <

o) =0+ g [ 0= 6 = K, o) as
ere 1 t a1
o o)~ + i [ =T ) = K ()]s
Using (17), we obtain
er K ¢ a1
|2(t) —y(@)] < erL |2(t) — y(t)|+m/o (t—s)"" [2(s) —y(s)| ds
thus
er K t a1
O e e R e T sl MDA CORYOIL

Using Gronwall’s Lemma, we obtain for every t € J

ere
1-L)T(ax+1)

yKT*

() =yl = 1-L)(1-K)T(at D)

= Ce€

where 7 = 7 (a) a constant, so the problem (3)-(4) is Ulam-Hyers stable. If we set
¥ (€) = ce; 1 (0) = 0, then the problem (3)—(4) is generalized Ulam-Hyers stable.

Theorem 4.3. Assume that (P1), inequality (15) and
(P2) there exist an increasing function ¢ € C' (J,Ry) and A, > 0 such that

I (t) < Ao (t) for eacht € J

are satisfied, then the problem (3)-(4) is Ulam-Hyers-Rassias stable.
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5. Examples

Example 1. Consider the following boundary value problem
1

Day(t) = - , for each t € [0, 1]
10e2(1 + |y(t)[ + |[*D2y(1)])
y(0) +y(1) = 0.
Set )
f(t,u,v) = te0,1], u,v € R.

10eH2(1 A+ ful + [o])
Clearly, the function f is continuous.
For any u,v, @, € R and t € [0, 1]

£t u,0) = £, 5,0)] < o5l =l + o - 7).

Hence condition (H1) is satisfied with K = L = 15.
Thus condition

KT b 3 3
(1+ 1 ): = <1,

(1-L)T(a+1) la+b]) 2002 —1)T(E) (102 —1)y/7

is satisfied witha =b=T =1, c=0, and a = % It follows from Lemma 3.3 that the
problem (19)-(20) has a unique solution on J. Moreover, Theorem 3.1 implies that the

problem (19)-(20) is Ulam-Hyers stable.

Example 2. Consider the boundary value problem:

1
» ; ‘CDEy(t)‘
CD%y(t): (& - |y( )| _ - , teJ:[O,l]
O+e) |1+ ly®] 14 CDiy(t)‘
y(0) + Zciy(ti) =1,
i=1
where 0 < t; <ty <...<t, <1landc¢; =1,...,n are positive constants with
- 1
PSS
i=1
Set .
e u v
t,u,v) = — , te€0,1], u,v e |0, :
f(t,u,0) (9+et) [1+u 1+v} 0,1], w,v € [0, +00)
Clearly, the function f is continuous. For each u,u,v,v € R and t € [0, 1] :
—t
Fltw0) = [ 0] < g (lu—al+ o~ )
1 1

< E|u—ﬂ|+mlv—ﬁ|.

(21)

(22)
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On the other hand, we have

9@ —g@| = |Seu-3 ca

i=1 i=1

< Zci|u—u|
i=1

< glu-d
—|lu—u

- 3

L . . . — 1 1
Hence condition (P1) is satisfied with K = K = 10 and L = 3 We have
KT« 1 1
L4 ——— -+ _WmE6
I-K)C(a+1) 3 on (§) 27/
2

It follows from Lemma 4.1 that the problem (21)- (22) has a unique solution on J and
by Theorem 4.2, the problem (21)-(22) is Ulam-Hyers stable.

Remark 5.1. The main results of Example 2 stay available when
1 y(t
g(t>:_( ly(®)] )
4 \1+Jy(@)|

KT 1 1
I B _1 _ 97T +38
(1-FK)T(a+1) 4 . (3) 36/

and

2
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