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BOUNDED SOLUTIONS FOR FRACTIONAL ORDER
DIFFERENTIAL EQUATIONS ON THE HALF-LINE

(COMMUNICATED BY CLAUDIO CUEVAS)

MOUFFAK BENCHOHRA, FARIDA BERHOUN, GASTON N’GUEREKATA

ABSTRACT. We provide in this paper, sufficient conditions for the existence
of bounded solutions for a class of initial value problem on the half-line for
fractional differential equations involving Caputo fractional derivative with a
nonlinear term depending on the derivative, using the Schauder fixed point
theorem combined with the diagonalization process.

1. INTRODUCTION

In this paper we investigate the existence of bounded solutions for the following
class of fractional order differential equations

“Dy(t) = f(t,y(t)," D" y(t), teJ:=[0,00), I<a<2, (1.1)
y(0) = yo, v is bounded on J, (1.2)

where ¢D® is the Caputo fractional derivative of order 1 < <2, f: JJ xR — R
is a continuous function, yg € R.

Differential equations of fractional order have recently proved to be valuable tools
in the modeling of many phenomena in various fields of science and engineering.
Indeed, we can find numerous applications in viscoelasticity, electrochemistry, con-
trol, porous media, electromagnetic, etc. (see [14, 17, 22, 23, 24]). There has
been a significant development in the study of fractional differential equations in
recent years; see the monographs of Kilbas et al [19], Lakshmikantham et al. [20],
Podlubny [23], Samko et al. [25]. For some recent contributions on fractional differ-
ential equations, see [1, 5, 7, 8, 9, 10, 11, 12, 13, 21, 26] and the references therein.
For more details on the geometric and physical interpretation for fractional deriva-
tives of both the Riemann-Liouville and Caputo types see [16, 24]. Very recently,
Agarwal et al. [2] have considered a class of boundary value problems involving
Riemann-Liouville fractional derivative on the half line. They used the diagonaliza-
tion process combined with the nonlinear alternative of Leray- Schauder type. In
[6], by using Schauder’s fixed point theorem [15] combined with the diagonalization
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process, the authors discussed the existence of bounded solutions of the following
problem on unbounded domain

‘Dy(t) = f(t,y(t), teJ:=]0,00),
{ y(0) = yo, y is bounded on J. (1.3)

Let us mention that the diagonalization process method was widely used for integer
order differential equations; see for instance [3, 4]. Notice that the right hand
side in (1.1) depends on the fractional derivative. Hence our results extend and
complement those with integer order derivative [3, 4] and those considered with a
right hand side independent of the derivative [6].

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 all
continuous functions from J into R with the norm

[Ylloo == sup{[y(t)] : t € J}.
Definition 2.1:([19, 23]). The fractional (arbitrary) order integral of the function
h € LY([a,b],R,) of order a € R is defined by

t a—1
(t—s)
IZh(t) = | —=——~—h(s)d
o) = [ s,
where I' is the gamma function. When a = 0, we write I*h(t) = h(t) * ¢ (t), where
Yalt) = % for t > 0, and @, (t) =0 for t <0, and ¢, — 0(f) as a — 0, where ¢
is the delta function.

Definition 2.2:([19, 23]). For a function h given on the interval [a,b], the ath
Riemann-Liouville fractional-order derivative of h, is defined by

(Dagph)(t) = M(;)N/at(t—s)]v_a_lh(s)ds.

Here N = [a] + 1 and [@] denotes the integer part of a.
Definition 2.3:([18]). For a function h given on the interval [a,b], the Caputo
fractional-order derivative of h, is defined by

7r(zv1_ ) / (t—s)N RN (s)ds.

Lemma 2.4:(]27]) Let a > 0, then the differential equation
D*h(t) =0

(“Dah)(t) =

has solutions
h(t)=co+eit+et> +...+en 1tV e €R, i=0,1,2,...,N -1, N =[a] + 1.
Lemma 2.5:(]27]) Let a > 0, then
I%°Dh(t) = h(t) +co + crt + cot> + ... +eny 1tV !
forsome ¢; R, i=0,1,2,...,N—1, N =[a]+ 1.
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3. EXISTENCE OF SOLUTIONS

Let n € N, and consider the space
C([0,n],R) = {y € C([0,n],R) such that D"y € C([0,n],R)}.
On C([0,7n],R) we define the following norm
[yl = max([lyl, |“D*~"yl]),
swhere [ly]| = supoc <, [y(1)] and (XD 1y] = supocc,, <Dy (1)
Lemma 3.1: (C(]0,n],R), ||.|l») is a Banach space.
Proof. Let {y,};2, be a Cauchy sequence in the space (C([0,n],R), ||-|l), then,
Ve >0,3N >0 such that |y, —ym| <€ for any p,m > N.

Thus {y,(t) }52, is a Cauchy sequence in R, then {y,(t)}52, converges to some y(t)
in R and we can verify easily that y € C([0,n], R).

Moreover, {*D*"1y,}>°, converges uniformly to some z € C([0,n],R).

Next we need to prove that z =¢ D1y,

According to the uniform convergence of {*D*~ 'y, (t)}52, and the Dominated Con-
vergence Theorem, we can arrive at

z(t) = lim “D*'y,(t) = lim %/O(t—s)l_ay;(s)ds,

p—+oo p=+o (2 —
S0,
2(t) =° D" y(t),
which completes the proof of Lemma 3.1. (]

First we address a boundary value problem on a bounded domain. Let n € N,
and consider the boundary value problem

“D(t) = f(t,y(t)," D*ty(t)), te€J,:=[0,n], 1<a<2, (3.1)

¥(0) =wo, ¥'(n)=0. (3.2)

Let h : J,, — R be continuous, and consider the linear fractional order differential
equation

‘DY) =h(t), teJ,, l<a<2 (3.3)

We shall refer to (3.3)-(3.2) as (LP). By a solution to (LP) we mean a function
y € C%(J,,R) that satisfies equation (3.3) on J,, and condition (3.2).

We need the following auxiliary result.
Lemma 3.2: The unique solution of the problem (LP) is given by

=yg — t nn—s"_2 s)ds b t —5)* h(s)ds
y(t) = vo )A< ) 2h(s)ds + Aa JeUh(s)ds.  (3.4)

MNa-1 I(«)
Proof. Let y € C(J,,R) be a solution to (LP). Using Lemma 2, we have that

y(t)z[“h(t)—co—clt:/o (t;(s(i‘;_

h(s)ds — ¢y — e1t,
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for arbitrary constants ¢y and c¢;. By derivation we have

y'(t) = /0 (;(aszal) h(s)ds — c1.

Applying the boundary condition (3.2), we find that

Co = —Yo,
" (n —s)*~2 $)ds
Cl*/o T(a—1) h(s)ds.

Our main result reads as follow.
Theorem 3.3: Assume that
(H) There exist nonnegative functions a,b,c € L'(J,,,R) such that
|f(t,u,v)| < a(t)|u| + b(t)|v| + c(t) for each t € J,, and all u, v € R.
Then BVP (3.1)-(3.2) has at least one solution on J,.
Proof. The proof will be given in two parts.

Part I: We begin by showing that (3.1)- (3 2) has a solution 3, € C(J,,R).
Consider the operator N : C(J,, R) — C(J,,,R) defined by

(Ny)®) = yo— F(at_l)/on(n— $)* 2 f(s,y(s),° D*y(s))ds
= [ =0 () D ),
0
Thus
CDa_l(Ny)(t) = r(3 a) fn Tll“(oj i) f S y( )CDa_ly(S))dS
+f0 ¢ D" 1y(s))ds.

Using continuity of f we can conclude that Ny(t) and D! Ny(t) are continuous
on J.

We shall show that IV satisfies the assumptions of Schauder’s fixed point theorem.
The proof will be given in several steps.

First, choose R a number such that
lyo|T'(r) + 2n~1e T@B—-a)l(a—1)+1)c )

['(a)—2n'c¢ 'TB-a)l(a—1)— (TB—-a)l(a—1)+1)c
(3.5)

R>max<

where ¢ = [ c(s)ds, €= [;'[a(s) + b(s)]ds.

Set
Cr={y e C(Jn,R),|lylln < R}.

It is clear that Cp is a closed, convex subset of C(.J,,,R).

Step 1: N(Cg) C Cg.
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Let y € Cg, we show that Ny € Cg. For each t € J,,, we have

[(Ny)(t )\
|yo| T e ,Q (n—5)*7?|f(s,9(5),” D*""y(s))lds

* <n—s>a (5,95, D= 1y(s))|ds

IN

n

< |Z/0|+ﬁ / (n5)“|f<s,y<s>fm1y<s>>|<1+n("0j_51)>ds
< Il e e (= 9 el ly(s) |+ ) D )] + el

< lyol + (a)/o (n =) 2[llylln(a(s) + b(s)) + c(s)]ds

nafl
<yl + —=— ) [Re+c] < R.
In other hand
Dot T YU LR
y) ()| < B-a) )y Tla-1 [f(s,5(s)," D* y(s))|ds
+ [y 1S (s, y(s)l,c D~ ty(s))|ds
< <1+ G ara_ 1)> [Re+d < R.

Then
[Nyl < R.

Step 2: N is continuous.

Let {y,} be a sequence such that y, — y in C~'(Jm R), Then for each t € J,,
((Nyg)(t) = (Ny)(t)]
n — c oa— c a—
STy (= o) D 0) = F(svas) D ()
¢

e 9 s D 6) = f(s) D ) s,

and

IN

|°D 1 (Ny,)(t) = D~ 1(Ny)( )|

t27oz n (n — S) 1 S
a)/ T(a—1) 1f(s,yq(5), DY yq(s)) — f(s,y(s), DY “y(s))|ds

/ (5, 5a(5).° D Yyg(5)) — £(5,9(5).° Dy (s))lds.

Since f is a continuous function, the right-hand side of the above inequalities tends
to zero as ¢ tends to co. Then

IN

INys — Ny|l, = 0 as ¢ — oo.

Step 3: N maps Cr into a bounded set of C(J,,R)
Since N(Cr) C Cg, then N(Cg) is bounded.

Step 4: N maps Cg into an equicontinuous set of C(J,,R).
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Let 1,72 € Jy, 1 <Tp,and y € Cr. Then
(Ny)(72) = (Ny)()|
= ﬁ/ (n— )" 2| f(s, (), D*""y(s))|ds
s N = = (= (). D () s
T T (2= ) s,y DU y(s)) s,
< Moy [ = )] + 6D+l
T F(la) . (71 = 8)*7 = (12 = 5)° " Ha(s)|y(s)] + b(s)|*°D* " y(s)| + c(s)]ds
g = )]+ DY 0]+l
< TQa__Tig/ n = 5)°72[(a(s) + b(s))|ylln + c(s)]ds
T T /0 (71— 8)°7" = (72— ) [(als) + b(s))|ylln + c(s))ds
e L )+ Dl + (sl
e ARt CORL LSRRI
T T(a) J, (11— 8)* "t = (12 — 5)* H(a(s) + b(s)) R + c(s)]ds
g L )+ )R sl
and
[°D N (Ny)(r2) = D (Ny)(m)]
B [T syt D
- IB-a) Jo Tla-1) A yls))lds
+ / |f(s,y(s)," D* 'y(s))|ds
7_22170[ _ 7_12—04 n (n _ S)a_Q S
< 2 [T )+ 6D )+ el
b [Tl + b5 Dy s) + el)lds
7-21,(1 _ 7_2704 n (TL _ S)D‘_Q
= 2p(3_;) /O T(a 1) L@(3) +b(s)) R + c(s)lds
+ / 2 [(a(s) + b(s))R + c(s)]ds.
As 71 — 7y, the right-hand side of the above inequalities tends to zero. As a

consequence of Steps 2 to 4 together with the Arzela-Ascoli theorem, we conclude
that N is completely continuous.

Therefore, we deduce from Schauder’s fixed point theorem that N has a fixed
point ¥, in C(.J,,, R) which is a solution of BVP (3.1)-(3.2) with

lyn(t)] < R for each t € J,.
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Part II: The diagonalization process

We now use the following diagonalization process. For k € N, let

_ (), T €0,k
uk(t) = { Yn, (NK)  t € [ng, Zo) (3.6)

Here {nj}, € N* is a sequence of numbers satisfying
O<ni<ng <...<ng<...Too.
Let S = {uy}?2 . Notice that
|tn,, (t)] < R for t € [0,nq], k € N.

Also for k € N and ¢ € [0, n1] we have

U (t) = w0 )/nl(m—S)"“zf(saunk(S)fD"“lunk(S))dS

Ma—1) Jo
1 ¢ a—1 c a—1
+ m/0 (£ — )% LF (s, . (5),° DO Luy, (s))ds.

for k € N and ¢,z € [0,n1] we have

|I_t| /nl a—2 c na—1
_ < = 7 _
o () = ()] € [ ) (5 D7 ()
1 ! -1 -1 -1
—_g)e "l (p—5) " DYy,
+ F(la) 0tl(t s) (x = 8)* | f (55 un, (s) Un, (s))|ds
_ - _ a1 c na—1
e [ @m0 (9. D g (5.
In other hand
|cDa 1unk CDa 1unk )|

t2 e O‘| ny —s) ¢ o
< Y / o ot (). D () s

+ / If(s iy (5).° D unk<>>|ds

x

The Arzela-Ascoli Theorem guarantees that there is a subsequence N7 of N and a
function z; € C([0,n1],R) with w,, — 2z in C([0,71],R) as k — oo through N7
Let Ny = Nf\{1}. Notice that

[tn, (£)] < R for t € [0,n2], k € N.
Also for k € N and ¢,z € [0, no] we have

F|(xoz_—t|1/ 2(nz — 8)* 721 f (5, Un, (5),° D Mg, (s))|ds

1 a—1 ¢ a—1
" F(la / (¢ =5)"7" = (@ =) I £ (5, Un, (5),° DY “uy, (s))|ds

+ @/w(w—s)“ £ (8, tn, (5),° D g, (s))|ds.

|tn (8) = un, ()] <
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In other hand
||C£)O( lun2 | cDoz 1unk( )|
e — « n2 —s) ¢ o
< - / (8t 5). D (5) s

/ If S, Un, (5) unk( ) |ds.

The Arzela-Ascoli Theorem guarantees that there is a subsequence NJ of N7 and
a function z, € C([0,n2), R) with u,, — z in C([0,7],R) as k& — oo through
N;5. Note that z1 = z3 on [0,n;] since Ny C Nj. Let Ny = N;\{2}. Proceed
inductively to obtain for m € {3,4,...} a subsequence N}, of N,,_1 and a function
Zm € C([0,n], R) with w,, — 2, in C([0,n,],R) as k — oo through N7 . Let
Ny, = N} \{m}. Define a function y as follows. Fix ¢ € (0,00) and let m € N with
$ < nyy,. Define y(t) = 2z, (¢), then y € C(]0,0),R), y(0) = yo and |y(t)] < R for
t € [0, 00).

Again fix t € [0,00) and let m € N with s < n,,. Then for n € N,,, we have

Unk(t) = yoI@An”L(nm8)a2f(37unk(5)acDalunk(s))ds
RN O s ()€ DO L (s))ds
" r<a>/o“ )*7 (5t (8),° D Nt () .

We can use this method for each = € [0, n,,], and for each m € N. Thus
cD(t) = f(t,y(t),c D> y(t)), for t € [0,nm)

for each m € N and a € (1,2] and the constructed function y is a solution of
(1.1)-(1.2). This completes the proof of the theorem. O

4. AN EXAMPLE

In this section, we give an example to illustrate the usefulness of our main results.
Let us consider the following fractional boundary value problem,

2+ [y(t)] + [°D*" 'y ()|
L+ |y(t)] + [<Doty(t)|

DY(t) = (e'+1) ( ) , teJ:=[0,00), 1<a<2 (4.1)
y(0) =1, (4.2)

where

Fltu,) = (¢ +1) (’HIHII) |

1+ |u| + |v]
It is clear that condition (H) is satisfied with
a(t) =b(t) =" +1, c(t) =2(e’ +1).

It follows from Theorem 3 that the problem (4.1)-(4.2) has a bounded solution
on [0, 00) for each value of a € (1,2].
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5. CONCLUSION

Using Schauder’s fixed point theorem combined with the diagonalization pro-

cess, we have considered the existence of bounded solutions for a class of initial
value problem on the half-line for fractional differential equations involving Caputo
fractional derivative with a nonlinear term depending on the derivative. Many prop-
erties of solutions for differential equations, such as stability or oscillation, require
global properties of solutions. This is the main motivation to look for sufficient
conditions that ensure global existence of solutions for IVP (1.1)-(1.2)
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