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MULTIPLE POSITIVE SOLUTIONS FOR BOUNDARY VALUE
PROBLEMS WITH FRACTIONAL ORDER

MOUFFAK BENCHOHRA, BENAOUDA HEDIA

ABSTRACT. In this paper we investigate the existence of multiple solutions for
nonlinear boundary value problems with fractional order differential equations.
We shall rely on the Leggett-Williams fixed point theorem.

1. INTRODUCTION

This paper is concerned with the existence of three nonnegative solutions for
boundary value problems (BVP for short) of fractional order functional differential
equations. We consider the BVP of the form :

‘D%(t) + f(t,y(t)) =0, for each, t € J=[0,T], 1<a<2, (1)

T
y(0) — o/(0) = / o(5,4(s))ds, @)

0
T
y(T) +y(T) = ; h(s,y(s))ds, 3)

where °D® is the Caputo fractional derivative, f,g,h : J x R — [0,+00) are con-
tinuous functions.

Differential equations of fractional order have recently proved to be valuable
tools in the modeling of many phenomena in various fields of science and engineer-
ing. Indeed, we can find numerous applications in viscoelasticity, electrochemistry,
control, porous media, electromagnetic [6, 17, 27, 28]. The existence of positive
solutions for kinds of boundary-value problems (BVPs) of fractional differential
equations has been studied recently by many authors, and lot of excellent results
have been obtained for both two-point BVPs and nonlocal BVPs by means of fixed
point index theory, see [11, 12, 15, 17, 18, 30]. For three noteworthy papers dealing
with the integral operator and the arbitrary fractional order differential operator,
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see [22]. There has been a significant development in fractional differential equa-
tions in recent years see the books by Abbas et al. [1], Lakshmikantham et al. [23],
and the papers by [5, 24], and the references therein.

Boundary value problems with integral boundary conditions constitute a very
interesting and important class of problems. These include two-point, three-point,
multipoint and nonlocal boundary value problems as special cases. Integral bound-
ary conditions appear in population dynamics [9] and cellular systems [2]. Moreover
boundary value problems with integral boundary conditions have been studied by a
number of authors such as, for instance Benchohra et al. [8, 7], Denche and Kourta
[10], Infante [18], Jankowskii [19], Karakostas and Tsamatos [20], and Khan [21].
Agarwal and O’Regan [3] considered the existence of three nonnegative solutions
to a class of impulsive differential equations and they established existence of three
solutions to integral and discrete equations. Positive solutions of differential, dif-
ference and integral equations have considered in [4]. Some existence results were
given for the problem (1)-(2) with a = 1 by Tisdell in [29]. The existence of multi-
ple solutions for differential, difference and integral equations has been investigated
by several authors (see, for instance [3] and the references cited therein).

This paper is organized as follows. In Section 2, we will recall briefly some
basic definitions and preliminary facts which will be used throughout the following
sections. In Section 3, we shall provide sufficient conditions ensuring the existence of
three nonnegative solutions for problem (1) — (3) via an application of the Leggett-
Williams fixed point theorem in cones [25]. Finally in Section 4 we give an example
to illustrate the theory presented in the previous sections.

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{ly(t)| : t € J}.

L*>(J,R) denotes the Banach space of measurable and essentially bounded functions
with norm

lyllLee =inf{d > 0: |y(¢)| < d, ae. t € J}.

Let (E, ||.]|) be a Banach space and C' C E be a cone in E. by a concave, nonnegative
and continuous functional 1) on C, we mean a continuous mapping

Y : C —[0,00)
with
Yz + (1= N)y) > M(x) + (1 = Nip(y) for all z,y € C and A€ [0,T]
For K, L,r > 0 constants with C' and 1 as above, let
Crx ={yeC:yll <K}

and
Clp, L,K)={yeC:9Y(y) > L and |y| < K}.

Our consideration is based on the following fixed point theorem given by Leggett
and Williams in 1979 [25] (see also Guo and Lakshmikantham [16]).
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Theorem 2.1. Let E be a Banach space, C C E a cone in E and R > 0 a
constant. Suppose there exists a concave nonnegative continuous functional on C
with ¥(y) < |ly|| for ally € Cr and let N : Cr — Cg be a continuous compact
map. Assume that there are numbers r, L and K with 0 < r < L < K < R such
that

(A1) {y € C(WY,L,K) : Y(y) > L} # 0 and v(N(y)) > L forall y €

C,L,K);
(A2) INW)|| <7 for ally € Cy;
(A3) ¥(N(y)) > L for ally € C(4, L, R) with [N (y)|| > K.

Then N has at least three fized points y1,y2,ys in Cg. Furthermore, we have

y1 €Cr, y2€{yeCW,L,R):¢y(y) > L}
and

Definition 2.2. ([13]-[14]). The fractional (arbitrary) order integral of the function
h € L'([a,b],Ry) of order o € Ry is defined by

t — s a—1
ISh(t) = / (trw)[)h(s)ds,

where T' is the gamma function. When a = 0, we write I*h(t) = h(t) * p,(t), where

a—1

Yalt) = % fort >0, and @, (t) =0 fort <0, and o — 6(t) as a — 0, where
6§ is the delta function.
Definition 2.3. ([13]-[14]). For a function h given on the interval [a,b], the ath
Riemann-Liowville fractional-order derivative of h, a € (0,1), is defined by
d*h(t)

dte

1 d [ u
— F(l—a)dt/a(ts) h(s)ds
d 11—«
= %Ia h( )

Definition 2.4. For a function h given on the interval [a, b], the Caputo fractional-
order derivative of h, a € (0,1), is defined by

(“Dgy h)(t) = (Dgy [h(z) — h(a)]) (1)

(Dayh)(t) =

3. EXISTENCE OF SOLUTIONS
Let us start by defining what we mean by a solution of the problem (1)—(3).

Definition 3.1. A function y € C?(J,R) is said to be a solution of (1)-(3) if
y satisfies the equation ¢D® ( ) = f(t y( )) on J, and conditions y(0) — y'(0) =

/OTg< y(s))ds and y(T) /hsy ))ds.

For the existence of solutions for the problem (1)-(3), we need the following
auxiliary lemmas:
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Lemma 3.2. [30] Let a > 0, then the differential equation
‘D*n(t) =0

has solutions h(t) = co+cit+eat>+. .. 4cp 1t" Lo, €R, i=0,1,2,...,n—1,n=
[a] + 1.

Lemma 3.3. [30] Let o > 0, then
I°Dh(t) = h(t) + co + 1t + cat? + ...+ cpgt™ !
for some c; eR, i=0,1,2,...,n—1,n=[a] + 1.

Let o be a continuous function and consider the linear problem

‘D%(t) =o(t), t e J, (4)
T

y(0) —/(0) = / pr(s)ds (5)
T

y(T) + o/ (T) = /O p2(s)ds, (6)

then

Lemma 3.4. [7] The problem (9)-(10) has a unique solution given by:

T
y(t) = P(t) —|—/0 G(t,s)o(s)ds, (7)
where
— T T
r =T [ s+ G [ msas ®)
and
L+)(T—s) " (A+)(T—s)* (t—s)!
Gl —)  THIN@) @roia-1) T 0ssst
’ 1+t) (T —s)*t  (14+t)(T —s)*2 t e T
(T + 2)I(«) (T +2)M(a—1)" )

Let us now introduce additional conditions that will be used our existence result.

(H1) There exist functions v : [0,00) — [0,00) continuous, nondecreasing and
q € L>=(J,R") such that

|f(t,u)] < q(t)v(|u]) for each t € J and all u € R.

(Hz) There exist functions p, u1, p2 : [0,00) — [0, 00) continuous, nondecreasing
and p, p1,p2 € L®(J,R") such that

f(t,u) > p(t)p(u) for each t € J and all w € R with u > 0,
g(t,u) < p1(t)p1(u) for each t € J and all v € R with u > 0,

h(t,u) < pa(t)uz(u) for each t € J and all v € R with u > 0.
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(Hs) There exists a constant r > 0 such that

T
P+ p(r)]|pl| o SUp {/ G(t, s)ds} <,
teJ | Jo

_(T+1) (T'+1)
T T+2 T+2
(Hy) There exists a constant L > r and an interval [a,b] C (0,T) such that

w(L) mln(/ G(t,s)p s>2L.
te(a,b]

(Hs) There exist constants cg, ¢; such that
P(t) > coPr, G(t,s) > c1G(s, s).
(Hg) There exist, 0 <7 < L < K < R with M~'L < K such that

where

i (r)p1flee + p2(7)|[P2|oo-

T
Pr + p(R)||p]| oo SUp {/ G(t,s)ds, t € J} <R,
0

where
M = min(cy, ¢1).

Theorem 3.5. Suppose that hypotheses (Hy)— (Hg) are satisfied. Then the bound-
ary value problem (1)—(3) has at least three positive solutions.
Proof. Our result is based on Legett-Williams fixed point theorem. Transform

the problem (1)-(3) into a fixed point problem. Consider the operator
N : C(J,R) = C(J,R)

defined by
(Ny)(t /Gts (s, y(s))ds,
where .
(T—I—l—t)/ t+1/
Pit)=—1-"9
(t) ) ; g(s,y(s) ds—l—TJr2 h(s,y(s))ds,

and the function G(t, s) is given by (9). Clearly, the fixed points of the operator N

are solution of the problem (1)-(3). We shall show that N satisfies the assumptions

of Leggett-Williams fixed point theorem. The proof will be given in several steps.
Step 1: N is continuous.

Let {y,} be a sequence such that y,, — y in C(J,R) Then for each ¢ € [0,T] we
have

Nw)O - N@OL < g [ lotsom(s) = g(s,y(s))lds
T
g [ sn(s) = his.u(s)ds

4 /c;(s,t)|f(s,yn(s))—f(&y(s))lds
0
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LD g a0 — 9w e

- T+ 2
1A €5 yn () = PCs y())lloo

T+
+ TGS yn () = FC () loos

T+2
} T
G:sup{/ |G(t,s)|ds, t € J}.
0

Since f, h, g are continuous functions, we have

+

where

IN(yrn) = N(y)||oo = 0 as n — oco.

Step 2: N maps bounded sets into bounded sets in C(J,R).

Indeed, it is enough to show that for any n* > 0, there exists a positive constant
¢ such that for each y € By« = {y € C(J,R), [|y|loc < 7"}, we have ||[N(y)|o < L.
By (H;) we have for each ¢ € [0, T,

T+1 [T T+1 (7T
i3 ), oG ueNlds + g [ IRGs y(s)las

[N (y) (1) T+2 Jo
T
+ /0 |G(t, s)||f(s,y(s))|ds

IN

(i I ;) :ul(Hy”oo)/O p1(s)ds

(T+1)
T+2

IN

T

T
uz(llylloo)/o pz(S)derV(Ilylloo)/O G(t, s)q(s)ds.

Thus for every t € J, we have

[Wlloo < Ppe +v(1*)G|q]l0 := £

Step 3: N maps bounded sets into equicontinuous sets of C(J,R).

Let t1,t2 € [0,T], t1 <2, By~ be a bounded set of C(J,R) as in Step 2, and let
y € By+. Then by (H;) we have :

T
IN@)(t) - N)(h)]| < |Pta) + / G(t2, 5) (s, y(s))ds

T
_P(ty) - / Gtr, )£ (s, y(s))ds

_ T _ T
W/O g(s,y(s))ds—G;i;”/0 9(s,y(s))ds

(ta+1) [T t+1) [
+ /0 h(s,y(s))ds — T2 /0 h(s,y(s))ds

T+2
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T T
+ / G(t2,5)f (s, y(s))ds — / Gltr, 5)f (s, y(s))ds

T(t; —t2)
- T+2

()l / Glta,5) — G(tr, 5)|ds.

The right-hand side of the above inequality tends to zero, as to — t; and this proves
that: N(B(0,7*)) is equicontinuous in C(J,R) . As a consequence of the steps 1
to 3 together with the Ascoli-Arzela theorem, we can conclude that the operator
N : C(J,R) — C(J,R) is continuous and completely continuous.

T(ta —t1)

T4 p2(n™) P2l

()1 floo +

Let
C={yeC(J,R):y(t) >0 for teJ}
be a cone in C(J,R). Using the hypotheses (Hz) and (Hs), we prove that N(C) C C
and N : Cr — Cp is completely continuous. Let ¢ : C — [0, 00) be defined by :

Y(y) = tgfﬂ] y(t).

It is clear that 1 is a nonnegative concave continuous functional and
U(y) < Iyl for y € Cr.

Now it remains to show that the hypotheses of Theorem 2.1 are satisfied. First
notice from (Hs) that condition (As) of Theorem 2.1 holds since for y € C,., one
need only to see others conditions. Next, let

(1) = L+ K

By the definition of C(¢, L, K), y belongs to C(¢, L, K). Also for arbitrary
y € C(y, L, K). From (H3) and (Hy), one has

for ¢t € [0,T7.

T
$(N(y) = min <P<t>+ / G(t, ) f (5. (s >>ds>

t€la,b]

min </ G(t,s)f sy())d>

tEab]

min (/ G(t, )p(s)ullyl)d )

teab]

Lmln(/ G(t,s)p >2L,
te(a,b]

which establishes condition (A;) of Theorem 2.1.
Finally, we will show that (As) of Theorem 2.1 holds. To that end, let y €
C(¢, L, R) with | N(y)|lc > K. Then by (Hs) and (Hg), we have

NG > i <P<t>+ / G(ms)f(s,y(s))ds)
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T

Z min <COPR + Cl/ G(Sa S)f(S,y(S))dS)
t€la,b] 0

> M||Nylloe > MK > L.

Thus, condition (As) of Theorem 2.1 holds.

Then, the Leggett-Williams fixed point theorem implies that N has at least three
fixed points y1, y2 and y3 which are fixed points N solutions to the problem (1)-(3).
Furthermore, we have :

1 €Cr, y2€{yeCWY,L,R):¢(y) > L},
Y3 eciR_{C('l/JaLvR)Uﬁr}

4. EXAMPLE

We consider the following fractional boundary value problem,

e 12y 3
Dzy(t) = W, teJ:=][0,1], (10)
T e*ly(s)| )
b0 v 0 = [ S ()
v+ = [ S(lf’;()')l)d (12)
Set, o
fltu) = W, (t,u) € J x [0,00),
e
) = S e ful)
ey
h(svu) = ma
p(u) =12u, uw >0, pt)= H%’ t €10,1],
viu)=12u, u>0, q(t)= %, teo,1].
‘We have

[f(t,u)l < q@)v(u), [t u) = pt)p(u), (tu) € [0,1] x [0,00),

3u
=——  _ u>0 t)=¢', tel0,1
p1 () Se_1y 420 m(t)=¢', te[0,1],
(W)= —% w0, pat)=e, te0]
M2 78(6—1), 2 U, P2 - ) s L]y

2 ! 2 ! 1
Po=5(r) [ mi(s)ds+ Sar) [ pals)ds = g
3 ) 3 . 2

G is given by :
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I+ -9t (A+A—s)*> (t—s)"" s
Glt.s) = 3(a) (a—1) Ta) @ 0=sst
’ 1+t)(1—s)*t  (1+t)(1—s)>2 f<s <1
3T(a) ST(a—1) §
(13)

Because v = 2, I'(3) = 3%, I'(1) = /7 then (13) becomes :

_ b V1-s
G(t,s) = 14
(4-9) 3v/m 2(1+t)ﬁ+\/1%t 0<t<s<l -

An easy computation shows that :

! 1+«
su G(t,s)p(s)ds p = ,
tE[OI,)l] {/0 (&, )p(s) } 3al'(a)

0}
fénflﬁ (/ Gt s)p ) - 3al(a)

Because a = %, then we have :

sup {/Gts }— 10
tef0,1] 9y’

2
200 (/G“ )ZQ\/E'

P, + p(r) sup {/01 G(t, s)p(s)ds} <,

and

From this we have :

teJ
that is
L + 10 <0
-r r—r
2 97 ’
thus
1 10
—7T T
2 97 ’

and then (Hs) holds since r a positive constant. Also, we have :

Lmln(/GtS )ZL,
te(a,b]

and so

12L(a — %

12L{a—3) > L,
3al () —

Putting o = % we have then :
24

— —12>1,
9/

which implies that (H4) holds since L is a positive constant.
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Now .
Pg + u(R) sup {/ G(t,s)p(s)ds, t € J} <R,
0

and so

7R 2 r_Rr<o,
T ovE

which yields

—R —R<0
o

and then(Hg) holds since R is a positive constant.

set

Assume there exist a constant ¢y, ¢, K > 0, such that
P(t) > coPgr, G(t,s) > c1G(s,s),
M = min{cp,c1}, and chose r, L, K, R, such that 0 < r < L < K < R,

with M~'L < K, then problem (10) — (12) has at least three positive solutions

Y1,Y2,y3 in Cp. Furthermore, we have
y1 €Cr, y2€{yeCH,L,R):¢¥(y) > L},
and o o
Y3 € CR - {0(1/}, La R) U CT’}
v, Cr, C(¥, L, R) are defined as above.
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