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1. INTRODUCTION

We are interested in the following nonlinear fractional differential equation
n—1
Diu(t) =Y a;Ditult) = f(tu(t),d/(t), 0<t<l n-1<7<n, (1.1)
i=1

subject to the boundary conditions

n—1

u(1) —u(0) =Y alfu(t)]i—1, u®(0)=1by, k=1,2,-- ,n—1, (1.2)

i=1

where D[ is the the Caputo’s fractional derivative of order 7, n € N, n > 2.

Throughout we assume:

*Supported by NNSF of China (11071014) and Scientific Research Fund of Heilongjiang Provincial Education
Department (11541102). TCorresponding author. E-mail address: yangaij2004@163.com

EJQTDE, 2011 No. 1, p. 1



n—i—1
(i) a;>0,b;>a;- Y, (k+),bkf0rz—1,2,~-~ n—1, and0<z(

s < 1,

(ii) f:[0,1) x Ry x R — R is continuous.

There has been a significant development in fractional differential equations (in short:FDESs)
in recent years. The motivation for those works stems from both the development of the theory
of fractional calculus itself and the applications of such constructions in various sciences such
as physics, mechanics, chemistry, engineering, etc. For an extensive collection of such results,
we refer the readers to the monographs by Samko et al [1], Podlubny [2], Miller and Ross [3]
and Kilbas et al [4].

Some basic theory for the initial value problems of FDE involving Riemann-Liouville differ-
ential operator has been discussed by Lakshmikantham and Vatsala [5,6,7], A. M. A. El-Sayed et
al [8,9], Kai Diethelm and Neville J. Ford [10] and C. Bai [11], etc. Also, there are some papers
which deal with the existence and multiplicity of solutions for nonlinear FDE boundary value
problems (in short:BVPs) by using techniques of topological degree theory (see [12-15,20,21]
and the references therein). For example, Bai and Lii [12] obtained positive solutions of the
two-point BVP of FDE

Dou(t) = f(t,u(t)), 0<t<l, l<a<2 (1.3)

w(0) = u(1) =0 (1.4)

by means of Krasnosel’skii fixed point theorem and Leggett-Williams fixed point theorem. D,
is the standard Riemann-Liouville fractional derivative.

Zhang discussed the existence of solutions of the nonlinear FDE
‘Dyiu(t) = f(t,u(t), 0<t<l, 1l<a<2 (1.5)
with the boundary conditions

u(0)=v#0, u(l)=p#0 (1.6)

and

w(0) + 4/ (0) = 0, w(l)+u/(1)=0 (1.7)

in [13] and [14], respectively. Since conditions (1.6) and (1.7) are not zero boundary value, the
Riemann-Liouville fractional derivative Df, is not suitable. Therefore, the author investigated
the BVPs (1.5)-(1.6) and (1.5)-(1.7) by involving in the Caputo’s fractional derivative “Dg, .
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In [15], M. Benchohra et al considered the following BVP:

D(t) = f(t,y), foreacht e [0,T], 1 <a <2,
y(0) = y'(0) = Jy g(s,y)ds, (1.8)
y(T)+y'(T) = [, h(s.y)ds,

where “D® is the Caputo’s fractional derivative. By using a series of fixed point theorems, some
existence results were given.

From above works, we can see two facts: the first, although the BVPs of nonlinear FDE
have been studied by some authors, to the best of our knowledge, higher-order fractional equa-
tions with integral boundary conditions are seldom considered; the second, the author in [15]
studied the BVP with integral conditions, however, those results can’t ensure the solutions to
be positive. Since only positive solutions are useful for many applications, we investigate the
existence and multiplicity of positive solutions for BVP (1.1)-(1.2) in this paper. In addition,

two examples are given to demonstrate our results.

2. PRELIMINARIES

For the convenience of the reader, we first recall some definitions and fundamental facts of

fractional calculus theory, which can be found in the recent literatures [1-4].

Definition 2.1. The fractional integral of order 7 > 0 of a function f : (0,00) — R is given by

I f(x) = r(lr) /0 o f(gl_Tdt, v>0, (2.1)

provided that the integral exists, where I'(7) is the Euler gamma function defined by
['(2) :/ t=~te7tdt, (z>0), (2.2)
0

for which, the reduction formula

(24 1) = 21(2), T(1) =1, r(%) _ Jr (2.3)

and the Dirichlet formula
1
r
/ 1 =)t = % (z,w € Zg) (2.4)
0

hold.
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Definition 2.2. The Caputo’s fractional derivative of order 7 > 0 of a continuous function

f :(0,00) — R can be written as

: )
Dl f(z) = ! )/0 ( S dt, n=][r]+1, (2.5)

Iin—71 x —t)TH-n

where [7] denotes the integer part of 7, provided that the right side is pointwise defined on
(0, 00).
Lemma 2.1. Let 7 > 0, then the differential equation

Dg, f(x) =0
has solutions f(z) = ¢y + c12 + cax® + - - + ¢,_12" L. Moreover,
I5. Dy, f(z) = f(x) — (co+ 1z + cox® + -+ - + ¢y )

for some ¢; e R, 1 =0,1,2,--- ,n— 1.
We present the useful Lemmas which are fundamental in the proof of our main results below.

Lemma 2.20'%, Let C be a convex subset of a normed linear space E, and U be an open subset
of C with p* € U. Then every compact continuous map N : U — C has at least one of the
following two properties:

(A1) N has a fized point;

(A2) there is an x € OU with x = (1 — XN)p* + ANz for some 0 < X < 1.

Lemma 2.307. Let C be a closed convex nonempty subset of Banach space E. Suppose that
A and B map C into E such that

(A1) z,y € C imply Az + By € C;

(A2) A is a contraction mapping;

(A2) B is compact and continuous.

Then there exists z € C with z = Az + Bz.

Definition 2.3. The map « is said to be a nonnegative continuous concave functional on a

cone P of a real Banach space E provided that o : P — [0, 00) is continuous and
a(te + (1 —t)y) > ta(z) + (1 - t)a(y)

for all z,y € P and ¢ € [0, 1].
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Let a and 3 be nonnegative continuous convex functionals on the cone P, 1 be a nonnegative
continuous concave functional on P. Then for positive real numbers r > a and L, we define

the following convex sets:

P(a,r;B,L)={x € P: a(z) <
F(w@) [reP:a(@)<n
P(a,r; 6, Lith,a) = {z € P afz) <, B

Pla,r;3,Liap,a) ={x € P: alx) <r B(x) < L,(r) > a}.

The assumptions below about the nonnegative continuous convex functionals «, § will be used:
(B1) there exists M > 0 such that ||z|| < M max{a(z), B(x)} for all z € P;
(B2) P(a,r;3,L) # () for all r > 0, L > 0.

18]

Lemma 2.4 Let P be a cone in a real Banach space E, and ro > d > b > r; > 0,

Ly > Ly > 0. Assume that o, B are nonnegative continuous convex functionals satisfying (B1)
and (B2), v is a nonnegative continuous concave functional on P such that ¥(y) < a(y) for
all y € P(a,ry;8,Ly), and T : P(a,ra; 3, Ly) — P(a,m9; 3, La) is a completely continuous
operator. Suppose
(C1) {y € P(oyd: B, L 6,8) - ¥(y) > b} £ 0, Y(Ty) > b for y € Playd; B, L ,5);
(C2) a(Ty) <1, B(Ty) < Ly for all y € P(a,m1; 8, Ly);
(C3) (Ty) > b for all y € P(a,d; B, Ly; 1, b) with a(Ty) > d.
Then T has at least three fized points yy, 12, ys € P(a,79; 3, Ly) with
y1 € Pla,r1; 8, Ly),
y2 € {y € P(a,r9; 3, La; 1, b) - p(y) > b},
y3 € P(a,79; 8, La) \ (P(,79; 8, La; b, b) U P, 71; 3, L1)).

3. MAIM RESULTS

Let X = C'[0,1] with the norm ||z|| = max{||z||ec, ||7’||cc}, Where || - ||o is the standard
sup norm of the space C[0,1]. Obviously, X is a Banach space. Define the cone P C X by

P={zxe X :z(t)>0, te]0,1]}
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Lemma 3.1. Assume that ¢ € C[0,1]. Then u € X is a solution of the BVP

Diult) — S aiDp=u(t) = 6(8), 0<t<1,
= (3.1)
u(l) ( ) ; [ 0+u< )]t=17 u(k)<0) =b, k=1,2,---,n—1

if and only if u is a solution of the fractional integral equation

n—1 t 1
+ t 1 / (t—s) tu(s)ds +/ G(t,s)p(s)ds (3.2)
- - 0
where , . ) .
n— b tz n—i— bktk—H n— bz n—i— bk
Tt =) (= —a = Z — ), (3.3)
= k=1 (k+)! = (k +1)!
1 Bt)1—s)" '+ (t—s)""t 0<s<t<1,
Gt s) = -1 O =)+ (t =) Sssts (3.4)
I(r) | B(t)(1—-s)"", 0<t<s<l,
here note
n—1 i
1= e
i=1
B(t) - n—1
i
i=1

For simplicity, for 6 € (0, 1), let

w:=max{Y(t) : t € [0,1]}, w* = max{|Y'(t)| : t € [0,1]},
1
W i =min{Y(¢t): t €[0,1 0]}, oy = m[zonlc]/ G(t,s)ds
te
1
0y := min / G(t, s)ds, o3 1= / ‘8G (t,s) s,
tel0,1-6] J teo1

1-
o4 := min / G(t, s)ds.

te[G,l—G] 0

Theorem 3.1. If there exist g,h,l € C([0,1],R,) satisfying

nfll n—1 .
1_‘1% 1_2(1311)!
hllso [||oo < mi =, = 3.5
[Alloo 11| < min{— ) (3.5)

such that
[tz y) < g(t) + h(t)x + 1(t)y.
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Then the BVP (1.1)-(1.2) has at least one positive solution.
Proof. Consider the operator T': P — P defined by

n—

(Tu)(t + > 2_1 / t—s)i_lu(s)ds+/0 G(t,s)f(s,u(s),u'(s))ds. (3.6)

Clearly, the fixed point of T" is a positive solution of the BVP (1.1)-(1.2). In order to apply
Lemma 2.2, we shall first show T is completely continuous.

T is continuous on P follows from the Lebesgue dominated convergence theorem, which is
valid due to the continuity of the function f.

Now, we will show that T is relatively compact. For any given bounded set U C P, there
exists M > 0 such that ||u|| < M for all u € U. We take

k= max{| f(t,u,0)| : £ € [0,1], [u] < M, |v] < M}.

For any u € U,

n—1 ) t ' 1
ITullo = max X0+ 30 0 [ =) s+ [ Gleos) (s, u(s). ()
n—1 @ 1
< wH|ulle Y —+ max ft,z,y)- max/ G(t,s)ds
— il (ay)el0,1]x[0,M]x [~ M, M) tef0,1] Jo
< wH+ M+ ko < 00,
n—1 @ t
(Tu)loo = max [Y'(£) + aru(t) + — /(t—s)i_ZU(S)dS
t€0,1] — (i =2)! Jo
oG (t, s
o [ 29 g ) sy
0
n—1 1
a; 8G(t S)
< W o) —— t,z,y) - ~—~|d
< Wl Z (1 —1)! _'_(t,x,y)E[O,l]Iﬁ%,)&}x[fM,M}f< %) tgl[(ii)f]/o | ot ds

i=1
< W'H M+ ko3 < 00,

that is, T'U is uniformly bounded. For u € U, let t1,t5 € [0, 1] be such that ¢; < t5, we have
to
|Tu(ty) — Tu(ty)| = | / (Tu) (s)ds| < (wW*+ M + ko3)|ta — t1| — 0, as ty —t; — 0.
t1

Notice that

(Tw)'(t) = T'(t)+ aru(t) + '_ G ! /0 (t — s)"2u(s)ds
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we have
[(Tw)(t2) — (Tw)'(t1)]

< PO) = Y0+ anfute) = ()] + 3 = [t = o) Puts)as = [0 = sy
S it — a5

1 =
+ =2 — (1 —5)""f(s,u(s),u(s))ds
[(7) E /0

i S (s, u( 8)) (s uls), W(s))
1 |/ ds — ds|

tg — S 0 (tl — S)Q_T

-1

Y] = Y0+ o) — )+ 3 2 [ =7 o) (o)

=2

IN

n—1

. S a5
“f <t2—s>”u<s>ds]+r(17) S [ 0= ). 9

az

Gl = O / tz_s e ) W)l
< Tt - <t1>|+a1|u<t2>—u<t1|+MZ i -
L Sl -

K _ . .
+ F(T) [Q(tz — t1)T 'y (tg - t 1)] — 0, asty —1t; — 0.

n—1 .
1=

That is, TU is an equicontinuous set. Thus, T is relatively compact. By means of the Arzela-
Ascoli theorem, T : P — P is completely continuous.

In the following, let

w + o1]|9]]so w* + 03][9]]oo

Q) > max{ = ’ n—1 b
I > S = o1(||hloo + [[l]e) 1 — 21 i — os(lhlloe + [11]]s)
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Define Q = {u € P : ||u|| < Q}, then ||ul|o < @ and ||u/|| < Q for u € 0.

Tl = tfg%lT(Hzﬁ =y tuts+ [ Gt ssus)ais)as

n—1
< w+ QY S+ oilllglle + QI+ 11le)] < Q
i=1

and
n—1 a t
/ o / ? o 1—2
|(Tu) || = f&&iﬁw (t)+a1u(t)+i2 (z’—2)!/0<t s) " u(s)ds
+/01 %]‘(S,u(s),u'(s))dﬂ
< w +QZ 71+ oslllglloe + QI + [11])] < @

indicate that ||Tu|| < @ for u € 9Q. Take p* = 0 in Lemma 2.2, then u = ATu (0 < A < 1)
for any x € 0€) dose not hold. Hence, the operator T" has at least a fixed point, i.e. the BVP
(1.1)-(1.2) has at least one positive solution. O

Theorem 3.2. Under the assumptions (i) and (ii), the BVP (1.1)-(1.2) has a positive solution.
Proof. Define the functions 77,75 : P — P by

(Thu)(t )+ Z (= 1 / (t — s)"u(s)ds,
(Tou)(t /Gts s,u(s),u'(s))ds.

For x,y € P, it is easy to see that (T1x)(t) + (Toy)(t) > 0, i.e. Thz + Toy € P.
Firstly, we show that 77 is a contraction mapping. For any u,v € P, we have

n—1

[(Thu)(@) = (Tho)(B)] < Z 2_1 /t—S)i_1IU(8)—v(S)Id8

n—1

Qa
< > L=l < Zf||u—v||

and

o [ =) (s
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n—1 n—1

a; a;

Since 0 < Z 7o < 1 from the condition (i), T} is contractive.

Next, We shall verify that T, is completely continuous, which follows from the proof of
Theorem 3.1. As a result, Lemma 2.3 implies that there exists an x* € P such that z* =
Tix* + Tox*. In view of Lemma 3.1, 2* is a positive solution of the BVP (1.1)-(1.2). O

Let the nonnegative continuous convex functionals a, # and the nonnegative continuous

concave functional 1) be defined on the cone P by

a(z) = l[zlle, B(z) = [l2'|lc, ¥(z) = min |z(t)]

0<t<1—6

Obviously, o and (3 satisfy (B1) and (B2), ¢(z) < a(z) for all z € P.

Theorem 3.3. Assume there exist constants ro > g >b>nr >0, Ly > Ly > 0 such that
n—1
w<(1- 231 S and w* < Ly —r; E oo J =1,2. Suppose
(1—7?2 7)7’2—(0 Lo—w*—ro ilﬁ
(H1) f(t,u,v) < min{ = , — b, (tyu,v) €0,1] %[0, 73] X [— Lo, L],
(HQ) f(t,u,v) > bigu;**7 (t,u,'U) S [07 1] X [ba %] X [_LQaLZ];
(lfﬁil Yy —w  Li—w*—r nil %
(H3) f(t,u,v) < min{—=! , =1 Y, (tu,v) €[0,1] x[0,71] X [— L1, Lq];

o1

(H4) f(t,u,v) > 27 (t,u,0) € [0,1 — 0] x [b,19] x [~Lg, Ly).

04

Then the BVP (1.1)-(1.2) has at least three positive solutions x1, xo and x3 such that

r <as(t) <ry, — Ly <ai(t) < Ly, telo1],
ZL‘Q(t) > b, ZEg(t) < b, t e [9, 1-— 0]

Proof. Let the operator T': P — P be defined by (3.6). From the proof of Theorem 3.1, we
know that T is completely continuous. Now, we will verify that all the conditions of Lemma
2.4 are satisfied. The proof is based on the following steps.

Stepl. We will show that (H1) implies T : P(a, 79; 3, Ly) — P(a, 79; 3, Ly).
In fact, for u € P(a, r9; 3, La), |[tl|ee < 7o, ||t/]|oe < Lo. In view of (H1), we have

n—1 t

[|[Tulloo = max |Y(¢) +
t€[0,1]

(t— ) tu(s)ds + /0 G(t,s)f(s,u(s),u'(s))ds|
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max f(t7 u, U) S T2,

n—1
aIA
< wHry Z — 40
— 7! (t,u,0)€[0,1] x[0,r2] X [~ L2, L2]

(Tu)|lee = max |Y'(t) + aqu(t) + A_ G ./O(t—s)i_Zu(s)ds

te(0,1]

+ /0 O 9) £ u(s), u!(s))ds

ot
n—1 a
< Wt — t
S Wt ; (1 —1)! + o3 (t,u,v)e[&l}gl[él,i(g]x[—Lg,Lg] f(t,u,v)

< Ls.

Thus, Tu € P(a,7; 3, Ly).
Step2. To check the condition (C1) in Lemma 2.4, we choose z*(t) =

b.

6

%on [0, 1]. It is easy
to see that z* € {r € P(a, g;ﬁ, Ly;,b) : ¥(x) > b}. For u € P(a, 2; 3, Ly; 9, b), from (H2),

one gets
n—1 @ t ) 1
. o . 7 )i— /
te{gﬂ%}'T“(t” = te{gge}W(tH ;:1 7@._1)!/0(75 s) U(S)d8+/0 G(t,s)f(s,u(s), u'(s))ds|

> W+ oy min f(t,u,v) > b,
(tu,v)€[0,1]x [b,5]x [~ L,L]

then we can obtain ¢(Tu) > b.

Step3. It is similar to Stepl that we can prove T : P(a,r;3,L1) — P(a,ry;3,L1) by
condition (H3), that is, (C2) in Lemma 2.4 holds.

Step4. We verify that (C3) in Lemma 2.4 is satisfied. For u € P(a,ry; 3, Lo; 4, b) with
a(Tu) > &, from Stepl, we know that a(Tw) < ry, Then, from (H4), we can obtain

n—1 t 1-6
a; ,
. > . J )il 4
te{gﬂ%}'T“(t” > te%grieHT(tH ;:1 7@._1)!/0(75 s) U(S)d8+/9 G(t,s)f(s,u(s), u'(s))ds|
> w40y min f(t,u,v)

(t,u,v)€[0,1—0] X [b,r2] X [—L,L]
> Ory > 0a(Tu) > b.

Thus, ¢ (Tu) > b, (C3) in Lemma 2.3 is satisfied.
Therefore, the operator T has three fixed points zy, 2, 3 € P(a, 79; 3, L) with

x1 € Pla,ry; 8, L1), x2 € Pla,ra; 3, Loy, b),
x5 € P, 19 8, La) \ (P, 793 3, Lo; 10, b) U P(av, 713 3, Ly)).
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Then the BVP (1.1)-(1.2) has at least three positive solutions x1, xo and x5 such that
0 <wi(t) <ri, laillo < Li, i=12,
ry <as(t) <ry, — Ly <af(t) < Ly, te0,1],
ZL‘Q(t) >b, ZEg(t) Sb, t e [0,1—0] [

4. EXAMPLES
In this section, we give two applications to illustrate our main results.
Example 4.1. Consider the problem
Dot > LDf,a(t) = f(ta(), (1), 0<t<1, o
z(1) — —1f0 s)ds, z'(0) =1, .
where
2 9 t
[t u,v) = t+ St =t u+ - (
Corresponding to the BVP ( 1)-(1.2), 7 =2, n=2a =1 and by = 1. In order to apply

Theorem 3.1, choose

g6 =1+1t, ht) :%(t-t?), I(t) :é

It is easy to see that ||h||e = 33, ||l||lc = 52 — 2. Notice that

G(t,s) =
We can calculate that

1 1

t
o1 = max/ G(t,s)ds = Lg, o3 = max/ |8G( ’s)|d5 95
te0,1] Jo ') t€0,1] Jo ot 4F(Z>

4

Obviously, the inequality in (3.5) is satisfied. Thus, by Theorem 3.1, the BVP (4.1) has at least

one positive solution. O

Example 4.2. Consider

Do+x<> 1D0+x<> LD8a(0) = F(t,2(),2'(0), 0 <t <1,
x(1) — =1 [Fa(s)ds + 1 [1(1 - s)a(s)ds, (4.2)
' (0) = 1, 2"(0) =1,
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where

(36) + o + 1o u € [0,10],
flt,u,v) = (%o)t+l+%u2+% — %, u € [10,15],
(1) + 1o + 1o u € [15,45],
(&)1 + Ly 4 ol u € [45, +00)
Corresponding to the BVP (1.1)-(1.2), we have 7 = 2, n =3, a1 = 5, a0 = 1, by = by = 1

Gt 5) A=3t+2)A—s)i+ (-9, 0<s<t<I,
75 = 5,0\
T2 | (4—Lt+2)1 —s)i, 0<t<s<l
By choosing 6 = %, one gets
745, 9 . 91
Ww=—, w ==, W =—,
128 32 16
__5 >31+3—i 5 31(4-21 — 1)
o y 09 2 ———q3+ 03 = , Oy = —————2,
FTTE) TP oar(B) T ar(g)’ T s1-3in(L)

Taking r = 10, r = 60, b = 15, L; = 5 and Ly = 40, using F(i) ~ 3.62, we have

3y —w Lyp—w*—1ir
(1) f(t,u,v) < min{2 25 . — 2} ~ min{19.7, 16.8} = 16.8,
() 30(%)
for (t,u,v) € [0, 1] x [0,60] x [—40, 40],
b _ *
2)  fltu,w) > —— ~ 6.7, for (t,u,v) € [0,1] x [15,45] x [—40, 40],
31431
9r(13)
§7’1—w Ll—w*—lrl
(3)  f(t,u,v) < min{+——o, ——} ~min{0.8, 0.5} = 0.5,
L) 30(3)
for (t,u,v) € [0,1] x [0,10] x [—5, 5],
Ory — w** 1 2
@) fltuw) > —2—2 ~10.24, for (t,u,0) € [>, 2] x [15,60] x [—40, 40],
31(4-24 —1) 33

81-3%1‘(17;3)
that is, f satisfies the conditions (H1)-(H4) of Theorem 3.3. Hence, by Theorem 3.3, the BVP

(4.2) has at least three positive solutions 1, xo and z3 such that

0<a1(t) 10, 0< ma(t) <60, [|2)|lse <5, ||zh]|oo < 40,
10 < 23(t) <60, —5 < aj(t) <40, tel0,1],

1 2
.T2<t) > 15, l’g(t) <15, te [ U

3'3)
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