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We study the existence and multiplicity of positive solutions for the fractional m-point boundary
value problem Df, u(t) + f(t,u(t)) =0,0 <t <1, u(0) = #/(0) = 0, v'(1) = Zl'gz a;u' (), where 2 <
a < 3, Dy, is the standard Riemann-Liouville fractional derivative, and f : [0,1] x [0, 00) ~ [0, o0)
is continuous. Here, a; > Ofori=1,...,m-2,0<¢ <& < - <¢un<l,andp = Zim:f a,—éf"z with
p < 1. In light of some fixed point theorems, some existence and multiplicity results of positive
solutions are obtained.

1. Introduction

Fractional calculus is a generalization of ordinary differentiation and integration to arbitrary
(noninteger) order. It has been applied to almost every field of science, engineering, and
mathematics in the last three decades [1-5]. But the investigation of the theory of fractional
differential equations has only been started quite recently.

Among all the researches on the theory of the fractional differential equations, the
study of the boundary value problems for fractional differential equations recently has
attracted a great deal of attention from many researchers. And some results have been
obtained on the existence of solutions (or positive solutions) of the boundary value problems
for some specific fractional differential equations [6-11].

More specifically, Bai [12] discussed the existence of positive solutions for the
boundary value problem (BVP for short)

Dj,u(t) + f(t,u(t)) =0, 0<t<1l, I<a<2,

1.1)
u(0) =0, u(l)=pu(y),
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where0 < fn*' <1, 0<n<1, Dj, isthestandard Riemann-Liouville fractional derivative.
Some existence results of at least one positive solution for the above-mentioned BVP are
obtained by the use of fixed point index theory.

In [13], Salem considered the existence of Pseudosolutions for the nonlinear m-point

BVP,
Dox(t) +q(t)f(t,x(t)) =0, O0<t<l, ae(n-1,n], n>2,
m-2 (12)
x(o) — xl(o) — xll(o) == x(Tl*Z) = 0, x(l) = Zéix(rli>l
i=1
where x takes values in a reflexive Banach space E. Here, 0 < 173 < --- < 2 < 1, & > 0

with 372 i7" < 1, and x® denotes the kth Pseudoderivative of x while D* denotes the
Pseudofractional differential operator of order a. In light of the fixed point theorem given by
O’Regan, the criteria for the existence of at least one Pseudo solution for the m-point BVP are
established.

Very recently, M. El-Shahed [14] considered the existence and nonexistence of positive
solutions to the fractional differential equation

Dj,u(t) + Af(u(t)) =0, 0<t<1, 2<a<3, (1.3)

subject to the boundary conditions
u(0) =u'(0)=0, '(1)=0. (1.4)

Their analysis relies on Krasnoselskii’s fixed point theorem.
Goodrich [15] then considered the BVP for the higher-dimensional fractional
differential equation as follows:

Dx(t) + f(t,x(t)) =0, O0<t<l, ae(n-1,n], n>3,
x'(0)=0, 0<i<n-2, (1.5)

D’x(t)|,.1 =0, 1<v<n-2,

and a Harnack-like inequality associated with the Green’s function related to the above
problem is obtained improving the results in [16].

Motivated by the aforementioned results and techniques in coping with those
boundary value problems of the fractional differential equations, we then turn to investigate
the existence and multiplicity of positive solutions for the following BVP:

Dg.u(t) + f(tu(t)) =0, 0<t<1, 2<a<3,

m-2 (1.6)
u(0) =1/ (0) =0, (1) =D au'(&),
i1



Abstract and Applied Analysis 3

where Df, is the standard Riemann-Liouville fractional derivative of order a. Here, by a
positive solution of BVP (1.6), we mean a function which is positive on (0,1) and satisfies
the equation and boundary conditions in (1.6).

Throughout the paper, we will assume that the following conditions hold.

(H1) f:[0,1] x [0,00) — [0, o0) is continuous.
(H2)a; > 0fori=1,.... m-2,0<¢ <& < <épa<landp = Zim:faigi”“2 with
p<l

There is a vast literature concerning the multipoint BVPs for the integer-order
differential equations. An important recent paper was given by Webb and Infante [17]; and
they established a new unified method for the existence of multiple positive solutions to a
large number of nonlinear nonlocal BVPs for the integer-order differential equations. While
in the setting of the fractional-order derivatives, as far as we know, the existence of positive
solutions for the multipoint BVP (1.6) has not been discussed in the literature.

The rest of the paper is organized as follows. Section 2 preliminarily provides some
definitions and lemmas which are crucial to the following discussion. In Section 3, we obtain
the existence and multiplicity results of positive solutions for the BVP (1.6) by means of some
fixed point theorems. Finally, we give a concrete example to illustrate the possible application
of our analytical results.

2. Preliminaries

In this section, we preliminarily provide some definitions and lemmas which are useful in
the following discussion.

Definition 2.1 (see [3]). The fractional integral of order a > 0 of a function y : (0,00) — Ris
given by

t
I8 y(t) = ﬁ jo (t—s)"y(s)ds (2.1)

provided the right side is pointwise defined on (0, o).

Definition 2.2 (see [3]). The standard Riemann-Liouville fractional derivative of order a > 0
of a continuous function y : (0, o0) — R is given by

@ oy L d\" (" _y(s)
250~ iy (&) J, sy 2

where n = [a] + 1 provided the right side is pointwise defined on (0, »).

Lemma 2.3 (see [6]). Assume that u € C(0,1) N L(0,1) with a fractional derivative of order a > 0,
then

I8, DS u(t) = u(t) + cit™ '+ ot 2+ -+ ont* N, (2.3)

forsomec; € R, i=0,1,..., N, where N is the smallest integer greater than or equal to a.
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By Lemma 2.3, we next present an integral presentation of the solution for the BVP of
the linearized equation associated with the BVP (1.6).

Lemma 2.4. Let y € C[0, 1], then the BVP

Dju(t)+y(t) =0, 0<t<1, 2<a<3,

m-2 (24)
u(0) =u'(0)=0, w(1)= > au(&)
i=1
has a unique solution
1
u(t) = f G(t,s)y(s)ds, (2.5)
0
where the Green function G is given by G(t,s) = G1(t, s) + Ga(t, s), where
(1-s)* 21— (t—5)*!
<t<
G1 (t, S) =
(1-s)" 21
- <t<s< .
T@) , 0<t<s«<l, (2.6)

1 ~ m—2 . -
Ga(t,s) = m (P(l —5)" 7 - Zai(ii -5) 2)CI:}-(S)>15 L

i=1

Here, E; = [0, ¢;], and g, denotes the characteristic function of the set E; fori=1,2,...,m - 2.

Proof. Lemma 2.3 yields
ut) = =I5 y(t) + et + oot % + 5t (2.7)

This, with the condition that #(0) = 0, gives c3 = 0. Furthermore, differentiating both sides of
the expression of u(t) with respect to ¢, we obtain

W (t) = ~I5 7y (F) + o1 (@ — D)2 + cp(a - 2)t* 2. (2.8)

Now, by the conditions that 1'(0) = 0 and #/(1) = Z;ﬁ]z aiu'(¢;), we get that c; =0 and

— 1 a-1
Cl'u‘-n(l—p)( Sy - Z“J y<§l> (2.9)



Abstract and Applied Analysis 5

Hence,
ulh) = F(a)f (t=9)"" - 5)"?y(s)ds
t* s m2.§i e
(e, 4w S o voae)
- 1
= F(a)f (t-s)" 1]/(s)ds+ f (1-5)"2y(s)ds (2.10)
1 1m-2
i P)F(a)< I (=5 (S)ds_j ;“l@i‘S)“_zxﬂ-(s)y(s)ds>
1
Zf G(t, s)y(s)ds.
0
The proof is complete. 0

The functions G;(t,s) (i =1,2) have important properties as follows.

Lemma 2.5. Assume (H2) holds, then G;(1,s) > Gi(t,s) > q(t)Gi(1,s) > 0 forall t,s € [0,1] and
i=1,2, where q(t) = t*1.

Proof. The asserted relation for i = 1 is a direct result of Lemma 2.8 in [14]. In addition, the
case for i = 2 follows from a direct application of the definition of G;(t, s) and the fact that

1

a-2
- a-201 _ a-2 _ 2 a-1
Ga(t,s) = PR )< > aiéf (1 - )" E aié; <1 §> XE,»(S)>t

m=2 m-2 (211)
a g;z—Z(l _ S)u72 _ aié?_z(l _ S)a2>tu—1
(1 p)r(a) (1—1 ;
=0
holds for t, s € [0, 1]. The proof is complete. O
Remark 2.6. The definition of G(t, s) and Lemma 2.5 yield
G(1,s) = G(t,s) = q(t)G(1,s) > 0<ts<1. (2.12)

Remark 2.7. It is necessary to mention that Bai and Lii [6] showed that their Green’s function
did not satisfy a classical Harnack-like inequality (HLI) for the homogenous two-point BVP
of fractional differential equation with order a in (1, 2]. They proved that G(t, s) > y(s)G(s, s),
where y(s) — 0" as s — 0%, which is a challenge for our seeking positive solutions.

On the other hand, Goodrich [15], for the homogenous BVP of fractional differential
equation with order a in (n —1,n] (n > 3), established a HLIL: minse[1,21G(t, s) > yG(1,5s),
where y is a positive constant. Using this inequality, the author obtained sufficient conditions
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on the existence of positive solutions. In Remark 2.6, we get a generalized HLI contrasting
to the result in [15]. In fact, for a constant 6 € (0,1], it follows from Remark 2.6 that
minyep1G(t, 5) > 0°-1G(1, s).

From the above discussion, we may infer that it is closely related to both the order
of fractional differential equations and boundary conditions that whether or not the Green’s
function satisfies a traditional HLI, which needs more detailed and rigorous investigations.

Next, we introduce some fixed point theorems which will be adopted to prove the
main results in the following section.

Lemma 2.8 (see [18]). Let B be a Banach space, P C B a cone, and Q, €, two bounded open balls

of B centered at the origin with Qy C Q,. Suppose that 4 : P N (Q \ Q1) — P is a completely
continuous operator such that either

(B1) [ex|l < llxll, x € PN 0Ly and ||Ax]|

|

llx|l, x € pPnoyor
(B2) ||Ax]| = [lx]l, x € PN 0Ly and [[Ax|| < |

=
< lxll, x € DNo,
Holds, then o has a fixed point in ) N Qo \ Q).

Definition 2.9. The map 0 is said to be a nonnegative continuous concave functional on a cone
P of a real Banach space B provided that 0 : ) — [0, o0) is continuous and O(tx + (1 - t)y) >
t0(x)+(1-1)0(y) forallx,y € Pand 0 < ¢t < 1.

Lemma 2.10 (see [19]). Let [ be a cone in a real Banach space B, P. = {x € P | ||x|| <c}, 0
a nonnegative continuous concave functional on [) such that 6(x) < |x||, for all x € p., and
PO,b,d)={xepP|b<0(x), ||x|| <d}. Suppose that 4 : Do — D.is completely continuous
and there exist constants 0 < a < b < d < ¢ such that

(C1) {x € P(6,b,d) | O(x) > b} #0 and O(Ax) > b for x € P(6,b,d),
(C2) ||Ax|| < afor x € P,,
(C3) O(eAx) > b for x € P(0,b, c) with ||H#x|| > d,

then 4 has at least three fixed points x1, xp, and x5 such that

|x1]] <a, b<0O(x2), a<]|xs|| with6(x3)<pb. (2.13)

Remark 2.11. If there holds d = c, then condition (C1) of Lemma 2.10 implies condition (C3)
of Lemma 2.10.

3. Main Results

In order to apply the fixed point theorems to the BVP (1.6), we first import some notations
and operator.

Let B = C[0,1] be the classical Banach space with the norm |ul| = sup,o|u(f)|.
Furthermore, define the cone D by

p={ueB|ult)>qt)|ul for t[0,1]}. (3.1)
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Notice that ||u]| = u(1) for each u € . For a positive number r, define the function space €,
by

Q, ={ueC[0,1] : |ul| <r}. (3.2)
Also define the operator # : ) — B by
1
[Au](t) = f G(t,s)f (s,u(s))ds. (3.3)
0
Next, we show some properties of the operator 4.

Lemma 3.1. If (H1)-(H2) hold, then H4(P) C p.

Proof. From the definition of the operator «# and Remark 2.6, it follows that, for u € D,

1
[Aul (1) > q(t) fo G(1,8)f (s, u(s))ds

1
> q(t)max{f G(t,S)f(s,u(s))ds} (3.4)
te[0,1] 0
= g(t)|[[Au]ll,
Therefore, &4 () C p. This completes the proof. -

Lemma 3.2. Assume that (H1)-(H2) hold, then the operator o4 : Q, N P — P is completely
continuous.

Proof. Lemma 3.1 implies that (ﬁ, N pP) c P. Moreover, the uniform continuity of the
function f(t,u) on the compact set [0,1] x [0,7] yields that the operator < : QnNp - p
is continuous.

We now show that 4 (Q, N p) is bounded. To this end, let | = max{f(t,u) : 0 <t <
1,0 <u < r}, then, foru e Q, NP, it follows from Remark 2.6 that

1
0 < [Hu](t) = j: G(t,s)f(s,u(s))ds < ZJ‘O G(1,s)ds, (3.5)

which implies that <# (Q, N P) is bounded.
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In addition, for each u € Q, NP, t1,t, € [0,1], t < t3, writing F(t1,t) = |[Au](t) -
[«4u](t2)], we have the following estimation:

1 1
F(tl,tz) < lf |G1(t2,S) - Gl(t1,5)|ds +lf |G2(t2,S) - Gz(t1,5)|dS
0 0

t t
<1 [Gi(ta,s) = Gi(ty,s)[ds + 1| |Gi(tz, s) — Gi(ty, s)|ds
0 f

1 pl a-1 a-1
.l L|c1(t2, =Gl s+ A (1 - )
< ﬁ J‘Ol <<tg_1 - ti‘_1>(l _ S)a—Z + (tZ _ S)u—l _ (tl _ S)a—1>ds (36)
t
- ﬁ ((tg_l - tlf_1> (1-8)2+(tr - S)’“)ds
ty
! ! a-1 a-1 a-2 Pl(tg_l - tlll_l)
T f2<t2 h )(1 Ty e (a=1)(1-p)l(a)

! a-1 _ ja-1 l a_
< emnar@ B ) e ).

Now, using the fact that the functions t1 and t* are uniformly continuous on [0, 1], we
conclude that 4(Q, N P) is an equicontinuous set on [0, 1]. It follows from the Arzela-Ascoli
Theorem that #(Q,N) is a relatively compact set. As a consequence, we complete the whole
proof. O

Lemma 3.3. Assume that (H1)-(H2) hold, then u € C|0, 1] is a solution of the BVP (1.6) if and only
if it is a fixed point of A in ).

Proof. If u € P and H4u = u, then

m-2
u(t) = =Ig, f (£, u(t)) + I, u() - Zail&lf(sii,u(éi)))f“l- (3.7)
i=1

1 <
(@-1)(1-p)
Thus,

Dg+u(t) + f(tr u(t)) =0, (3.8)

and u(0) = 0. Furthermore, differentiation of (3.7) with respect to ¢t produces

m-2
u'(t) = =I5 f(tu(t) + ﬁ (I{)"ff(l,u(l)) - Zai13+1f(§i,u(§i))>t“- (3.9)
i=1
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This yields #'(0) = 0 and

m-2

m-2
u'(1) = 1 <pIS;1f(1,u(1)) - Zailé‘;lf(éi,u(éi))> = > aiu'(&). (3.10)
i1

(1-p)

i=1

Therefore, u is a positive solution of the BVP (1.6).

On the other hand, if u is a positive solution of the BVP (1.6), then Lemma 2.4 implies
#u = u. Moreover, in view of the proof of Lemma 3.1, we also get u(t) > q(t)||u|| for t € [0,1].
Hence, u is a fixed point of & in . We consequently complete the proof. O

In the following, fix 77 in (0,1) and set

1 p -1 . 1
= — a-1
L= <f0 Gi(1,s)ds + @1 p)l"(a)) , M = <11 L Gi(1, s)ds> . (3.11)

We now present two main results on the existence of positive solutions for the BVP (1.6).

Theorem 3.4. Assume that (H1)-(H2) hold. In addition, and suppose that one of the following two
conditions holds:

(H3) lim,, _, ominepo1)(f (t, 1) /u) = oo, lim,,_, cemaxiejo,1(f (¢, u)/u) =0,

(H4) hmuﬂominte[O,l] (f(t, u)/u) = 0/ hmuﬂoomaxte[o,l] (f(t, u)/u) = 0,
then the BVP (1.6) has at least one positive solution.

Proof. Notice that Lemma 3.2 guarantees that the operator < : ﬁr NP — P is completely
continuous.

Now, assume that condition (H3) holds. Since lim,,_, gminejo1](f (t, 1) /u) = oo, there
exists an r; > 0 such that

f(t,u) > eu forte[0,1], 0<u<mn, (3.12)

where the constant £; > 0 is chosen, so that
1
elf G(1,s)g(s)ds > 1. (3.13)
0

Thus,

ft,u(t)) > eu(t) foruepPnoQ,, tel0,1]. (3.14)
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This, together with the definitions of &/ and Remark 2.6, implies that for any u € P N 0Q,,,

1 1
|[Au|| = j G(1,s)f(s,u(s))ds = elj G(1,s)u(s)ds
’ ’ (3.15)

1
> & fo G(1,5)g(s)dsull > [lull.

That is, for u € P N0, ||HAul > |lu].
On the other hand, from lim,,_, ,,;maxcjo1;(f (t, u) /u) = 0, it follows that there exists a
I > 0 such that

ft,u) <eu fortel0,1], u=>1l, (3.16)

where the constant ¢, > 0 satisfies
! 1
ng G(1,5)ds < 5. (3.17)
0

Now, write I, = max{ f(t,u) : t € [0,1], u € [0,1;]}. Then the relation (3.16) yields

ft,u) <eu+l, fortel0,1], u=>0. (3.18)

Set r, = max{2ry,2l, fé G(1,s)ds} and let u € P N 0Q,,, then Remark 2.6 and (3.18) imply
| Aull = [Au] (1)

1

- [ s usas
0
1

< f G(1,s)(eau(s) + Ir)ds (3.19)
0

1 1
< szf G(1, s)ds||u| + lzj G(1,s)ds
0 0

< [l

Thus, the operator & satisfies condition (B2) of Lemma 2.8. Consequently, the operator «# has

at least one fixed pointu € PN (Q, \ 1), which is one positive solution of the BVP (1.6).
Next, we suppose that (H4) holds. The proof is similar to that of the case in which

assumption (H3) holds and will only be sketched here. Select two positive constants €3 and &4
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with €3 f; G(1,s)ds < 1 and eqn*! L; G(1, s)ds > 1, respectively. Then, there exist two positive
numbers r3 and I3, such that

ft,u) <esu forte[0,1], 0<u<rs, (3.20)

ft,u) >eu forte0,1], u>ls. (3.21)

It follows from Remark 2.6 and (3.20) that for u € P N 0Q,,,

1 1
|Au| = J‘o G(1,s)f(s,u(s))ds < &3 J‘o G(1, s)u(s)ds < |lu]l. (3.22)

In addition, let r4 = max{2rs;,l3n'™*}. If u € P N 0Q,,, then
u(t) = qt)ull =n*'ry =1 forte [n,1], (3.23)

and by (3.21),
f(tu(t)) > esu(t) forue pPnoQ,, te[n1]. (3.24)
This yields that, for u € 0Q2,, N D,
| Aul| = [Au](1)
1
- [ G956 ues
0

1
> 54J G(1,s)u(s)ds

1
(3.25)

1
mj G(1, 5)q(s)lullds
n

1
>s4n“-1f G(1, s)dsllu
n

2 [[ull.

Thus, ||[HAu|l > |ju|| for u € 0Q,, N P. Hence, the operator « satisfies condition (B1) in
Lemma 2.8. As a consequence, the operator </ has at least one fixed point u € p N (Q4 \ Q3).
This means that the BVP (1.6) has at least one positive solution u. We complete the whole
proof. O
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Theorem 3.5. Assume (H1)-(H2) hold. In addition, suppose that there exist constants 0 < a <b < ¢
with Mb < Lc, such that the following assumptions hold:

(H5) f(t,u) < La, for (t,u) € [0,1] x [0, a],
(H6) f(t,u) > Mb, for (t,u) € [n,1] x [b,c],
(H?7) f(t,u) < Lc, for (t,u) € [0,1] x [0, c],

then the BVP (1.6) has at least three positive solutions.

Proof. Define the nonnegative continuous concave functional 6 on the cone /) by

O(u) = Igiglu(t). (3.26)

St

Next, we intend to verify that all the conditions in Lemma 2.10 hold with respect to the
operator &/. Lemma 2.10 involves parameters a, b, ¢, and d with 0 < a < b < d < c. Now,
let d = ¢, then by Remark 2.11, it is sufficient to verify that the conditions (C1) and (C2) in
Lemma 2.10 hold. To this end, let u € /., then |u| < c. This together with assumption (H?7)
implies that for 0 < t <1, f(t,u(t)) < Lc. This relation and Remark 2.6 yield

1

ltu]] < fo G(1,8) (s, u(s))ds

1 ! p 2
< JO Ga(1,5) (s, u(s))ds + fo =pi@ s
1 p
< Lc UO Gi(1,s)ds + (a—-1)(1- p)r(a)]

=C.

This, with Lemma 3.2, clearly manifests that the operator # : P, — p. is completely
continuous. In a similar argument, if u € D, then assumption (H5) yields f(t, u(t)) < La, 0 <
t < 1. Therefore, condition (C2) of Lemma 2.10 is satisfied.

Moreover, the set {x € P(0,b,c) | O(x) > b} is not empty, since the constant function
u(t) = (b + c¢)/2 is contained in the set {x € P(0,b,c) | 0(x) > b}. Now, let u € pP(6,b, c), then
0 <u(t) <cforte[0,1] and b < min,<;<1u(t). Thus, we obtain

b<u(t)<c, n<t<l. (3.28)
Assumption (H6) and (3.28) imply

f(tu(t)>Mb, n<t<l. (3.29)
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Hence, it follows from (3.29) and Lemma 2.5 that
O(HAu) = qr2£1([°4”](t))

> ! 1 Gi(1,s) f(s,u(s))ds
g (3.30)

1
> Mbq"“1 G1(1,s)ds
1

=b.

Accordingly, the validity of condition (C1) in Lemma 2.10 is verified. Consequently, by virtue
of Lemma 2.10 and Remark 2.11, the operator < has at least three fixed points u;, u,, and u3
satisfying

max |uy (t)| < a, b < min |uy(t)],
0<t<1 n<1<1
(3.31)
a< ggfgglus(t)l, rgllgllus(t)l <b.
These fixed points are positive solutions for the BVP (1.6). The proof is complete. O
4. Illustrative Example
Consider the BVP
DY2u(t) + f(tu(t) =0, 0<t<l,
, po 171N\ 1,9 (4.1)
u(O) —u(O) —O, u(l) = Eu (6_4) +Zu <E>,
where

1 3
<t < <
t+100+52u, 0<t<1, u<l,

f(tu) = (4.2)

+u+51, 0<t<1, 1<u

_u
t+100u

Let 7 = 3/4. Clearly, the parameters p = (1/2)(1/64)1/2+ (1/4)(9/16)1/2 =1/4<1,L=
1354/ /88 =~ 4.871, M = 480~/ /17+/3 = 51.196. Choosing a = 1/10, b = 1, ¢ = 20, then



14 Abstract and Applied Analysis

Mb < Lc. Now, we can verify the validity of conditions (H5)—(H7) in Theorem 3.5. Indeed,
indirect computations yield

u 3 3
- 4 < 0. +
f(t, u) t+100 52u I 0.01 +52a” < La, for (t, u) € [0, 1] X [0, a],

u 3
= > > — .
f(t,u) t+100u+u+51 >b+51 > Mb, for (t,u)e [4,1] x [b,c], (4.3)

Fltu) < ﬁ +u+51<001+c+51<Le, for (tu) e [0,1] x [0,c].

Hence, conditions (H5)—(H7) in Theorem 3.5 are satisfied for the above-specified functions
and parameters. Therefore, in light of Theorem 3.5, we conclude that the above BVP has
at least three positive solutions u;, 1y, and u3 defined on [0, 1] satisfying maxo<i<1|u1(t)] <
a, b <miny<i<1fua(t)|, and a < maxogi<i|us(t)| with ming<i<i|us(t)| < b.
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