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TRIPLE POSITIVE SOLUTIONS FOR BOUNDARY
VALUE PROBLEM OF A NONLINEAR FRACTIONAL
DIFFERENTIAL EQUATION
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ABSTRACT. In this paper we generalize the main results of Bai,
Wang and Ge (Electron J. Diff. Egns. 6 (2004), 1-8) by consid-
ering a general type of boundary value problem associated with
a nonlinear fractional differential equation. We obtain sufficient
conditions for the existence of at least three positive solution with
corresponding upper and lower bounds.

1. Introduction

Fractional differential equations have been studied by many authors
caused by its applications in solving ordinary differential equations and
also many applications in physics, mechanics, chemistry, and engineer-
ing. Positive solutions for ordinary differential equations and difference
equations also have been considered by many authors, e.g. [1, 6, §].
The major tool in finding positive solutions for both fractional and or-
dinary differential equations have been fixed point theorems and Leray-
Schauder theory. In this paper we consider a typical fractional differ-
ential equations and improve the results obtained in [4, 5] using fixed
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point theorems. We consider a nonlinear fractional differential equation
of the following type:

Dx(t) + q(t) f(t, z(t),2'(t)) =0  (0<t<1) (1.1)
{022 (1.2)
where z(t) and ¢(t) are nonnegative in (0,1), f :[0,1] x [0,00) x R —
[0, 00) is continuous, 2 < « < 3 is a real number, and D? is the standard
Riemann-Lioville fractional differentiation (see definition 2.2). Further-
more ¢(t) does not identically vanish on any subinterval of (0,1) and

q(t) satisfies the following inequality:

0 < /Ol[t(l — 0 g(t) dt < oo,

The motivation for considering 2 < a < 3 is the importance of second
order differential equations, which is equivalent to a = 2 in this case.
We obtain our main result by using the fixed point theorem of a cone
preserving operator on an ordered Banach space that will be defined in
Section 2. First we obtain an integral representation of the solution by
the corresponding Green’s function.

2. Background materials and definitions

First we present the necessary definitions from fractional calculus the-
ory and cone theory in Banach spaces, e.g. [2, 9].

Definition 2.1. The fractional integral of order o > 0 of a function
y: (0,00) — R is given by
sty
— —s s)ds,
T'(a) Jo Y

provided the right side is pointwise defined on (0, 00).

Iy(t) =

Definition 2.2. The fractional derivative of order o« > 0 of a continuous
function y : (0,00) — R is given by

appy L d [t y(s)
D)= i )", =y
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where n = [a] + 1.

Remark 2.3. As a basic example we quote for A > —1,
F()‘ + 1) t)\fa

'A—a+1) ’

giving in particular D**~" =0, m=1,2,...,N.

Where N is the smallest integer greater than or equal to a.

From Definition 2.2 and Remark 2.3, we obtain the following lemma.

Lemma 2.4. Let a > 0. If we assume u € C(0,1) N L1(0,1), then the
fractional differential equation

D%u(t) =0,
has
u(t) = Crt 1 4 Cot* 2 4. £ Ont* N, G eR ,i=1,...,N
as unique solutions.

As D%y = w for all u € C(0,1) N L(0,1), from Lemma 2.4 we de-
duce the following law of composition.

Lemma 2.5. Assume that v € C(0,1) N L1(0,1) with a fractional de-
rivative of order a > 0 that belongs to uw € C(0,1) N L1(0,1). Then

I°D%u(t) = u(t) + Ot + Oyt 2 4 - 4 Oyt
for some Cl e R ,i=1,...,N.

Now we find the integral representation of the solution and specify the
corresponding Green’s function.

Lemma 2.6. Given y € C[0,1] and 2 < o < 3, the unique solution of

D%u(t) +y(t) =0 0<t<1) (2.1)
u(0) =u(1) =0,
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15

where

T'(«a) = =

G(t,s) = (2.3)
tA—s)*"!

I'(«)

Proof. We may apply Lemma 2.2 to reduce Eq.(2.1) to an equivalent
equation

u(t) = —I%(t) — Ot~ — Cht*=2 — O3,
for some C7,C%, C4 € R. Consequently, the general solution of Eq.(2.1)
is

t _ a—1
u(t) — _/ %y(s) ds — Cita_l _ Céta_z _ Céta_?’.
0 I'«)

By (2.2), therefore, C% = C% = 0 and
@ Jo s y(s) ds.

Therefore, the unique solution of the differential equation (2.1) subject
to (2.2) is

t(t—g a—1 1 — s a—1lia—1
u(t) = —/O“F)y(s)dH/O A=)y ds

o =

() I'(e)
t — 5 a—1 _ 7505—1 1 — g a—1
R i E iR H L. I
= OIG(t, s)y(s) ds.
The proof is now completed. O

Lemma 2.7. The function G(t,s) defined by Eq.(2.3) satisfies the fol-
lowing conditions:
(i) G(t,s) > 0, fort,s € (0,1)
(ii) There exists a positive function v € C(0,1) such that
i > = .
o, G(t,s) > v(s) Dax G(t,s) =7v(s)G(s,s), for 0<s<1

4—="—4
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Proof. From (2.3) it is clear that G(t,s) > 0 for s,t € (0,1). In the
following, we consider the existence of y(s). For s € (0,7%), G(t,s) is

S

increasing with respect to ¢ for ¢ € (0, (7(1,1 and decreasing
1—(1—5)m)

with respect to t for ¢ € (Sw, 411)7 and for s € (i, 1), G(t,s)

is decreasing with respect to t for s < t and increasing with respect to t
for s > t. If we define

I e - s
gi(t,s) = (o) ;o g2ts) = T T
then

in, G(t,s)

min{gl(()? S))gl(%)s)h RS (0’ %)
= min{gl(%as)mgQ(Z?S)}ﬂ S (%71)

gg(%,s), s€(4,1)

min{gl(()? S)’gl(%)s)h s € (07 i)
= gl(§73>7 RS (%771)

92(7,5), s€(r1)

min{— S, ({1 =9l = (G- 971, s€(0.])
=1 {0 - 9 - -9, se(hn)

ﬁ(1251i717 se(r1)

where % <r< % is the unique solution of the equation

3 a— a— _(1_74)0471 .
O e

in particular r — 0.5 as @« — 2 and r — 0.26 as o — 3.
Using the monotonicity of G(¢, s), we have

max G(t,s) = G(s,s) =

0<t<1 T(a) [s(1— 5)]a71, s € (0,1).
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Consequently, the desired function - is

. _g)a—1 li1_g)e—1_(1_gja—-1
mm{—[sglfl);a—u - [2](178)]514—1 Sy se, 1)
_ 3(1—g)@—1_(3_gja—-1
v(s) = [5€ [2](1_8)]&{1 ) , s € (i,r)
(4s)>—1 : ENS (T, ].)
This completes the proof. O

Definition 2.8. Let F be a real Banach space over R. A nonempty
convex closed set P C F is said to be a cone provided that

(i) au € P for all w € P and all a > 0 and

(ii) u,—u € P implies u = 0.

Note that every cone P C FE induces an ordering in F given by x < y if
y—ze€P.

Let 8 and 6 be nonnegative continuous convex functionals on P, ¢ be
a nonnegative continuous concave functional on P, and 1 be a nonneg-
ative continuous functional on P. Then for positive real numbers a, b, c
and d, we define the following convex sets:

P(B,d) = {z € P | p(z) <d},
P(B,¢,b,d) ={z € P|b<p(x), fx) <d},
P(B3,0,p,b,c,d) ={z € P [ b< ¢(z), 8(z) <c, B(z)<dj,

and a closed set

R(B,¥,a,d) ={z € P|a<y(z), B(z) <d}.
The following fixed point theorem due to Avery and Peterson is funda-
mental in the proof of our main results.

Theorem 2.9. [2] Let P be a cone in a real Banach space E. Let 3 and
0 be nonnegative continuous convez functionals on P, ¢ be a nonnegative
continuous concave functional on P, and 1y be a nonnegative continuous
functional on P satisfying ¥(Ax) < Mp(x) for 0 < A < 1 such that for
some positive numbers M and d,

p(x) <P(z) and [lzf| < MB(z) (2.4)

for all x € P(B,d). Suppose that T : P(8,d) — P(B,d) is completely
continuous and there exist positive numbers a,b, and ¢ with a < b such
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that

(s1) {z € P(B,0,0,b,c,d) | p(x) > b} # 0, and p(Txz) > b for x €
P(B,0,p,b,c,d);

(s2) (Tx) > b for x € P(B,p,b,d) with (Tx) > ¢;

(s3) 0 € R(B,v,a,d) and(Tx) < a forx € R(B,,a,d) with {(x) = a.

Then T has at least three fized points x1,x2,x3 € P(3,d) such that

Blxz;)) <d for i=1,2,3,;
b < p(x1);

a <P(xa) with @(x2) < b;
P(z3) < a.

3. Main results

In this section, we impose growth conditions on f which allow us to
apply Theorem 2.1 to establish the existence of triple positive solutions
of the boundary value problem (1.1) with initial conditions (1.2).

Let X = C'[0,1] be endowed with the ordering x < y if x(t) < y(t) for
all ¢ € [0,1], and the maximum norm
— /
o] = max{ guax, |e(®), max [+ (1)}
Define the cone P C X by
P={xe X |xz(t)>0on[0,1], and z(0) = (1) = 0}.

Let the nonnegative continuous concave functional ¢, the nonnegative
continuous convex functionals 6, G, and the nonnegative continuous func-
tional i be defined on the cone P by

Bx) = max |2'(t)], ¢(x) = 0(z) = max [x(t)], @(x) = min_ |z(t)].

0<t<1 0<t<1
The following is well-known.

1. [5]. <3 '(t)].
Lemma 3.1. [5]. Ifx € P, then Lax lz(t)| < 5 Joax |’ (t)]

By Lemma 3.1, the functionals defined above satisfy

p(z) <O(x) = ¢(@), ||zl = maz{0(x), B(x)} = B(x) (3.1)
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for all z € P(f,d) C P. Therefore, condition (2.4) is satisfied.

Lemma 3.2. Let T : P — P be the operator defined by

1
Ta(t) = | Glt,s)as)/(s,2(s).'(5)) ds

Then T : P — P is completely continuous.

Proof. The operator T': P — P is continuous in view of nonnegative-
ness and continuity of G(t, s) and ¢(t) f(¢,z,2"). Let @ C P be bounded,
i.e., there exists a positive constant M > 0 such that ||z|| < M for all
x €.

Let L = lq(t)f(t,z(t),2'(t))] + 1. Then for x € §, we have

max
0<t<1, 0<z<M

1 1
ITa(t), g/o IG(t,5)q(s) f (s, 2(s), )| ds < L/O G(s, s) ds.

Hence, T'(Q2) is bounded. On the other hand, given € > 0, we set

Then, for each z € Q, t1,t2 € [0,1], t; <to,and ty —¢; < ¢ one has
|Tx(t2) — T'z(t1)] < e. That is to say, T(Q) is equicontinuous.
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In fact, we have
|Tz(ta) — Tz(t1)]
1
/0 Glta, 8)q(s) f(s, 2(s), 2'(s)) ds

~ [ Gt )a() s, ), 51 s
= [(16tt2,9) ~ Gltr, gt s, (6, '(5)) ds
1

+ tz[G(t% S) - G(th S)]q(S)f(S, x<3>7x/(8)) ds
+ t2[G(t2>8) = G(t1,)|a(s) f(s,2(s),2'(s)) ds

t1

< F(La) [/Otlu — ) l(rg Tl — o d

1
+ | (L)t — 1) ds

to
2 a—1/a—1 a—1 L a—1 a—1
+ . (L—s)* (5 —117 )ds| < @(% —t77).

In the following, we divide the proof into two cases.
CASE 1. § <t <ty < 1.

L ot ot L a-1
T -T el ey < -
| Q?(tg) [IZ(tl)’ < F(a) (tZ tl ) — F(a) 52_0[ <t2 tl)
L
< _ _ a—1 < .
= T (a—1)0""" <e
CASE 2. 0 <t < (5, to < 29.
L L L
T _T a—1 _ a—1 < a—1 < 2 a—1 < .
| l’(tz) x(tl)’ < F(Oé) (t2 tl ) = F(Oé)tQ = F(a)( 5) > €

By the means of the Arzela-Ascoli theorem, we have T : P — P is
completely continuous. The proof is now completed. O
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Let
la—1
M = ) T() (1 — 5)* 15 2¢(s) ds,
N = /OlG(S, s)q(s)ds,
o = /j’y(s)G(s, s)q(s)ds

We assume there exist constants 0 < a < b < % such that

(A1) f(t,u,v) < %, for (t,u,v) € 10,1] x [0, %] x [—d,d];
(A2) f(t,u,v) > g, for (t,u,v) €| %] X [b, 4b] x [—d, d];

1
(A3) F(tu,v) < & for (t,u,v) € [0,1] x [0,a] x [, d.

Theorem 3.3. Under the assumptions (A1)-(A3), the boundary-value
problem (1.1)-(1.2) has at least three positive solutions x1, z2, and T3
satisfying

Dax i) <d,  fori=1,2,3;

b< min_ |z1(t)[; (3.2)
1y

a < [nax, |zo(t)], with min_ |za(t)] < b;

1
ISty

' .
fax lz3(t)] < a

Proof. The boundary value problem (1.1) with initial conditions (1.2)
has a solution x = z(t) if and only if x solves the operator equation

z(t) =Tx(t) = /OlG(t,s)q(s)f(s,a:(s),x’(s)) ds

where T': P — P, is completely continuous (Lemma 3.2). We now show
that all the conditions of Theorem 2.1 are satisfied.

If © € P(B,d), then B(z) = Orggé(l\x’(t)\ < d. By Lemma 3.1 and

d . . . ’ d
Joax |z(t)] < 5, the assumption (A1) implies f(t,z(t),z'(t)) < 57
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Define
H(t S) — (?(711)) [(]- - S)a_lta_Q — (t — ‘3)04_2]7 (O S s S t S 1)
’ (?(_041))(1 — s)aflta72’ (O <t<s< 1)

where 2 < o < 3. For given s € (0,1), H(t,s) is decreasing with respect
to t for s < t and increasing with respect to t for ¢ < s. Using mono-
tonicity of H(t,s), we have

_ (a B 1) o a
On<1ta<x1H(t s)=H(s,s) = (o) (1—s)>1s>2
Consequently,
5(Tw) = s, |(T2) (1)
= o | [0 - 90 (= ) gl (), (5) ds

r(a)
+ / ((f{ )1 L1 = 5122 ) (5, 2(s), o/ (5)) ds

= OIE?<X1/HtS ,x(s),2'(s)) ds
_ (a=]) —8)* s s,x(s),2'(s)) ds
= G [am e a4 o) d

d (a_l) ! a—1 a— — d —
< M T /0(1—3) ls 2q(s)dS—MM—d.

Hence, T : P(,d) — P(f,d).

To check the condition (s1) of Theorem 2.9, we choose z(t) = 4b, 0 <

t < 1. It is easy to see that x(t) = 4b € P(3,0,¢,b,4b,d) and ¢(x) =
©(4b) > b, and so = € {P(f3,60,¢,b,4b,d) | p(x) > b} # 0. Hence, if

x € P(ﬁ,& ©,b,4b,d), then b < x(t) < 4b, |2/(t

From assumption (A2), we have f(t,z(t),2'(t)) > g for 2 <t

by Lemma 2.4

p(Tz) = min [(Tz)(t)] Z/OlV(S)G(S,S)Q(S)f(s,x(S)»w'(S))dS

1 3
ISty

2447(3)G(s, s)q(s)ds = g d=h.

Y
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Thus,
o(Tz) > b, for all z € P(53,0,¢,b,4b,d).

This shows that the condition (s1) of Theorem 2.9 is satisfied.

Notice that the condition (s1) of Theorem 2.9 implies the condition
(s2) of Theorem 2.9. Clearly, as (0) = 0 < a, there holds that
0¢ R(3,¢,a,d).

Suppose that € R(53,1,a,d) with ¢)(x) = a. Then, by the assumption
(A3),

— — /
Y(Tz) = Olgggll(Tx )| = Olg%/ G(t,s)q ,x(s), @'(s)) ds
a 1 a [1
N Orgtaé(l/o G(t,s)q(s)ds = N/o G(s,s)q(s)ds = a.

So, the condition (s3) of Theorem 2.9 is satisfied. Therefore, an applica-
tion of Theorem 2.4 implies that the boundary value problem (1.1) with
initial conditions (1.2) has at least three positive solutions x1, z9 and 3
satisfying (3.4). O

Example 3.4. Consider the boundary-value problem
Dix(t) + f(t,2(t),2' (1) =0 0<t<1, (3.3)

z(0) =z(1) =0, (3.4)

where

27,3 3 <
f(t,u, 1)) = 6 + QU + (6000) 5 for u < 127
¢ +23328 + (5000) for w>12.

Here we have a = 5/2, ¢(t) = 1. By definition of M, N, and § we have

la —1
M= (1= 52155 2g(s) ds,
(0 —(1))( DI ()
= Tal@a—1) Vs

Similarly we have N = /7/32 =~ 0.05. Using Lemma 2.4, r is the root
of the equation

3 a— a—1 __ (1_74)0471
R
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which is r ~ 0.53 in this example. Substituting y(s) given by Lemma
2.4 and observing that G(s,s) = = [s(1 — 5)]*7!, we find

o)
5= /

4

W[

v(s)G(s, s)q(s)ds ~ 0.01.

-

Choosing a =1, b= 3, d = 6000, we have

fltuv) < %m% for0<t<1, 0<u<1l, —6000<uv < 6000;
b 1

fltuv) > < ~300 for thgz, 3<w<12, 6000 < v < 6000;
d

fltu,v) < M%27272 for 0 <t <1, 0<wu <3000, —6000 < v < 6000.

Then all assumptions of Theorem 3.1 hold. Thus, by Theorem 3.1, the
boundary value problem (3.3) with initial conditions (3.4) has at least
three positive solutions x1, 2 and x3 such that

)] < | = ;
[ax, |z;(t)] <6000, for i=1,2,3;

3 < min_ lz1(t)] ;

1
1St5%

1 t ith i t ;
< OIIgltaSXl |xa(t)], wi %I;ltlél% |xa(t)| < 3 ;

Dax lzs(t)] < 1.

Concluding Remark. As we mentioned in the abstract, we consid-
ered a general boundary values problem for a nonlinear fractional dif-
ferential equation of the form (1.1). The particular case @ = 2 has
been studied by [5] for an ordinary differential equation of the form
" +q(t) f(t,xz(t),2'(t)) = 0 with the same boundary conditions as (1.2).
Our paper in fact generalizes the main results of [5] for a more general
boundary value problem.
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