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EXISTENCE OF POSITIVE SOLUTIONS FOR SEMI-POSITONE
FRACTIONAL BOUNDARY VALUE PROBLEMS

DJAMAL FOUKRACH, TOUFIK MOUSSAOUI' AND SOTIRIS K. NTOUYAS?

ABSTRACT. In this paper we present some results about the existence of pos-
itive solutions for nonlinear semipositone fractional boundary value problems
by using Krasnoselskii’s fixed point theorem.

1. INTRODUCTION

In the last few years, fractional differential equations have been studied exten-
sively because modeling capabilities in engineering, science, economy, and other
fields; see [3, 6, 7] for a good overview.

Many researchers are interested by the subject of the existence, uniqueness and
non existence of solutions for fractional boundary value problems, see [1, 2, 5, 10, 12]
and references therein.

In 2007, M. El-Shahed considered the fractional boundary value problem (see
1))

{ Dgu(t) + Xa(t) f(u(t)) =0, 0<t <1, 2<a<3,

u(0) = u/(0) = /(1) = 0,
where D, is the standard Riemann-Liouville fractional derivative. Existence and
non existence of positive solutions are obtained by means of Krasnoselskii’s fixed
point theorem.
Zhou et al. [12] studied the following fractional boundary value problem

{ D u(t) = p(t) f(t,u(t) —q(t), 0<t <1, 2<a<3,
u(0) = u(1) = /(1) =0,

where D, is the standard Riemann-Liouville fractional derivative. By using the
Krasnoselskii’s fixed point theorem, results on multiplicity of positive solutions
are presented. Also we note that there is a current interest in questions of positive
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properties of Green’s function and the existence of positive solutions of semipositone
boundary value problems, one may see [8]-[12] and references therein.

Motivated by the works above, in this paper we study the following boundary
value problem

D§u(t) + Af(t,u(t) =0, 0<t <1, 2<a<3,
1
{ u(0) ='(0) = /(1) =0, W
where D, is the standard Riemann-Liouville fractional derivative, and the nonlin-
ear continuous function f : [0,1] x RT — R is semipositone; i.e., the nonlinerity
f(t,u) may change sign. We prove some new existence results by using Krasnosel-
skii’s fixed-point theorem.

The paper is organized as follows: In Section 2, we present the necessary defi-
nitions and we give some preliminary results that will be used in the proof of the
main result. In Section 3, we establish the existence of the positive solutions for
the boundary value problem (1) via Krasnoselskii’s fixed point theorem, while some
extensions of these results are given in Section 4. At the end, in Section 5, we give
an example to illustrate our main result.

2. PRELIMINARIES

For the reader’s convenience, we present some necessary definitions from frac-
tional calculus theory and lemmas. They can be found in [3, 6, 7].

Definition 2.1. The Riemann-Liouville fractional integral of order q of a function
g € L*((0,1),R) is defined as

o) = 51 |, et 170

where T is the Gamma function.

Definition 2.2. For a continuous function g : (0, +00) — R, the Riemann-Liouville
derivative of fractional order q is defined as

1 d\" [ a1

Dg.g(t) = g <dt> /0 (t=s)"""""g(s)ds, n—=1<g<n, n=[q+1,
where [q] denotes the integer part of the real number q, provided the right-hand side
is point-wise defined on (0,+00).

Lemma 2.3. (see [3]) Let ¢ > 0, if we assume x € C(0,1) N L1(0,1), then the
fractional differential equation DJ, x(t) =0 has

o) =t f et 4 et 6 €ER,i=1,2,...,N,
as unique solutions, where N 1is the smallest integer greater than or equal to q.
In view of Lemma 2.3, it follows that

Lemma 2.4. (see [3]) Assume that x € C(0,1)NLY(0,1) with a fractional derivative
of order g > 0 that belongs to C(0,1) N LY(0,1). Then

19, DL a(t) = o(t) + et 4 eat?™2 4 4 ent?™N (2)

for somec; e R, i =0,1,2,..., N, where N is the smallest integer greater than or
equal to q.
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The following two lemmas was proved in [1].

Lemma 2.5. Let g : [0,1] — R be a given continuous function. Then a unique
solution of the boundary value problem

Do a(t) +g(t)=0,0<t <1, 2<a<3,
{ 2(0) = #'(0) = /(1) = 0, ?
is given by
o) = [ G 9)gls)ds,
where

(1 —s)a—2¢a1, if 0<t<s<l,
{ L—s)e 2te"l —(t—s)27l if 0<s<t<l1.
Lemma 2.6. G(t,s) > q(t)G(1,s), where q(t)=t*"1 for 0<ts<1.
It is obvious that

G(t,s) >0, G(1,s) > G(t,s), 0<t s<1.

To prove the main result, we need the following well-known fixed point theorem
of cone expansion and compression of norm type due to Krasnoselskii. Before state
it, we give the following definition.

Definition 2.7. Let E be a real Banach space. A nonempty closed set K C E is
said to be a cone provided that

au+bve K forallu,ve K and all a >0, b>0, and

u, —u € K implies u = 0.

Theorem 2.8. [4]. Let E be a Banach space and let K C E be a cone in E.
Assume that 1, Qs are open bounded subsets of E, with 0 € Q1 and 1 C Qo. Let

F:KN(Q\Q) = K

be completely continuous operator. In addition suppose that either

(D): ||Full < JJull, Vu € KNoQy and ||Ful > ||lull, Yu € K N 0Dy, or
(I1): ||Fu|l < |lull, Vu € KN9Q and ||[Ful > |ull, Yu € K N

holds. Then F has a fived point in K N (Q2\Q1).

3. MAIN RESULT

Consider the Banach space E = C([0,1],R) endowed with the norm

= 1|,
[l e lu(t)|

We define the cone K in the Banach space E by
K = {u€ B, u(t) > q()|lull, t € [0,1]}, where q(t) =",

We need in the sequel the following lemma.
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Lemma 3.1. Let x1(t) be the unique solution of the following boundary value prob-
lem boundary value problem

Dg,x(t)+1=0,0<t<1, 2<a<3,
()
x(0) = 2'(0) = 2/(1) = 0.
Then
x1(t) < L-q(t), te]o,1],
1
= a—1 /= —
where q(t) =t and @D a)
Proof. Using the Green function (4) by Lemma 2.5 we have
1
x1(t) = / G(t,s)ds
0
1 a—1 1— a—2 t _ a—1
_ / -8 / =9 .
0 I'(a) 0 I'(a)
tozfl 1 5
— [ (1—9)"""ds
I(e) /0
_ 1 ta—l
(@ =D (a)
The proof is complete. O

Our main result in this section is

Theorem 3.2. Let f:[0,1] x RT — R be a continuous function. Assume that:

t
(C1) lim @ = oo uniformly on t € (0,1 — 0] for o € (0,%);
(C2) there exists M > 0 such that f(t,z) > —M, for all t€10,1], and allz >
0.

If there exist A > 0,7 > 0 such that

r r ~
0<A<min{ =—,— >, fr = sup  [f(t,z) + M], (6)
{fr”x1” LM} t€[0,1],0<a<r
where x1 is the unique solution of the boundary value problem (5), then the boundary
value problem (1) has a positive solution.

Proof. Let

x(t) = AMxzq (),
where 7 is the unique solution of the boundary value problem (5). We shall show
that the following approximately boundary value problem

D§u(t) + Af(t,u(t) —z(t) =0, 0<t <1, 2<a<3, @
u(0) =/(0) = /(1) =0,

where
N { ft,z)+ M, 2 >0,

f(t,Z) =
f(t,0)+ M, z<0,
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has a positive solution u*. N
In view of Lemma 2.5 we define the operator F': E — E by

Fu(t) = /0 AG(t,5) f(s,u(s) — z(s))ds. (8)

We shall prove that F has a fixed point in our cone K. Firstly we prove that
F:K — K. For any u € K, we note that Fu(t) is continuous on [0, 1], and since
G(t,s) > 0 we have G(1,s) > 0. Then, by Lemma 2.5 we obtain

Fu(t) = /0 AG(t, 8) f(s,u(s) — z(s))ds
1 ~
> to‘*l/ AG(1,s)f(s,u(s) —z(s))ds

> - max/ AG(t, 8)f(s,u(s) — z(s))ds

te[0,1]
= q()|Full, Vtse[01].
Thus F(K) C K. Then from the definition of F, it is easy to prove that F is a
completely continuous operator. The continuity of F' is obvious by the continuity
of the nonlinear function f. By using the Arzela-Ascoli theorem, we can prove that
the operator F' is compact. Then, F' : K — K is a completely continuous, and

each fixed point of F' in K is a solution of boundary value problem (7).
We define the ball €; in the Banach space E by

O ={uekE, |u]|<r}

For u € K N0y, we have 0 < u(t) < |lul]| = r for t € [0,1] and by (6) we have

Fu(t) = /OAG(t,s)f(s,u(s)—x(s))ds

A
>
)
O\H
Q
~
V2]

= Mai(t)
VAN

r.

VARVAN

Therefore, we get ||[Ful| < r = ||ul| for u € K N Q.
For o € (O, %) fixed. Let k be a positive real number such that

1 .
5)J€B (te[;ﬁf_a]q(t)> > 1, (9)

where

1
SR CEa) o

In view of (C1), there exists A > 0 such that for all z > A and ¢ € [0,1 — 0]

f(t,2) = f(t,2) + M > kz. (11)
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Now, set

R =7+ max {QAML, 24 ( inf q(t)) _1} . (12)

telo,1—0]
Let us define the ball €25 in the Banach space E by
Qo ={u€kE, |ul<R}
We shall prove that ||f'u|| > JJul| for v € K NONs. Let u € K N INy. Then,
|lu|| = R. Using Lemma 3.1 and the fact that u € K we get for ¢t € [0, 1]
t
z(t) = AMx1(t) < AMLq(t) < )\ML%.

Thus, for ¢t € [0,1]

u(t) — a(t) > (1 - )\ML]1%> ult) > (1 - )\ML]1%> Rq(t),

and, by (12), it follows that for ¢ € [0, 1 — o]
1 1

u(t)—xz(t)>|1—-AML—= | R inf q(t))>=R inf g¢(t) ) > A.

R t€lo,1—o] 2 te|

Hence, by (11), we see that for ¢ € [0,1 — 0]

Flt,u) = () > k(u) = 2(0) = 3R (_inf a0}

Then, by Lemma 2.6 and (9), we find

B 1
|Ful| = max/o AG(t, s)f(s,u(s) — x(s))ds

t€(0,1]

1 1
> —kR ( inf q(t)) A max / q(t)G(1, s)ds
2 te[ ] 0

o,1—0o] te[0,1

1

-AkB inf

248 (ot ya0)] 7
> R.

Then, we get, |[Ful| > R = ||u|| for u € KNdQ,. Therefore assertion (I) of Theorem
2.8 is satisfied. Then F' has a fixed point u* € K which satisfies r < |Ju*|| < R.
Furthermore, using (6) and Lemma 3.1, we get for ¢ € [0, 1],

u*(t) > q@®)||u*|| > rq(t) > AM Lq(t) > AMx1(t) = z(t).
Therefore, for ¢ € [0,1] we have
v*(t) == ut(t) — z(t) > 0.

Y

Now we shall prove that v* is in fact a positive solution of our problem (1). To
see this we have for t € [0, 1], u* is a fixed point of the operator F'. Then

u (t) = Fu*(t)

F
/O AG(t, 5) (5, u*(s) — 2(s))ds

/ AG(t, 8)[f(s,u™(s) — z(s)) + M]ds

0
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/ AG(t, 8)f(s,u*(s) —x(s))ds + )\M/ G(t,s)ds
0 0

= /o AG(t,8) f(s,u™(s) — x(s))ds + AMx1 (¢)

/0 NG, 8) F(s,u*(s) — w(s))ds + a(t).

This implies that
vi(t) =

-
= [ 269 (s, @)

0

t) — ()
AG(t, ) f(s,u*(s) — x(s))ds

(

Consequently, by Lemma 2.5, it is easy to see that v* is a positive solution of our
boundary value problem (1). This completes the proof. O

4. SOME EXTENSIONS

In this section we give some extensions of the result proved in the previous
section. We need the following lemma:

Lemma 4.1. Let x2(t) be the unique solution of the following boundary value prob-
lem

D§ x(t) +AM(t) =0, 0<t <1, 2<a<3,
(13)
x(0) = 2/(0) = 2'(1) = 0.
Then
wa(t) < A0 - q(t), te [Oa 1]7
where q(t) = t*~1 and
I 5
9:—/ 1—5)*""M(s)ds. 14)
o | 0 (
Proof. Using the Green function (4) by Lemma 2.5 we have
1
xo(t) = / AG(t, s)M(s)ds
0
1 tafl(]_ o S)a72 t (t o S)afl
= A——F———M(s)ds — | A\—=—~—M(s)ds
f A M= e
1 1— 8)(1—2
< )\t(’_l/ (7M s)ds
o T M
= A0-q(t).
The proof is complete. O

Theorem 4.2. Let f:[0,1] x Rt — R be a continuous function satisfying (C1).
Moreover we assume that:
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(A1) For any (t,x) € [0,1] x RY, f(t,x) satisfies
—M(t) < f(t,2) < p(t)y(x),
with M,p € C([0,1],R%) and ¢ € C(R,RY).
If there exists A > 0 such that
0
o Jy G(L.5)lp(s) + M (s)]ds

where 0 is represented in (14), then the boundary value problem (1) has a positive
solution.

0 < A < min {1, } , o= Juax {1,9(7)}, (15

Proof. To prove this result, we consider the following approximately nonlinear
boundary value problem

{ D ult) + A[f(tu (1) + M(£)] =0, 0<t<1, 2<a<3, )
16
u(0) = u/(0) = /(1) =0,
where
u*(t) = max{u(t) — z2(t),0},

and z2(¢) is the unique solution of the boundary value problem (13). We shall show
that the approximately boundary value problem (16) has a positive solution v.
In view of Lemma 2.5 we define the operator S : £ — E by

Su(t):/o AG(t, ) f*(s,u(s))ds, (17)

where
¢ u) = f(tu™ () + M(2).
We shall prove that S has a fixed point in our cone K. Firstly we prove that

S: K — K. For any u € K, we note that Su(t) is continuous on [0, 1], and since
G(t,s) > 0 we have G(1,s) > 0, then by Lemma 2.5 we obtain

Su(t) — /0 AG(t, ) f* (s, u(s))ds

> t”‘_l/ AG(1,s)f*(s,u(s))ds

0

> ¢! max]/o1 AG(t,8)f*(s,u(s))ds

telo,1
= q(t)||Sul

Thus S(K) C K. Then from the definition of S, it is easy to prove that S is a
completely continuous operator. The continuity of S is obvious by the continuity
of the nonlinear function f. By using the Arzela-Ascoli theorem, we can prove that
the operator S is compact. Then, S : K — K is a completely continuous, and
each fixed point of S in K is a solution of boundary value problem (16).

We define the ball P, in the Banach space E by

Pi={ucE, |l <0}

, Vt,s€[0,1].
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For w € K N9P;, we have 0 < u*(t) < u(t) < |lu|]| = 0 for ¢t € [0,1] and by (A1)

and (15) we have

Su(t)

/ AG(t, 8)f*(s,u(s))ds

0
_ )\/ G(t, $)[f (5, u"(s)) + M{(s)]ds
0

IN

A / G(1, 5)[p(s)(u* (5)) + M(s)]ds

IN

(g, o)) [ 6L 9)p(s) + M(s))ds

0<r<6
< 6.

Therefore, we get ||Sul| < 0 = ||u|| for u € K NOP;.
For o € (0, %) fixed. Let k be a positive real number such that

1 .
§)JcB <t€[1nf q(t)) >1,

o0,1—0]

where
1

B= Tt 1)

In view of (C1), there exists A > 0 such that for all z > A and all ¢t € [0,1 — 7]

ft,z) > kz.

Now, set

~1
R =0 + max {2)\0,2/1 < inf q(t)> } .
t€lo,1—o]

Let us define the ball P, in the Banach space E by
P,={u€kE, |u] <R}

We shall prove that || Fu|| > ||u| for u € KNOP;. Let u € KNOP,. Then, |jul| =

Using Lemma 4.1 and the fact that u € K we get for ¢ € [0, 1]
t
ra(t) < Mg(t) < 20",

Thus implies for ¢ € [0, 1]

and, noting (20), it follow for ¢ € [0,1 — 0]

1 1
u(t) — xo(t) > (1 — A9R> R (te[}fr,llf—a] q(t)) > iR (te[inf q(t)) > A.
Hence, by (19), we see that for t € [0,1 — 0]

ft,u™(t)) > ku*(t) > 1kR< inf q(t)) :

-2 telo,1—0]

R.
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Then, by Lemma 2.6 and (18), we find

I1Sul = max/o AG(t, 5) (5, uls))ds

te0,1]

1
~ max /0 AG(E, 8)[f (s, u*(5)) + M(s)]ds

t€0,1]

Y

1 . 1 1
2kR< inf }q(t)))\max/o q(t)G(1,s)ds + A max/o q(t)G(1,s)M(s)ds

te€lo,1—0o te[0,1] te[0,1]
1
—\kB inf t
[2 (te[(lfr,ll—oﬂ( )ﬂ f
> R

Then, we get || Su|| > R = ||u|| for u € KNOP,. Therefore assertion (I) of Theorem
2.8 is satisfied. Then S has a fixed point v € K which satisfies 0 < |jv|| < R.
Furthermore, using (15) and Lemma 4.1, we get for ¢ € [0, 1],

v(t) = q@)[[vll = Oq(t) = Mq(t) = za(t).

Y

Therefore, for ¢t € [0,1] we have
v*(t) == v(t) — x2(t) > 0.

Now we shall prove that v* is in fact a positive solution of our problem (1). To
see this we have for t € [0, 1], v is a fixed point of operator S. Then

v(t) = Su(t)

= /O)\G(t,s)f*(s,v(s))ds

- /0 MG(t, 5)[f (5,07 (5)) + M(s))ds

= /)\G(t,s)f(s,v(s)—xg(s))ds—i—/ AG(t, )M (s)ds
0 0
1

= /O)\G(t,s)f(s,v(s)fxg(s))ds+x2(t).

Thus

() = v(t) — xa(t)

1
/0 AG(t,8)f(s,v(s) — x2(s))ds

/0 AG(t, ) f(s,v"(s))ds.

Consequently, by Lemma 2.5, it is easy to see that v* is a positive solution of our
boundary value problem (1). The proof is completed. a

Theorem 4.3. Let f:[0,1] x RT — R be a continuous function satisfying (C1).
Moreover we assume that:
(H1) For any (t,x) € [0,1] x R, f(t,x) satisfies f(t,x) > —M(t), with M €
C([0,1],R%).
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If there exists A > 0 such that

O<)\§min{1,eA7}, ]?9: sup [ft, )+ M(t)], (21)
Bfy t€[0,1],0<7<6

where 6 is represented in (14), then the boundary value problem (1) has a positive
solution.

Proof. The proof is similar to that of Theorem 4.2. We omit the details. O

5. AN EXAMPLE

Example 5.1. We consider the following boundary value problem for fractional
order

int

DY 2u(t) + A u2(t) =0, 0 < t < 1

0+u<)+ 1+t2u() ) <t < ) (22)

u(0) = 4/(0) = /(1) = 0.

) sint
Here azi,f(t,u): 1+t2u . Let M =1 and r > 0. Then by Theorem 3.2,
if
8r 15y/m
0<A<mi
< _mln{15ﬁ(r2+1)’ 8 r}’

the boundary value problem (22) has a positive solution.
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