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Abstract

By using fixed point results on cones, we study the existence and uniqueness of
positive solutions for some nonlinear fractional differential equations via given
boundary value problems. Examples are presented in order to illustrate the obtained
results.

1 Introduction

The field of fractional differential equations has been subjected to an intensive devel-
opment of the theory and the applications (see, for example, [1-6] and the references
therein). It should be noted that most of papers and books on fractional calculus are de-
voted to the solvability of linear initial fractional differential equations on terms of special
functions. There are some papers dealing with the existence of solutions of nonlinear ini-
tial value problems of fractional differential equations by using the techniques of nonlinear
analysis such as fixed point results, the Leray-Schauder theorem, stability, etc. (see, for ex-
ample, [7-19] and the references therein). In fact, fractional differential equations arise
in many engineering and scientific disciplines such as physics, chemistry, biology, eco-
nomics, control theory, signal and image processing, biophysics, blood flow phenomena
and aerodynamics (see, for example, [20-23] and the references therein). The main ad-
vantage of using the fractional nonlinear differential equations is related to the fact that
we can describe the dynamics of complex non-local systems with memory. In this line of
taught, the equations involving various fractional orders are important from both theo-

retical and applied view points. We need the following notions.

Definition 1.1 ([1, 4]) For a continuous function f : [0, 00) — R, the Caputo derivative of

fractional order « is defined by

cDaf(t) _ % /Ot(t _ S)n—a—lf(n)(s) ds,

(n—a)

where n —1 <« <n, n=[a] +1and [] denotes the integer part of «.
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Definition 1.2 ([1, 4]) The Riemann-Liouville fractional derivative of order « for a con-
tinuous function f is defined by

N A () )
Df(t)—m(%) /(; mds (n—[(x]+1),

where the right-hand side is pointwise defined on (0, c0).

Definition 1.3 ([1, 4]) Let [a, b] be an interval in R and « > 0. The Riemann-Liouville
fractional order integral of a function f € L!([a, b], R) is defined by

. L[S
LO=@ J = ®

whenever the integral exists.

Suppose that E is a Banach space which is partially ordered by a cone P C E, thatis,x <y
if and only if y — x € P. We denote the zero element of E by 6. A cone P is called normal if
there exists a constant N > 0 such that § <x <y implies ||x|| < N|y|| (see [24]). Also, we
define the order interval [x1,x2] = {x € E|x; <x <ux,} for all x1,x; € E [24]. We say that an
operator A : E — E is increasing whenever x < y implies Ax < Ay. Also, x ~ y means that
there exist A > 0 and u > 0 such that Ax <y < ux (see [24]). Finally, put P, = {x € E|x ~ h}
for all > 6. It is easy to see that P, C P is convex and AP, = P, for all A > 0. We recall
the following in our results. Let E be a real Banach space and let P be a cone in E. Let
(a,b) be an interval and let T and ¢ be two positive-valued functions such that ¢(£) > ©(t)
forall t € (a,b) and 7 : (a,b) — (0,1) is a surjection. We say that an operator A : P — P is
7-@-concave whenever A(t(£)x) > ¢(t)Ax for all £ € (a,b) and x € P [13]. We say that A is
@-concave whenever t(t) = ¢ for all £ [13]. We recall the following result.

Theorem 1.1 ([13]) Let E be a Banach space, let P be a normal cone in E, and let A : P — P
be an increasing and t-@-concave operator. Suppose that there exists 0 # h € P such that
Ah € Py. Then there are ug, vy € Py, and r € (0,1) such that rvy < uy < vy and uy < Aug <
Avg < vy, the operator A has a unique fixed point x* € [uy,vol, and for xy € Py and the
sequence {x,} with x,, = Ax,_1, we have ||x, — x*|| — 0.

2 Main results
We study the existence and uniqueness of a solution for the fractional differential equation

Du(t) +f(t,u(t)) =0

on partially ordered Banach spaces with two types of boundary conditions and two types
of fractional derivatives, Riemann-Liouville and Caputo.

2.1 Existence results for the fractional differential equation with the
Riemann-Liouville fractional derivative

First, we study the existence and uniqueness of a positive solution for the fractional differ-

ential equation

Du(t) +f(t,u(®) =0 (0<e<T,T=LteleT],0<a<l), (2.1)
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u(n) =u(T) (n € 0), (2.2)

where D” is the Riemann-Liouville fractional derivative of order «. Let E = Cl[g, T]. Con-
sider the Banach space of continuous functions on [g, T] with the sup norm and set
P ={y e Cle, T]: minsepe,77¥(t) > 0}. Then P is a normal cone.

Lemma 2.1 Let 0<e< T, T>1,t€[e,T], nelet) and 0 <o < 1. Then the problem
D*u(t) + f(t, u(t)) = 0 with the boundary value condition u(n) = u(T) has a solution uy if
and only if uy is a solution of the fractional integral equation

T
u(t) = ] G(t,9)f (s, u(s)) ds,

where
tot—l(n_s)a—l_ta—l(T_S)ot—l (t_s)ot—l
(7""1—7"0‘;1)1"(01) 1_ T(a) & f N f T) S t f T;
- —t*(T-5)*~ (t=s)*~
G(t7 S) - (n”’l—T“’l)F(a) - T(a) ’ & S 77 =5= S T;
7t°‘_1(Tfs)°(_1

(n*T-T* I (@)’ =
Proof From D*u(t) + f(t, u(t)) = 0 and the boundary condition, it is easy to see that u(z) —

at™t = —1%f(t,u(t)). By the definition of a fractional integral, we get

t _ -1
u(t) = ct** - / %f(s,u(s)) ds.

Thus, u(n) = ci®™ — [ S22 £(s, u(s)) ds and

T (T _ S)a—l

um)=ar - [ ST (o) ds

Since u(n) = u(T), we obtain

a-1 T a-1
6= [ ) ds - T 6, uts) ds.

el — Te-1 ) ne-l— Te-1 J ()
Hence,
ta—l n (T] _ S)oz—l ta—l T (T _S)ot—l
u(t) = na—l — Te-1 /s F(Ol) f(S, M(S)) ds - 770171 _ Te-1 /8 F(O{) f(S, u(s)) ds
t(+_ ya-1 T
_ /E %f(s, u(s)) ds = /e G(t,5)f (s, u(s)) ds.
This completes the proof. O

Now, we are ready to state and prove our first main result.

Theorem 2.2 Let 0 < ¢ < T be given and let T and ¢ be two functions on (g, T) such that
©(t) = ©(2) for all t € (¢, T). Suppose that t : (¢, T) — (0,1) is a surjection and f(t,u(t)) €
C([e, T] x [0,00]) is increasing in u for each fixed t, f(t,u(t)) < 0 and f(t,t(\)u(t)) >

Page3of 8
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©A)f (&, u(?t)) for all t, A € (¢, T) and u € P. Assume that there exist M; > 0, M, > 0 and
0 # h € P such that

T
Mih(t) < / G(t,)f (s, h(s)) ds < Myh(t)

forallt € e, T], where G(t,s) is the green function defined in Lemma 2.1. Then the problem
(2.1) with the boundary value condition (2.2) has a unique positive solution u* € Pj,. More-

over, for the sequence u,,1 = fET G(t,s)f (s, u,(s)) ds, we have ||u,, — u*|| — 0 for all uy € Py,.

Proof By using Lemma 2.1, the problem is equivalent to the integral equation

T
u(t) = / G(t,9)f (s, u(s)) ds,

where
tu—l(n_s)a—l_ta—l(T_s)a—l (t—s)“il
(Ya—l_TaII)r(a) 1_ Ma) ’ & f N S 77 S t S T;
- —t*(T—-5)*~ (t=s)*~
G(t’ S) - (ﬂ“’l—T”"l)F(a) - T() ’ & S n=s8= 5 T;
7toc—1(Tis)oc—l
e<n<t<s<T

(n*T-T* I (@)’ =
Define the operator A : P — E by Au(t) = ng G(t,s)f (s, u(s)) ds. Then u is a solution for the

problem if and only if # = Au. It is easy to check that the operator A is increasing on P. On
the other hand,

T
A(r(k)u)(t):/ G(t,s)]’(s,t(k)u(s)) ds

T
> (p()»)‘/. G(¢, s)f(s, u(s)) ds =p(\)Aul(t)

for all A € [¢, T] and u € P. Thus, the operator A is T-¢-concave. Since
T
Mule) < AH) = [ Gt (s 5) ds < M)

for all ¢ € [¢, T], we get Ah € Py,. Now, by using Theorem 1.1, the operator A has a unique

positive solution u#* € Py. This completes the proof. d
Here, we give the following example to illustrate Theorem 2.2.

Example 2.1 Let O < ¢ <1 be given. Consider the periodic boundary value problem

Diu() + {g() + [u®)]*} =0 (¢ €[e,1]),

u(n) = u(1),
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where 17 € (¢, 1), g is continuous on [¢,1] and min;[.,1) () > 0. Put
£2B(5) 2B 21523 (1523
3/732(/3_}722//3)”1/32 )-213 rass ”
_ —t“°(1-s)" t—s)”
G(t,s) = BBE) T TR e<n<s<t<l,
_t—2/3(1_s)—2/3
("—2/3_1—2/3)[‘(1/3) )

e<s<n=<t=<l,

e<n<t<s<l.

1 20300 UB_ =2/3(1_\1/3_ (/3¢ ~2/3_
Then [} G(t,s) ds = "= [r(4/;1)<:22/3_(1t) 2D Now, define 7(£) = t, ¢ (t) = £, =
minge[e1) g(£), y2 = max,c[¢ 1) g(t) and also f (¢, u) = g(¢) + u"’® for all . Then 7 : (0,1) — (0,1)

is a surjection and ¢(£) > t(t) for all ¢ € (&,1). For each u > 0, we have

F(&tu®) = (& 2ue)) = g@) + 22 [u(r)]"°
= 21 (g(@) + [w®)]'”) = ()f (6 u(®)).

. 2313 ()3 (=213 _
Now, put & =1, My = (31 + 1) minsefe1)pefe1] — s ri)zx/s)(gt—2£/)3_1§n D and M, = (5 +
8_2/3 1/3

1] W Then we get

1) max,¢|

/ 1 G(t,5){g(s) + [(s)] "} ds

1
5/ G(t,s)(y2 + 1) ds

-2/3,,1/3

1 & n
< 1 G(t,s)ds < 1 Ty ) = Mk
_Jm+)£%L‘(S)“JW+)Q$§HM$M”L4J ’

and

1
/ G(t,s){g(s) + [h(s)]"° ) ds

1
> (y1 +1) min / G(t,s)ds
teled] J,

] _t—2/3(1 _ g)l/B _ (t _ 8)1/3(7]_2/3 _ 1)
>(y;+1) min =7
teled)nelel] I'(4/3) (23 -1)

=Mh.

Thus, by using Theorem 2.2, the problem has a unique solution in Py, = P;.

2.2 Existence results for the fractional differential equation with the Caputo
fractional derivative

Here, we study the existence and uniqueness of a positive solution for the fractional dif-

ferential equation

Du(t) +f(tu(®)) =0 (t€[0,T),T>11<a<2), (2.3)

u(0) = Bu(m),  w(T)=puln) (ne(0,1),0<pi<pr<l), (2.4)

where D” is the Caputo fractional derivative of order «. Let E = C[0, T] be the Banach
space of continuous functions on [0, T'] with the sup norm and

p:[ C[0,T]: mi t>0}.
yeCl ]tgggg]y()_
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It is known that P is a normal cone. Similar to the proof of Lemma 2.1, we can prove the
following result.

Lemma2.3 Letl<a <2, T>1,t€[0,T],n€(0,t) and 0 < By < By < 1. Then the problem
D*u(t) +f(t, u(t)) = 0 with the boundary value conditions u(0) = pru(n) and u(T) = Bou(n)
has a solution uy if and only if uy is a solution of the fractional integral equation u(t) =
fOT G(t,s)f (s, u(s)) ds, where

, 0<s<n<t<T,

o—1 ot—lTF(a) - -
G(t,s) = § =il 0<n<s<t<T,
H(T—s)*"1 0 <s<T.

Theorem 2.4 Let T > 1 be given and let T and ¢ be two positive-valued functions on (0, T)
such that ¢(t) > t(t) for all t € (0, T). Suppose that T : (0, T) — (0,1) is a surjection and
f(t,u(t) € C([e, T] x [0,00]) is increasing in u for each fixed t, f(t,u(t)) = 0 whenever 0 <
n<s<t<Tandf(t,u(t)) > 0 otherwise, and also f (¢, T (L)u(t)) > o(\)f (t, u(t)) forall t, ) €
(0, T) and u € P. Assume that there exist My >0, My >0 and 6 # h € P such that

T
Mih(t) < / G(t, s)f (s, h(s)) ds < Myh(t)
0

forallt € [0, T], where G(t,s) is the green function defined in Lemma 2.3. Then the problem
(2.3) with the boundary value conditions (2.4) has a unique positive solution u* € Pj,. More-
over, for the sequence u,,1 = feT G(t,s)f (s, u,(s)) ds, we have ||u,, — u*|| — 0 for all uy € Py,.

Proof 1t is sufficient to define the operator A : P — E by

T
Au(t):f G(t,s)f(s,u(s)) ds.
0

Now, by using a similar proof of Theorem 2.2, one can show that Au(t) > 0 for all u € P
and ¢ € [0, T'], and also the operator A is T-¢-concave. By using Theorem 1.1, the operator
A has a unique positive solution u* € Py,. This completes the proof by using Lemma 2.3. [J

Below we present an example to illustrate Theorem 2.4.

Example 2.2 Leto = % Consider the periodic boundary value problem

Du(t) + g(t) + [u(t)]a =0 (t € [0,1]),

u(0) = %u(%) u(l)z%u(%),

where g is a continuous function on [0, 1] with minscjo1g(¢) > 0. Put B, =1 =1/2, f1 =1/3

and
1oLl /2,41 /2 (r_ol/2
R P
1/2 1/2
G(t,s) = | U=l 0<n<s<t=<l,
£(1-s)1/2 0O<n<t<s<l

r@a/n2)’ -

Page 6 of 8
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%+%t](%)3/2+t—t3/2

Then [; G(t,5)ds = 287202
va = MmaXeepo &(t) and f(¢ u) = g(t) + u®. Then it is easy to see that v : (0,1) — (0,1) is

. Now, define ©(¢) = ¢, ¢(£) = t*, y1 = mingep1 (),
a surjection map and ¢(t) > t(¢) for t € (0,1). Also, we have
F(&Tu®) =f (6 ru®) = g&) + 2 [u@®)]”

> 1% (g(®) + [u®)]") = o(W)f (&, u(t))

Lylpr_pn

for all u > 0. Now, put h =1, M; = (y1 +1) mingp] — and also Mj = (y» +

TG2)
g(%)3/2+1
1 T Then we have
! 3/2
G(t,s){g(s) + [h(s)] }ds
0
1
< / Glt,5)(ys + 1) ds
0
1 %(%)3/2
1 . 1)—=———=M
<+ ):‘33‘3‘1/0 Glt)ds = (2 + D> 2= = Mo

and

1

1
/ G(t,s)|g(s) + [n()]”*} ds = (31 +1) min f G(t,s)ds
0 te(0,1] Jo

1
_ % t( 1 )3/2 _ t3/2

> +1) min =2—2——— = Mh
>(n )te[O,l] T'(/2) 1

Thus, by using Theorem 2.4, the problem has a unique solution in Py = P;.
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