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Abstract. This paper considers the uniqueness of positive solutions for a fractional initial value problem involving
Caputo fractional derivative

{ “DEx(r) = [p(1) +q(t) (f(1,.x(1)] 7", 0<1 <o,
X(O) = bo,x/(O) = bl,x“(O) = bz,

where 2 < a < 3, f:]0,00) x [0,00) — [0,0), and p(¢) and ¢(¢) are continuous functions. By imposing some suit-
able conditions on f, p, and g, we obtain the uniqueness of positive solutions for the problem, and we construct an
iterative scheme to approximate the unique solution. Our approach is based on a fixed point theorem of decreasing
operators on cones. In addition, two simply examples are presented to illustrate our main result.
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1. INTRODUCTION

The fractional calculus is an extension of the traditional integer calculus, which has the prop-
erties of an infinity memory and is hereditary. For some fundamental results in the theory of
fractional calculus and fractional models, we refer the reader to the [8, 12, 13, 18, 20]. Fractional
differential equations arise from a variety of fields in science and engineering. In particular,
problems concerning qualitative analysis of the positivity of such solutions for fractional differ-
ential equations have received the attention from many authors; see, e.g., [8, 11, 13, 16, 20, 22].
It is known that there have a large of fractional derivatives, in which Caputo fractional derivative
is important, and the theory of Caputo fractional differential equations also greatly attracted the
attention for their wide applications; see, e.g. [1, 2, 7, 10, 15, 17, 19, 21, 23] and the related
references therein.
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In [16], Matar discussed the existence and uniqueness of positive solutions for the following
nonlinear fractional differential equation

DY x(1) = f(t,x(1)), 0<t<1,
{ x(0) =0, ¥(0) = y> 0,

where €D, is the Caputo fractional derivative of order 1 < a@ <2, f: [0,1] x [0,00) — [0, 0)
is a given continuous function, and ¥ > 0 is a constant. By employing the method of the upper
and lower solutions method, Schauder fixed point theorem and Banach contraction mapping
principle, the author obtained the existence and uniqueness of positive solutions.

In [4], Bai and Qiu obtained the existence of positive solutions for the singular boundary
value problem

{CD$AQ+f0JU»:O,O<t<L
x(0) =x'(1) =x"(0) =0,

where DY, is the Caputo fractional derivative of order 2 < ot < 3, f 1 (0,1] x [0,00) — [0, 00)
is continuous, and tg%i f(t,x) = oo for all x € [0,e0). By using nonlinear alternative of Leray-

Schauder type and Guo-Krasnoselskii’s fixed point theorem, the authors obtained the existence
of positive solutions.

In [5], Cabana and Wang studied the existence of a positive solution to fractional differential
equations with integral boundary conditions

{CD$Aﬂ+f0JU»:0,O<t<L
x(0) =x"(0) =0, x(1) = A [ x(s)ds,

where CDg‘+ denotes the Caputo fractional derivative of order 2 < ¢ < 3,0 < A <2, and f :
[0,1] X [0,00) — [0,0) is continuous. By using Guo-Krasnoselskii’s fixed point theorem, they
obtained the existence of at least one positive solution.

In this paper, we are interested in the uniqueness of positive solutions for fractional dif-
ferential equations on an infinite interval. Inspired and motivated by the results presented in
[3, 6, 11, 13, 20], we concentrate on the positivity of the solutions for the following nonlinear
fractional differential equation

{ “DE.x(t) = [p(t) +q(t) f(1,x(t))] ", 0<1 <eo,

x(0) = by, x'(0) = by, x"(0) = by, (1.1)

where CDS‘+ is the Caputo fractional derivative of order a € (2,3], f: [0,00) X [0,00) — [0,00),
p(t) and ¢(¢) are continuous functions. To demonstrate the uniqueness of positive solutions, we
use the fixed point of monotone decreasing operator to discuss (1.1). To the best knowledge
of the authors, only few papers concerned with the existence of positive solutions for boundary
value problems of fractional differential equation on infinite intervals by using the fixed point
of monotone decreasing operator up to now. The goal of present paper is to fill the gap in this
area. It is interesting and important to study the uniqueness of positive solutions for boundary
value problem (1.1).

2. PREVIOUS RESULTS AND PRELIMINARIES

In this section, we present some basic results about fractional calculus theory which will be
used later.
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Definition 2.1. [14] Let f : [a,b] — R be a given function. For & > 0, the Riemann-Liouville
fractional integral of order & of f is defined by

IE0)0) = Fgy [ =) 10

where I'(a) denotes the classical gamma function.

Definition 2.2. [14] Let f : [a,b] — R be a given function. For a > 0, the Caputo derivative of
fractional order & of f is given by

o _ 1 ! n—o—1 rn
DS = gy [, 1= s

where n = [o] + | and [¢t] denotes integer part of o.

Lemma 2.3. [14] Let o0 > 0. Suppose x € C"~! [0,00) and x\") exists almost everywhere on any
bounded interval of [0,0). Then

(I*CD%x) (1) = x(t) —

Lemma 2.4. x € C[0,) is a solution to (1.1) if and only if

x(t) =bo+ bt + %bztz + ﬁ /Ot(t — s)"‘_1 [p(s) +q(s)f(s,x(s))]_1ds. (2.1)

Proof. Let x be a solution to (1.1) . We write this equation as
(1%°D%0) (1) = I%[p(t) +q(1) f(t,x(1))] 7', 0 <1 <oo.

From (1.1) and Lemma 2.3, we obtain

(1) = 3(0) +X )+ 3500 + o [ (=) p(5) + als)s.x(5))] s

2 ') Jo
By the initial conditions x(0) = bg,x'(0) = by, x”"(0) = by, we obtain equation (2.1). Since each
step is reversible, the converse follows easily. 0

Suppose that E is a Banach space which is partially ordered by a cone P C E. We say that
x <yifand only if y —x € P. An operator A : P — P is decreasing if x <y implies Ax > Ay for
all x,y € P. If x <y and x # y, we denote x < y or y > x. 6 is the zero element of E. P is called
normal if there exists N > 0 such that

b<x<y=|x[<N|yl; xycE.

Lemma 2.5. [9] Let P C E be a normal cone, and let A: P — P be a decreasing operator such
that
(i) there exists 0 < € < 1 such that A>6 > €A0;
(ii) for any € <t* < 1 and 0 < A <t*, there are n =n(t*) > 0and & = &(t*) > 0 such that
AAx) < [A(1+n)] 'Ax,x € P,

Then there exists x* € P such that Ax* = x*.



4 J.REN, L. BAIL C. ZHAI

3. MAIN RESULTS

For convenience, we give the following notations:

(@J= [0700);

(b) C(J) = {x: x(t) is continous in J };

©Cy()={xeC(J):x(t) >0,Vt €J}.

In this paper, we use the following space, E, to study (1.1), which is defined by

[x(1)] }
E=<xeC(J):sup——— < oop.
{ ) ey 241

We know that E is a Banach space equipped with the norm

x(0)]
I ell=sup 37

We define a cone P by
P={x€E:x(t)>0VteJ},

so P C C+(J). For x,y € P with x <y, we have 0 < x(r) < y(t), t € J and thus

t t
qup X0 DL
teJt +1 le_]t +1

that is || x ||<|| y ||- Thus P is a normal cone.

Theorem 3.1. Suppose the following conditions are satisfied:

(Hy) f(t,x) is increasing in x € [0,00) for fixed t € [0,00) and for A € (0,1), f(t,Ax) >
Af(t,x), x € [0,00);

(Ha) f(t,0) = 0 and there exists a function a(t) such that

f(t,x) <a(t)x, t €[0,0)x € [0,00);

(H3) there exist b; > 0(i = 4,5) such that 0 < a(t) < bat' +bs, [ EN ;

(Hy) there exist m,r € N and constants c;(i = 1,2,3,4) > 0 such that p(t) > c1t™ +cp > 0,
0<q(t)<cst"+csandm>1+r+2.

Then problem (1.1) has a unique positive solution x* in P. Moreover, for any initial value
Xo € P, the sequence

uet(0) = bo bit 3o+ o [0 p(9)+4(0) (. 0))] . 1€,

n=0,1,2,---, satisfies x,(t) — x*(t) as n — oo.

Proof. We are going to apply Lemma 2.5 to solve (1.1) for a positive solution in E. First, for
x € C4(J), we define an operator A by

Ax(t) =bo+bit + %bgl‘z—f- ﬁ/o[(t — )% p(s) +q(s)f(s,x(s))] " 'ds, tel.
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Then, forx € P,

1 14t
< Ax(t) < ~byt? / “ld
0 < Ax(r) < bo+ bt + S bat +F(a) 5 p(s)”ds

1 t
< by +bit + —byt? / m —1d
< bo+ 1+2 2 +F(a) 0(61s +c2) ds

oa—1

1
<by+bit+ Ebztz +byt% ey,

where
1 oo
b :—/ c1S"+cy) lds < .
3= by (c1 2)

Thus A(P) C C4+(J) due to

[ = sup [bo+ bt + 3bat® + gy fo e —ZS)“‘I[p(S) +q(s)f(s,x(s))] " ds]
el r~+1
< s |bo+ b1t + %bzﬁ + b3t
o) 241
by b

<b — + —= +bs.
_0+2—|-2+3

It follows that || Ax ||< M for all x € C(J), where M = by + % + % + b3. Hence, A: P — P,
obviously, A is a decreasing operator by (H).

Next, we verify that A satisfies (i) of Lemma 2.5. If x € C.(J) and x(t) < by + b1t + %bztz +
bst% ! for all € J, we can show that there exists & > 0 such that

p(t) = eoq(t)f(t,x(1)), Vi€ J. 3.1)

In fact, when x € C(J) with x(¢) < bo+ bt + %bztz +b3t* 1 by (H,), we know that

a(0)f(1,x(0)) < (0)[a(t)(1 +bo-+ bt + 3ot + byt

< (e3t" +c4) (bat' +bs) (1 +bo+ byt + %bzﬂ + b3
< b6tl+r+2+b7tl+r+a—1 +b8tl+r+1 +b9tl+’+b{$2—|—blﬂr2+b12
= bt 24 b13(1) +bia, VEET, (3.2)
where
b13(t) — b7tl+r+0¢71 +b8tl+r+l +b9tl+r—|—bﬁ§2—|—blﬁ2,

and b; (i =6,7,---,13) are positive constants. Note that m > [+ r+ 2, and then there exists a
constant & > 0 such that

c1t™ ey > €o(bt" T2+ b3 (t) +bra), V€. (3.3)
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Thus (3.1) is true according to (3.2) and (3.3). In (3.2), let x = 0. By (H;), we obtain

L 1 ' 1 -1
< A — _ - Y
0 < A(0) =bo+bit-+ 3o+ s /O (t — )% p(s)"ds

<b +bt —1[9 tz ! l/t () ld
—+ + pLs A

1
<bo+bit+ Ebzﬂ +b3t* ) Vel (3.4)

It follows from (3.1) that p(r) > €yq(t) f(¢,A(0)) for all ¢ € J, which together with (3.4) yields
that

(W0)0) = bo-+bit+ bt + o [0=9"(6) + (511 (. AO) )]s

Lo, 1 ) I
> b+ byt + 3ot —l—m/o(t—s)“ Up(s) + &5 ' p(s)]'ds

& oo, 1 /t a—1 1
> bo+bit+ byt + —— [ (1 - d
> 10 b Jt s [ 9% () ay

1
=¢€(A(0))(r), Vrel,

where £ = 1{%, 0 < € < 1. Hence, A%(0) > €A(0).

Finally, we verify that A the satisfies (ii) of Lemma 2.5 Let € < * < 1, we prove the following
inequality

p() +q(0) f(1.x(1) < T[(t") "' p(t) +q(0) f(1,x(1))], YO<x<A©0), reJ, (3.5

holds, where

(1—t*)t
4+ &

*

T=t"+ , '<t<l1. (3.6)

In fact, when 0 < x < A(0), we know by (3.4) that
1
0 <x(t) <by+bit+ 5bztz +b3t* Lt el

Hence (3.1) holds. Noting (3.6) again, we have

(1= = U= gty = (1= ol

> (1—=1)t"q(t)f(t,x(r)), YVt e,
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so (3.5) holds. Letting n = % —1,wehave n > 0.For 0 <x <A(0),0 <A <r* by (3.5), (3.6),
and (H ), we have

A(Ax)(t) = bo+ b1t + %bztz + ﬁ /Ot(t — )% p(s) +q(s)f (s, Ax(s))] " 'ds

<bo+bit-+ gbart + o [ =" p(9)+ Aglo) flsx(9)]

< Jo-tbit+ 3b0%) + s [ (=9 [(2) 7! plo) +g(0) s.x(5)) s,
< Fl0+bu-+ 302+ 3 [ 0= 0 )+ (5 o.5(5)) s,
< {0t oies ot s [0 1000+ )6 s

= [A(1+m)] " (Ax)(r), Vred.

So, the assumption (ii) of Lemma 2.5 is satisfied. An application of Lemma 2.5 implies that
the operator equation Ax = x has a unique solution x* in P. That is, problem (1.1) has a unique
positive solution x* in P. Moreover, for any initial value xq € P, constructing the sequence

Xnt1(t) =bo+ b1t + %bztz + ﬁ /Ot(t — s)O‘_1 [p(s) +q(s)f(s,xn(s))]_lds,

n=0,1,2,---, we have x, (1) — x*(t) as n — oo. O
Now, we give some examples to illustrate our result.

Example 3.2. Consider the following initial value problem of a nonlinear fractional differential
equation

5
CDE,x(t) = [10065+2+ (202 4 5) 25011 0 <t < oo,
x(0) =1, ¥ (0) =0, x"(0) =1,

where a = 3, p(t) = 100 +2, g(t) =202+ 5, r =2,m =5,

2t%x
1,X) = ———
%) = 500
bo = 1,b, =0, and b3 = 1. Thus f(¢,x) is increasing in x € [0,0) for fixed 7 € [0,o0) and for
A €(0,1),
212 Ax 2%
t.Ax) = =A = Af(z 0.0
and then condition (H;) is satisfied.
Clearly, f(z,0) = tzfg)g =0, t € [0,00), and condition (H) is satisfied. In the following, let
a(t) = 2t + 100, it is obvious that
)

flt,x) = 300 < (2t +100)x = a(t)x, (t,x) € [0,00) X [0,00),

so condition (H3) is satisfied. Evidently, there exist by = 3,b5 = 100 > 0 such that 0 < a(t) <
3t +100, where [ = 1; and m = 5,r =2, and ¢; =50, ¢ =2, ¢3 = 100, ¢4 = 5 such that p(r) >
500 4+2>0,0< q(t) < 1002 4 5, and we know [+ r+2 =5, so m > 5 holds, it is clear that
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condition (Hy) is satisfied. All the hypotheses of Theorem 3.1 are fulfilled. Therefore, it follows
that the boundary value problem has a unique positive solution.

Example 3.3. Consider the following initial value problem of a fractional differential equation

5
Dpx(t) =[O+ 1+ + ) ilse ™, 0<r <o,

x(0) =1, X(0) =0, X"(0) =1,
where o = %, pt)=154+1,q0t) =>+1,r=2,m=6,
x
t =
f( 7x) 1+xe

bo = 1,b, =0, and b3 = 1. Thus f(¢,x) is increasing in x € [0,0) for fixed 7 € [0,o0) and for
A€ (0,1),

—t
)

Ax

and then condition (H) satisfied. Further, f(¢,0) =0,z € [0,00), so condition (H) is satisfied.
Leta(t) = e™'. Then

e’ < ﬂ.%l +xe ' = Af(t,x),x € [0,0),

ft,x) <a(t)x,(t,x) € [0,00) X [0,00),
and then (H3) is satisfied. Moreover, we can see that 0 < a(r) < ¢+ 1 and it is easy to prove that
(Hy) is satisfied. So, by Theorem 3.1 that the problem has a unique positive solution.

4. CONCLUSION

In this paper, we gave a result dealing with the uniqueness of positive solutions for the ini-
tal value problems of nonlinear fractional differential equations involving Caputo fractional
derivatives (1.1). Recently, most of the unique results were obtained by the Banach contractive
theorem or the fixed point theorems of increasing operators. In this paper, we used a differ-
ent method, a fixed point theorem of decreasing operators, and then we established the unique
positive solution. Moreover, we presented a sequence to approximate the unique solution.
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