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1. Introduction

We will devote to considering the existence of a solution of the following nonlinear fractional differential equation with
nonlinear boundary conditions, using the monotone iterative

Du = f(t,u), te(0,T], (1.1)
g(0), u(T)) =0, (1.2)
where D“ is a regularized fractional derivative (the Caputo derivative) of order 0 < « < 1 (see [1]) defined by
D*u(t) ! 9 /t(r ) *u(r)d t~*u(0) 0 1 (1.3)
=—| = -1 T)dt — , <a<l1, .
F(l — ot) at 0

here
_ t(r “u(r)dr = I""%u(t
- /0 — 1) %u(r)dr = u(t)

is the Riemann-Liouville fractional integral of order 1 — «; see [1].

Differential equations of fractional order occur more frequently in different research and engineering areas, such as
physics, chemistry, dynamical control, etc. Recently, many people have paid attention to the existence results of solutions
of initial value problems for fractional differential equations; see [2-10].

* Research supported by the NNSF of China (10971221), the Ministry of Education for New Century Excellent Talent Support Program (NCET-10-0725)
and the Fundamental Research Funds for the Central Universities (2009QS06).
E-mail address: zhangshuqin@tsinghua.org.cn.

0898-1221/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.camwa.2010.12.071



https://core.ac.uk/display/82525795?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.camwa.2010.12.071
http://www.elsevier.com/locate/camwa
http://www.elsevier.com/locate/camwa
mailto:zhangshuqin@tsinghua.org.cn
http://dx.doi.org/10.1016/j.camwa.2010.12.071

S. Zhang / Computers and Mathematics with Applications 61 (2011) 1202-1208 1203

In [3], authors present an existence theorem for the following nonlinear ordinary differential equations of first order with
nonlinear boundary conditions

u'(t) = F(t,u(t)), tel=[0,T], T >0,
g(0), u(T)) =0,
where F : [0, T] x R — Rand g : R* — R are continuous functions.

Motivated by [3], in this paper, we will investigate the existence of a solution of the nonlinear fractional differential
equation (1.1) with nonlinear boundary conditions (1.2).

Definition 1.1. In this paper, we call a function u(t) a solution of problem (1.1)-(1.2), if u(t) € C([0, T]) (C([0, T]) is the
space of functions which are continuous on [0, T]), and satisfies equation (1.1) and boundary value condition (1.2).
With regards to equation (1.1), we have the following definitions of upper and lower solutions.

Definition 1.2. A function ¢ € C([0, T]) is called an upper solution of equation (1.1), if it satisfies

D*¢(t) > f(t, @), te€(0,TI (1.4)
Analogously, function ¢ € C([0, T]) is called a lower solution of equation (1.1), if it satisfies
D*¢(t) < f(t,$), te(0,TI. (1.5)

Similarly to [3], we introduce concepts of coupled lower and upper solutions, coupled quasisolutions for problem
(1.1)-(1.2).

Definition 1.3. Functions U, 1 € C([0, T]) are called coupled lower and upper solutions of problem (1.1)-(1.2), if U is a
lower solution and T is an upper solution of equation (1.1), and they satisfy the relations ui(t) < 7(t), t € [0, T] and

g(0),u(T)) <0 < g(u(0), u(T)). (1.6)
In what follows we assume that
ut) =u(t), telo,T], (1.7)

and define that sector
@u) =(uec(o,Tu<u<u).
Definition 1.4. Functions v, w € C([0, T]) are called coupled quasisolutions of problem (1.1)-(1.2), if v and w are solutions
of equation (1.1), and
u(t) < () <w(t) <ult), telo,T], (1.8)
g(0), w(T)) = 0 = g(w(0), v(T)), (1.9)
where U, U € C([0, T]) are coupled lower and upper solutions of problem (1.1)-(1.2).
Lemma 1.1 (Lemma 2.22 [1]).If f(t) € C([0,T]) and 0 < a < 1, then
I*Df(t) = f(t) — f(0).

The following are the existence results of the solution for the linear initial value problem for the fractional differential equation,
which are important to us in obtaining the existence results of solutions for problem (1.1)-(1.2).

Lemma 1.2 ([1]). The linear initial value problem

D*u+du=q(t), te(0,T],
{U(O) = U, (1.10)
where d is a constant and q € C([0, T]), has the following integral representation of solution
t
u(t) = upky,1(—dt®) + / (t = )" 'Eq.a(—d(t — 5)*)q(s)ds, (1.11)
0

where E,, o, (—dt®), E, 1(—dt®) are Mittag-Leffler functions [1].

Remark 1.1. In particular, when d = 0, then initial value problem (1.10) has a solution

1 t
u(t) = up + o) fo (t —5)* " 'q(s)ds.
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2. Main result
The following result will play a very important role in our next analysis.
Lemma 2.1. If w € C([0, T]) and satisfies the relations

Dw +dow >0, te(0,T],

w(0) >0, (2.1)

r(1+a)

where dg > — is a constant. Then w > O for t € [0, T].

Proof. Firstly, we verify the result for dy > 0. We assume by contradiction that w(t) > 0,t € [0, T] is false. Then, from
w(0) > 0, there exists points ty € [0, T), t; € (0, T] such that, w(ty) = 0, w(t;) < 0, w(t) > 0fort € [0, ty],and w(t) < 0
fort € (to, t1]. Then we have D*w(t;) + dow(t;) > 0, therefore,

D*w(ty) > 0. (2.1)
Since Riemann-Liouville fractional integral I* is a monotone operator, we apply the fractional integral I* on both sides of
inequality (2.1"); and by Lemma 1.1, we have

w(ty) —w(0) =0 (2.1

which implies that w(t;) > 0, which is a contradiction. So, for dy > 0, we verify that w > Ofort € [0, T].
Now, we will verify the result for — e gy < 0. Since Riemann-Liouville fractional integral I* is a monotone
operator, we apply the fractional integral I* on both sides of inequality (2.1), and by Lemma 1.1, we have

w(t) — w(0) + dol*w(t) >0, te(0,T]. (2.17)

Let v(t) = e Y'w(t) for any positive constant 1 < y < % thus, by (2.1"”), we obtain that the transformation

Ytw(t) transforms inequality (2.1") into relations

(2.2)

e’ v(t) — v(0) 4+ dol%e”'v(t) > 0, te(0,T],
v(0) > 0.

We assume by contradiction that v(t) > 0, t € [0, T]is false. Then, from v(0) > 0, there exists points to € [0, T), t; € (0, T]
such that, v(tp) = 0, v(t;) < 0,v(t) = O0fort € [0, to], v(t) < Ofort € (to, t}], and assume that t; is the first minimal
point of v(t) on [to, tj]. Then we have

e’ y(t;) — v(0) + dol*e” 1 u(t;) > 0. (2.3)
We see that
1“(e”u(ty)) = F( )/ (t; — 5)* e’ vu(s)ds
t
= @ /0 (t; — )%~ 1eysv(s)a!erT 1(t1—s)"_1e”sv(s)ds
1 f1 )
> m/ (t; —9)* e v(s)ds
£
1 Ofl
> m/ (t; — 5)* e’ry(s)ds
> e )/ (t; — $)* e’y (t;))ds
_ U( 1) vty _ o
_71“(1—}-01)(3 (& — to)
o
> F(Ha)e“v(t])
yT“ 1431
> F(1+oz)e v(ty).
That is
doy T
dol® (€10 (ty)) < %emv(tl). (2.4)
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Thus, by (2.3) and (2.4), we obtain that
do)/Ta
1+ —— t1) >0,

( + F(1+a)> v(t) =
which contradicts the negative property of v(t;), because 1 < y < %. Therefore, v > 0, t € [0, T]. Thus, it follows
from w(t) = e”'v(t) that w > 01in [0, T]. Thus, we complete this proof. [

We assume that f satisfies the following condition

fltu) —f(t,up) > —d(uy —uy), U<u; <uy <1, (2.5)
whered > — % is a constantand u, U € C([0, T]) are coupled lower and upper solutions of problem (1.1)-(1.2). Clearly
this condition is satisfied with d = 0, when f is monotone nondecreasing in u. In view of (2.5), the function

F(t,u) =du+f(t,u) (2.6)

is monotone nondecreasing in u for u € (u, u).
We also suppose that there exists a constant w > d > —d, such that

flt,u) —f(t,up) <d(ur —up), U<u, <up <71, (2.7)

where U, U € C([0, T]) are coupled lower and upper solutions of problem (1.1)-(1.2). Moreover, we assume that g satisfies
the following conditions

{g(-, y) isnonincreasing for ally € R, (2.8)

g(x,-) isnondecreasing for all x € R.

The following is the existence theorem of solution for problem (1.1)-(1.2).

Theorem 2.1. Assume that U, U € C([0, T]) are coupled lower and upper solutions of problem (1.1)-(1.2), such that (1.7) holds,
f € C([0, T] x R), and satisfies (2.5) and (2.7), g also satisfies condition (2.8). Then for problem (1.1)-(1.2), there exists one
solution in the sector (U, u).

Proof. In order to complete this proof, it is sufficient to prove that there exist coupled quasisolutions w, v of problem
(1.1)-(1.2) and v = w. For this purpose, we have to find two solutions w and v for the following initial value problem

D%v = f(t,v), te(0,T],
v(0) = p,

where p € [1(0), u(0)] is a constant, and then, prove that w and v are truly coupled quasisolutions of problem (1.1)-(1.2),
and that v = w; that is, firstly, we will prove unique existence of solution u € C([0, T]) of (2.9); second, we will prove that
u satisfies g(u(0), u(T)) = 0. This procedure consists of six steps. O

(2.9)

Step 1. Constructing sequences {v®}.
We see that problem (2.9) is equivalent to the following problem

{D"‘v+dv:dv +f(t,v), te(0,T], (2.9)

v(0) = p,

where d is a given constant. So, in order to apply the method of upper and lower solutions and its associated monotone
iterative to consider the existence of solution for problem (2.9), we firstly introduce the concepts of upper and lower
solutions for initial value problem (2.9).

Definition. A function ¢ € C([0, T]) is called an upper solution of problem (2.9), if it satisfies

D¥¢(t) = f(t, ¢), te€(0,T],
#(0) > p.

Similarly, function ¢ € C([0, T]) is called a lower solution of problem (2.9), if it satisfies all reversed inequalities in (2.10).
From the above definition and Definitions 1.2, 1.3 and (1.7), we can easily obtain that 1 is a lower solution, U is an upper
solution of problem (2.9).
By adding dv (d is the function in (2.5)) on both sides of the differential equation of problem (2.9), and choosing a suitable
initial iteration v®), we construct a sequence {v®}, k = 1, 2, . .., from the following iteration process

(2.10)

P%W+M“=M“”+m»“%,raam

w9 (0) = p. (2.11)
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Since for each k the right-hand side of (2.11) is known, Lemma 1.2 implies that the sequence {v®} is well defined. Of
particular interest is the sequence obtained from (2.11) with an upper solution or lower solution of problem (2.9) as the
initial iteration. From the above deductions, we know that U is the lower solution, 7 is the upper solution of problem (2.9).
Denote the sequence with the initial iteration v® = u by {t¥} and the sequence with v@ = by {v®}.

Step 2. Monotone property of the two sequences.
The sequences {7®}, {v®} constructed by (2.11) process the monotone property

T<ov® < p®D <5+ <50 <7 ¢ €0, T], (2.12)

foreveryk =1,2,....
In fact, let r = 9@ — 3. By (2.10), (2.11) and (1.7), and 7© = U, we have

Dr +dr = (DU + dit) — (v +f(¢,v"))
= D*U—f(t,u) >0, te(O,Tl,

r(0) =u(0) — p > 0.

In view of Lemma 2.1, > O for t € [0, T], which leads to 7" < 7@ = 7. A similar argument using the property of a lower
solution of problem (2.9) gives v» > v©@ =7, In fact, let r = v — v©@ . By (2.10), (2.11) and (1.7), and v© =T, we have

D +dr = du+f(t,u) — DU — du
= f(t,(uyy—Du>0, te(0,T],

r(0) = p —u(0) > 0.

In view of Lemma 2.1, > O for t € [0, T], which leads to W = v©@ < v, Letr® =7® — yM By (2.5),(2.6) and (1.7), we
have

DrV dr® = dv® 4 f(¢,v) — (dv® +f(t, v))
>0, te(0,T] ,

r ) =v"(0) — v (0) = 0.
Again, in view of Lemma 2.1, rV > 0 for t € [0, T], the above conclusion shows that

T=00 <@ <75 <50 — 7
Assume, by induction that

T<ov® D <® <g® <%V <7 te0,T). (2.13)
Then by (2.11), (2.5), (2.6) and (2.13), the function r® = 7® — g*+D satisfies the relations

prr +dr® = vV 4 £ (e, v4TY) — (@0 + (6, 7))
0, te(0Tl

r®©0) =v%0) —v**P(0) = 0.

v

In view of Lemma 2.1, r® > 0, that is 7**? < v for t € [0, T]. Similar reasoning gives v® < v®**D and p*+V < F*+D,
Hence, the monotone property (2.12) follows from the principle of induction.

Step 3. The two sequences constructed by (2.11) have pointwise limits and satisfy some relations, that is,
lim 7®(¢) = v(0), lim v®(t) = w(t) (2.14)
k—o00 k—o0
exist and satisfy the relation
T<® <™V <w <o <Y <3 <U, refo,T], (2.15)

foreveryk=1,2,....

In fact, by (2.12), we see that the upper sequence {t*'} is monotone nonincreasing and is bounded from below and that
the lower sequence {v®} is monotone nondecreasing and is bounded from above. Therefore, the pointwise limits exist and
these limits are denoted by v and w as in (2.14). Moreover, by (2.12), the limits v, w satisfy (2.15).

Step 4. To prove that v and w are solutions of initial value problem (2.9).
Let v® be either 7® or v® and let

FENE) =dv®®) + (6, v ). (2.16)
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By the integral representation (1.11) for the linear initial value problem, the solution v® of problem (2.11) may be
expressed as

t
v 0 (t) = pEy1(—dt*) + / (t — )" Eg.o(—d(t — $)s*)(F®))(s)ds. (2.17)
0

By the assumption of function f, the function F is continuous and is monotone nondecreasing in v, the monotone
convergence of v® to v (see (2.14)) implies that (F(v*~D))(t) converges to (F(v))(t). Let k — oo in (2.17) and apply
the dominated convergence theorem, v satisfies the integral equation

v(t) = pEy1(—dt?) +/ (t =) Eq o (=d(t — 5)*) (F(v))(s)ds. (2.18)
0

That is, v(t) is the integral representation of the solution of problem (2.9). And that, by Remark 1.1, we can easily obtain that
v € C([0, T]), this proves that the upper sequence {7} converges monotonically from above to a solution v of problem
(2.9); the lower sequence {v®} converges monotonically from below to a solution w of problem (2.9), and satisfies the
relation v(t) > w(t), t € [0, T].

Step 5. To prove g(v(0), w(T)) = 0 = g(w(0), v(T)).
In fact, from (2.15), (2.8) and (1.6), we have

g(0), w(T)) < g(@(0), w(T)) < g(w(0),u(T)) <0,

g(0), w(T)) > g(u(0), w(T)) > g(u(0),u(T)) > 0,

g(w(0), v(T)) < g(@(0), v(T)) < g@(0),u(T)) <0,

g(w(0), v(T)) = g(@(0), v(T)) = g(@(0),u(T)) = 0,
which imply that g(v(0), w(T)) = 0 = g(w(0), v(T)). Thus, w and v are coupled quasisolutions of problem (1.1)-(1.2), by
definition (1.4).

Steps 6. Verifying v(t) = w(t),t € [0, T].
It is sufficient to prove that v(t) < w(t),t € [0, T], by v(t) > w(t),t € [0, T] obtained in Step 4. In fact, by (1.1) and
(2.7), the function r = w — v satisfies the relations

D%r = —(f(t,v) —f(t,w)) >dr, te(0,T],
r(0) = 0.

Then, Lemma 2.1 implies that r(t) > 0, t € [0, T], this proves w > v, therefore, we obtain that v = w is unique solution of

problem (2.9) in function sector (u, ), that is, v = w is one solution of problem (1.1)-(1.2). Thus, we complete this proof.

Corollary 2.1. Assume that 1, u € C([0, T]) are coupled lower and upper solutions of problem (1.1)-(1.2), such that (1.7) holds.

g also satisfies condition (2.8). And f (t, u) = j(t,u) + Ay, A < %,j satisfies the Lipschitz condition

liCt, ur) —j(t, up)| < Kluy —uz|, uy, up € (W, 0) (2.19)

where K is the Lipschitz constant satisfying 0 < K < %ﬂ“) — A, then for problem (1.1)-(1.2) there exists one solution in the
sector (u, ).

Proof. From (2.19), we obtain that
A= K)(uy —up) < f(t,u) —f(t,up) < K+ —up), U<uy; <uy <1,

that is, (2.5) and (2.6) hold withd = K — A, d = K + A, then Theorem 2.1 implies that for problem (1.1)-(1.2) there exists
one unique solution in the sector (i, ). O

Corollary 2.2. Let i € C([0, T]) be a nonnegative coupled upper solution of problem (1.1)-(1.2). g also satisfies condition (2.8).
Andf(t,u) =j(t,u) + Ay, A < %,jsatisﬁes (2.19), and that f, j, g satisfy the relations

f(t,0)=j(t,0) >0, (2.20)
£(0,u(T)) < 0 < g(1(0), 0). (2.21)
Then for problem (1.1)-(1.2) there exists one unique solution u with0 < u <.

Proof. By (2.20), (2.21) and Definitions 1.2, 1.3, we know that u(t) = 0 is a coupled lower solution of problem (1.1)-(1.2),
then Corollary 2.1 implies that this result holds.
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Corollary 2.3. Assume that f (t, u) = j(t, u)+Au, A < % and conditions (2.19), (2.20) hold. g also satisfies condition (2.8).
Moreover, there exists a positive constant p such that

fe,p)=jt, p) +A1p <0, g(0,p) <0=g(p,0). (2.22)
Then for problem (1.1)-(1.2) there exists one unique solution u with0 < u < p.

Proof. From (2.22) and Definitions 1.2, 1.3, we know that u(t) = p is a nonnegative coupled upper solution of problem
(1.1)-(1.2), then Corollary 2.2 implies that this result holds. O

Remark 2.1. In a similar way, we can deal with the existence results of solutions for problem (1.1)-(1.2) with more general
nonlinear boundary conditions

g(u(to), u(t1)9 ) u(tr)) = O,

where0 =ty < t; < t; < --- < t, = T, under some conditions.
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