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Abstract

In this paper, we shall study the existence and uniqueness of solutions for the
multi-point boundary value problem of fractional differential equations

Dgﬁu(t) +f(t,ut)=0,0<t<1,2<a < 3,with boundary conditions u(0) =0,

Doﬁ+u(0) =0, Dg+u(1) = Z,’Z]z b;D€+u(S/-), 1 < B <2, involving Riemann-Liouville
fractional derivatives Dg‘+ and Dé. We use the nonlinear alternative of Leray-Schauder
and the Banach contraction mapping principle to obtain the existence and
unigqueness of solutions. Some examples are given to show the applicability of our
main results.
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1 Introduction

Fractional calculus is the study and application of arbitrary order differential and integral
theory; see [1-5]. It is consistent with integer order calculus and a natural extension of
the integer order calculus. Fractional differential equations are developed accompanied
by fractional calculus. In recent years, with the wide applications of fractional calculus in
the fields of physical, mechanical, biological, ecological, engineering, etc., the theory of
fractional calculus has been paid more and more attention. Especially the study of frac-
tional differential equations as abstracted from practical problems attracts much attention
of many mathematicians.

Boundary value problems for fractional differential equations belong to the impor-
tant issues for the theory of fractional differential equations. A lot of papers focused on
two-point boundary value problems of fractional ordinary differential equations [6-16],
boundary value problems of fractional difference equations [17, 18], and problems of frac-
tional functional differential equations [19-25].

However, the results dealing with multi-point boundary value problems of fractional
differential equations are relatively scarce [26—31].

In 2010, Li et al. [26] considered the existence and uniqueness for nonlinear fractional
differential equation of the type

Dg.u(t) +f(t,u(t)) =0, O<t<ll<a<2,
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where Dj, is the standard Riemann-Liouville fractional order derivative, subject to the
boundary conditions

u(©0)=0,  Dbu(l)=aDfuE), 0<p<1

They obtained the existence and multiplicity results of positive solutions by using some
fixed point theorems.

In 2011, Yang et al. [27] discussed the existence and uniqueness for a multi-point bound-
ary value problem of the fractional differential equation

Dg+u(t)+f(t,u(t)) =0, O<t<ll<a<2,

m-2

u(0)=0,  Dhu(l)=) bDhuE), 0<p<l,

i=1

where Dj, and Dg+ are the Riemann-Liouville fractional derivatives. By fixed point theo-
rem, they obtained the existence and uniqueness results.

In the previous related studies, scholars mostly used a fixed point theorem in cones and
the Schauder fixed point theorem to solve some classes of boundary value problems. On
the other hand, the study of these classes of problems has been only limited to the low
order.

Motivated by their excellent results and the methods, in this paper, we investigate the
existence and uniqueness for the multi-point fractional differential equation

Dj.u(t) +f(t, u(t)) =0, O<t<l, (1.1)

m-2
u(0)=0,  Dhu(0)=0,  Dhu@)=) bDjul&) (1.2)
i=1

where Dj, and D§+ are the Riemann-Liouville fractional derivatives, 2 <a <3,1 <8 <2
witha>B+1, meN withm>2,0<& <& <+ <&, 0< 1.

To the best of our knowledge, no one has studied the existence of positive solutions for
boundary value problems (1.1) and (1.2). Our main results of this paper are in extending the
results in [27] from low order to high order case. Our problem allows the boundary con-
dition to depend on the lower fractional derivative Dg+ , which leads to extra difficulties. In
particular, the condition Dg+u(0) = 0 involves not only the properties of the function u(t)
at zero but also the slope of tangent which pass through zero if g = 1. Key tools in find-
ing our main results are the nonlinear alternative of the Leray-Schauder and the Banach
contraction mapping principle.

The plan of this paper is as follows. In Section 2, we shall give some definitions and lem-
mas to prove our main results. In Section 3, we establish the existence and uniqueness
of solutions to multi-point boundary value problems (1.1) and (1.2) by the Banach con-
traction mapping principle, and we investigate the existence of solutions for (1.1) and (1.2)
by the nonlinear alternative of Leray-Schauder. In Section 4, examples are presented to
illustrate the main results.

In order to facilitate our study, we make the following assumptions:
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f:10,1] x [0,00) — [0, 00) is a continuous function;
b;

Hy)
( 2) b= 0(i=12,...,m-2), L7 b2 70,and A = Y17 bigr P <1

2 Preliminaries

For the convenience of the reader, we present here some necessary definitions and lemmas

from the fractional calculus theory.

Definition 2.1 ([4]) The fractional integral of order & (& > 0) of a functionf : (0, +oc0) - R
is given by

1 f6s)

BIO=Fgy Jy T

where I'(-) is the gamma function, provided that the right side is point-wise defined on
(0, +00).

Definition 2.2 ([4]) The Riemann-Liouville fractional derivative of order « > 0 of a con-

tinuous function f : (0, +o0) — R is given by

o ) — (AN [T gpen
D40 i () [ -9

where I'(-) is the gamma function, provided that the right side is point-wise defined on

(0,+00) and n = [a] + 1, [o] stands for the largest integer less than «.

Lemma 2.1 ([4]) Leta>-1,8>0andt>0. Then

Mo +1)

a—p
IMNa-p8+1)

Dl =

Lemma 2.2 ([4]) Assume that u(t) € J(0,1)NL(0,1), D3, u € J(0,1) N L(0,1) with the

Riemann-Liouville fractional derivative of order « > 0, then
I3 Dy u(t) = u(t) + at® ot eyt N,
wherec; € R, i=1,2,...,N, and N is the smallest integer greater than or equal to o.

Lemma 2.3 For Riemann-Liouville fractional derivatives, we have

I'a) t

L@ [ g
Ta_p ), C- 7 suls)ds,

t
Dg+ / (t- s)“_lf(s, u(s)) ds =
0
where f € C[0,1], a, B8 are two constants with o > > 0.

Proof From

DLILf®) =f(),  ISILf@®) =I5 f ),
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we get

B ' -1 _nb L ! el
D0+/0 (t-s) f(s,u(s)) ds-DO+F(a)F(a)f0 (t-s) f(s,u(s)) ds

= D, T(@)ISf (£, u(D)) = T (@)D I f (£ ult))
= T()DLIL IS F (6, u(D) = TS f (£, u(d))

1 t
= F(a)”a—_m /0 (t- s)“”s’lf(s, u(s)) ds

Then we obtain the result. The proof is complete. O
The following lemma is fundamental in proofs of our main results.

Lemma 2.4 ([32]) Let E be a Banach space with C C E closed and convex. Assume U is a
relatively open subset of C with 0 € U and T : U — E is a completely continuous operator,
T(U) is bounded. Then either

(c1) T has a fixed point in U; or
(co) there exista u € dU and A € (0,1) with u = ATu.

3 Main results

For convenience, assume E = C[0,1] is a Banach space with the maximum norm |x|| =
maxg<;<1 |%(¢)| for x € C[0,1]. Let r > 0 and define X, = {u: u € C[0,1], |lu| < r}, which is
the subset of C[0,1]. Let M = max{|f (¢, u)| : (¢, u) € [0,1] x [-r,7]}.

Lemma 3.1 Let (H;) and (Hy) hold. Then the boundary value problem of the following
fractional differential equation:

D‘g+u(t)+f(t,u(t)) =0, O0<t<1l,2<a<3,

u(0)=0,  Dju(0)=0,  Dj.u 1)—2190 u(E), 1<p<2,
has a unique solution:
‘1 1 1 ' B-1 -1
u(t) = —/ —— (=9 f (s, u(s)) ds + —/ A =8)* P f (s, u(s)) ds
o T~ B b GG ), flo )
be £ — ) P f (s, uls)) ds.
Proof By Definition 2.1 and Lemma 2.2, we get

t
1
u(t) = —/ —(t- s)“‘lf(s, u(s)) ds + a1t + et % + 5t 3
0 o
is the general solution of equation (1.1). By boundary condition #(0) = 0, we find that

03=0.
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In view of Lemma 2.3 and D§+ u#(0) = 0, we have

F(O[) tot—ﬂ—l

|
Dg+ u(t) = D§+ <—/0 m(t - s)a‘lf(s, u(s)) ds) +c Fa—p)

Fla-1) , 4,
—f .
T MNa-p-1)
Fora €(2,3], € [1,2] and @ > B + 1, we have « — § — 2 € [-1,0]. Thus ¢, = 0. By
m=2
Dyu() = Y biDj. u(&),

i=1

we get

41

1
) m /0 (L= )" Uf (s, u(s)) s

1 m=2 &
T1-Al@) Z bi/o (& —5)* P (s, uls)) ds.
i=1

Then the boundary value problem has a unique solution
‘1 1 1 ! B-1 -1
u(t) = —/ ——(E=9)""f(s,u(s)) ds + —/ A =8)* P f (s, u(s)) ds
o Ty~ TG ), f o)

1 m=2 &
- e b /0 (& — 55 (5, u(s)) ds.
i=1

The proof is completed. d

Set f(¢,u(2)) = g(t) in Lemma 3.1. Since f : [0,1] x [0,+00) — [0, +00) is a continuous
function, we deduce that function  is a solution of the boundary value problem (1.1) and
(1.2) if and only if it satisfies

toq 1 1
u(t) = —/0 m(t - s)“’lf(s, u(s)) ds + —Ar@ /0 (1- s)”"ﬁ’lt""lf(s, u(s)) ds

m=2 .
1 &
-— ) b - 8) P f (s, ds.
AT [ =i uto) as
Let T : X, — E be the operator defined by

|
Tu(t) = — /0 m (t - s)”"lf(s, u(s)) ds

+ _ /1(1 —s)“‘ﬂ_lto‘_lf(s u(s)) ds
(I-A) () Jo ’

1

m-2 &
T e N . L a—B-la-1
(1 —A)l"(a) ;bl/(; (gl S) t f(s, u(s)) ds.
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Lemma 3.2 T:X, — E is a completely continuous operator.

Proof For f(t,u) continuous, it is easy to see that T': X, — E is continuous.
For 2 <a <3,1< B <2and X, is bounded, then for any « € X, and ¢ € [0,1],

|Tu(t)| < —/0 %(r—s)“ 1f(s, u(s))

! 1 a-p-1,a-1
+ m/ 1-5s) t f(s, Lt(s)) ds

T (1-A)l(a) A)F Z / — TS (suls) ds

a -1 M~ ! a-p-1
a)/ (t—s)*"ds+ —A)F(a)/o(l_s) ds

Met R
e ILY LR

i=1

M 1-A4 1 1 =
5(1—A)l"(ot)< o +O(— +a—ﬁ§bisi )

Thus

m—2

1-A 1 1 _
big“ ) forallueX,.
73l = (l—A)I‘(a)( o +a—ﬁ+a—ﬂ; 5 ) oratue

Hence {Tu, u € X,} is bounded.
On the other hand, we will show that for any given ¢ > 0, there exists

. el(a + 1)1 -A)a - B) =)
= mln{l, < s ) },
M(A-A)a-B)+a+a)y ;[ "bE )2

for any u € X,, ti,t, €[0,1], with 0 < £, — £; < 8, we get
|Tu(t2) - Tu(t1)| <E.

Thus T : X, is completely continuous.
In fact, for any u € X,, ti, b2 € [0,1] with £ < £, we have

| TM(tz) - Tu(t1)|

) 1 a—1 a 1 a-1
<[ rg - o) s [ -9 () ds

tozl

AT (@

a-1
- 7(1 —;)F(a) /0 1- s)“‘ﬂ‘lf(s, u(s)) ds

/ (1-5)*F- 1f(s u(s))
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o-1

et o e s

m—-2

tf‘ : Z b; / - s)“’ﬂ’lf(s, u(s)) ds

Mty =)t = (-9 2 (ty —s)*
/0 r(@) d“fh (@) ds‘

M|t l_tal
+7|2 L |/(1—5)"“31615
1-A)T(x

M b a-1 a-1 &
Z(I—A|)tr‘(ot : |/ (6 -9) P ds

M-y Mg -1 1 &, Lap
T Ta+1) * 1-AT(x) (ot—,3+ot—,3i21:blgi

M@ -t) M+ Y2 pErP)
T Ta+1) (@ -pB)1-A)T(a)

<M

|57t =171
(1) If § <t < tp < 1, by the mean value theorem, we have
-t <alb-n), H-f<@-DHE-u)<al-n)
2)If0 <t <6, tp <26, then
- <15 <(28)%, -t <t < (28)° 7
So
max {5 — 67 5 — £y} <2%8%7
Thus

M- A=) + s o Y1 b2
i+ DA-A)a-p)

8%t <e,

|Tu(t2) - Tu(t1)| <

By the Arzela-Ascoli theorem, we conclude that T : X, — E is a completely continuous
operator. ]

Theorem 3.1 Assume that there exists a constant k > 0 such that

V(t; I/l) —f(t,V)| = klu - V|)
where u,v € R. Then the boundary value problem (1.1)-(1.2) has a unique solution on [0,1],
if

k(1 -A)a-B) +a+a Y " b’

(1-A)a-B)T@+1) <1

is satisfied.

Page 7 of 11
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Proof By the definition of T, we have
|(Tu)(2) - (Tv)(2)] < ﬁ /0 (-5 f (s, uls)) - f(s,v(s)) | ds
1 1
+ m /(; (1 — S)a*ﬁflt(x—l Lf(s, M(S)) —f(S, V(S)) | dS
+ _ mz-zb‘ /Ei(é‘ _ g)eBlge V(S u(s)) —f(s v(s)) | ds
1-A)T () = Jo ’ f

1 ‘ -1 1 ! a—p-1
Sk||l¢—V”<mA(t—S) ds+m/(; (l—S) ds

1 m-2 & wmpot
o ey ;blfo (& - 9" ds

K-A)e-p) rara Xl bE ]
- (1-A)a—-B)(a+1)

lloe = vll.

Hence, by the Banach contraction mapping principle, boundary value problems (1.1) and

(1.2) have a unique solution on [0, 1]. The proof is completed. d

Now we study the existence of solutions for the boundary value problem of (1.1)-(1.2)

by the nonlinear alternative of Leray-Schauder.

Theorem 3.2 Suppose that the following condition are satisfied:

(a1) There exist a nonnegative function g € C[0,1] such that g > 0 on the subset of [0,1], and
a nondecreasing function h : [0,00) — [0,00) such that |f(t,u)| < g(t)h(||ul|), where
(t,u) € [0,1] x R.

(a2)

sup >1,
re(0,00) goh('”)

where
= ! ' a-1 1 1 wp1
o7 m/o (-9 gl ds+ m/o (1-9)""g(s)ds
1 m-2 &
i arw & "/0 (& =) g(s) ds.
i=1

Then boundary value problem (1.1)-(1.2) has at least one solution.

Proof In view of (ay) and by the definition of supremum, we can choose a constant ry €
(0, 00) such that

ro
&oh(ro)

> 1. (3.1)

Page 8 of 11
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By Lemma 3.2, we know that T : X ro — E is completely continuous and TX 1) is bounded.
Suppose (cz) in Lemma 2.4 holds, i.e. there exist a A € (0,1), u € 3X,, such that

u=>Au.

Then

- o— 1 - _ o—p-la-1
u(t) = k( e )/(t s) (s,u(s))als+(1 AF( )/(1 s) t f(s u(s))

1 m=2 &
_ m Zb,-/o (& _S)w—ﬂ—1ta—1f(s, u(s)) ds). (3.2)
i=1

In view of (a;), (a2), (3.2), and ||| = ro, we obtain

h(ro) g h(ro) ! g1
ro = |lull < (l—s)“ ()ds + ————— | A -s)*Pg(s)ds
' (@) BT Ar@ Jo ¢
h(ro) yeb-lg
F AT )Z / Gimsf el
< goh(ro).
Hence we get 2 ( <1, which is in contradiction with (3.1). Therefore, Lemma 2.4 guar-
antees that T’ has at least a fixed point u € X, ro- Then boundary value problem (1.1)-(1.2)
has at least one solution. The proof is completed. d
4 Examples

In this section, we will present some examples to illustrate our main results.

Example 4.1 Consider the following boundary value problem:

3 ut) .,
Do+u(t)+ﬁ+sm t+1=0, O0<t<l1, (4.1)
3 3 2 3
u(0)=0,  DEu(0)=0,  DZu()=) bDgu&) (4.2)
i=1
where bl = 101 b2 = %’ Sl = %r 52 = %
Here
5 3
a:i, /3:5, f(t,u)=%+sin2t+l, for (¢,u) € [0,1] x [0, o0].

It is clear that |f(t, u) — f(£,v)| = % |u —v| and

K(1-A)a-p)+a+ad 7 ?bg ™) HA-FH)E-5+5+5 x 5)
(1-A)e-pT(@+1) T a-3)G-9ré)x3
91
535 /7

By Theorem 3.1, we see that boundary value problem (4.1)-(4.2) has a unique solution.
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Example 4.2 Consider the following boundary value problem:

5
DZou(t) + tu*(t)sinu®(t) =0, 0<t<l, (4.3)
3 3 m2
u(0)=0,  Dgu(0)=0,  Diu(l)=) bDZu(), (4.4)
i=1
where by = 1, & = 5
Here a = %, B = % Set g(¢) = t and h(u) = u?. It is easy to see that

|f(t, u)| = \tuz sin u2| <tu?, for (t,u) €[0,1] x [0, 00).
By simply calculating, we get

_ 1 ! a-1 1 ' a—f-1
0 g |, 00 e [ e

1 m_zb. ét(' )rx—ﬂ—l 4
+ (l—A)F(C()g 1/(; Sl_s g(S) S

_ 705 061892
T 6,750 :
Now
r
sup = sup ——5 = +00.
re(0io0) SH(r)  relo00) ZA

Hence by Theorem 3.2, we obtain the result that boundary value problem (4.3)-(4.4) has
at least a solution.
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