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Abstract

In this article, we consider the existence of at least one positive solution to the
three-point boundary value problem for nonlinear fractional-order differential
equation with an advanced argument

{CD"‘u(t) +a(®)f(u@(®)))=0 0<t <1,
u(0) =u"(0) =0, Bu(n) =u(1),

where 2 <¢<3,0<n<1,0<fB< 1, “D” is the Caputo fractional derivative. Using
the well-known Guo-Krasnoselskii fixed point theorem, sufficient conditions for the
existence of at least one positive solution are established.
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1 Introduction

The study of three-point BVPs for nonlinear integer-order ordinary differential equa-
tions was initiated by Gupta [1]. Many authors since then considered the existence and
multiplicity of solutions (or positive solutions) of three-point BVPs for nonlinear inte-
ger-order ordinary differential equations. To identify a few, we refer the reader to
[2-13] and the references therein.

Fractional differential equations arise in many engineering and scientific disciplines
as the mathematical modeling of systems and processes in the fields of physics, chem-
istry, aerodynamics, electrodynamics of complex medium, polymer rheology, etc.
[14-17]. In fact, fractional-order models have proved to be more accurate than integer-
order models, i.e., there are more degrees of freedom in the fractional-order models. In
consequence, the subject of fractional differential equations is gaining much impor-
tance and attention. For details, see [18-36] and the references therein.

Differential equations with deviated arguments are found to be important mathema-
tical tools for the better understanding of several real world problems in physics,
mechanics, engineering, economics, etc. [37,38]. In fact, the theory of integer order dif-
ferential equations with deviated arguments has found its extensive applications in rea-
listic mathematical modelling of a wide variety of practical situations and has emerged
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as an important area of investigation. For the general theory and applications of integer
order differential equations with deviated arguments, we refer the reader to the refer-
ences [39-45].

As far as we know, fractional order differential equations with deviated arguments
have not been much studied and many aspects of these equations are yet to be
explored. For some recent work on equations of fractional order with deviated argu-
ments, see [46-48] and the references therein. In this article, we consider the following
three-point BVPs for nonlinear fractional-order differential equation with an advanced

argument

{CD"‘u(t) +a(®)f(u@(®))=0, 0<t <1, (1.1)

u(0) =u"(0) =0, Bu(n) = u(1),

1
where 2 < <3,0<n<1,0< B < ,“D% is the Caputo fractional derivative and f:
n

[0, ) — [0, =) is a continuous function.

By a positive solution of (1.1), one means a function u(t) that is positive on 0 < ¢ <1
and satisfies (1.1).

Our purpose here is to give the existence of at least one positive solution to problem
(1.1), assuming that

(Hy):a e C ([0, 1], [0, o)) and a does not vanish identically on any subinterval.

(H>): The advanced argument 6 € C((0, 1), (0, 1)) and ¢ < 6(¢) < 1, Ve e (0, 1).

Let E = C[0, 1] be the Banach space endowed with the sup-norm. Set

u
u—=0+ U foo - ullg)lo f(u )

The main results of this paper are as follows.

Theorem 1.1 Assume that (H,) and (Hy) hold. If fo = o and f., = 0, then problem
(1.1) has at least one positive solution.

Theorem 1.2 Assume that (H,) and (H,) hold. If fy = « and f., = o, then problem
(1.1) has at least one positive solution.

Remark 1.1 It is worth mentioning that the conditions of our theorems are easily to
verify, so they are applicable to a variety of problems, see Examples 4.1 and 4.2.

The proof of our main results is based upon the following well-known Guo-Krasno-
selskii fixed point theorem:

Theorem 1.3 [49] Let E be a Banach space, and let P € E be a cone. Assume that
Qy, Q, are open subsets of E with 0 € Q4, Q; C Q, and let T : PN (Q,\Q1) — Pbe a
completely continuous operator such that

@) || Tu|| = ||u|], u € PN oy, and ||Tul| < ||u||, u € P n dQy; or

(i) || Tu|| < ||u||, u € PN 0Qy, and ||Tu|| = ||u||, u € P n Q..

Then T has a fixed point in PN (2\2).

2 Preliminaries
For the reader’s convenience, we present some necessary definitions from fractional
calculus theory and Lemmas.

Definition 2.1 For a function f: [0, «) — R, the Caputo derivative of fractional order
o is defined as
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D) - |

1 t
(t—s)" 7 'f(s)ds, n—1<a<n n=[a]+1,
("—W)O/

where (0] denotes the integer part of real number o.

Definition 2.2 The Riemann-Liouville fractional integral of order o is defined as
t
1
I“f(t) = (o) / (t—5)"'f(s)ds, « >0,
0

provided the integral exists.

Definition 2.3 The Riemann-Liouville fractional derivative of order o for a function f
(¢) is defined by

d

o 1 n \ n—o— _
DO = o () [ (=970 n=fal o
0

provided the right-hand side is pointwise defined on (0, o).
Lemma 2.1 [15] Let o« >0, then fractional differential equation
D*u(t) = 0
has solution
u(t) =Co+Cit+Cyt> +---+Cy1t" !, CieR, i=0,1,2, ..., n—1,

where 7 is the smallest integer greater than or equal to o
Lemma 2.2 [I5] Let o >0, then

CDu(t) = u(t) + Co + C1t + Cot? + -+ - + Gy "

for some C;e R,i=0,1,2,...,N -1, where N is the smallest integer greater than
or equal to «.

Lemma 2.3 Let 2 < o < 3, 1 = Bn. Assume y(t) € C[0, 1], then the following problem

D*u(t) +y(t) =0, 0<t<1, (2.1)

u(0) =u"(0) =0, Bu(n) =u(1), (2.2)
has a unique solution

n

t 1
BN AED L= B [in—s)
u(t) = O/ r'(@) y(s)ds+ 1— By b/ I («) y(s)ds 1— pn -0/ r'(@) y(s) ds.

Proof. We may apply Lemma 2.2 to reduce Equation (2.1) to an equivalent integral
equation

_ S)a—l

— _ _ 2
F(Ol) y(S) ds bl b2t bgt ’ (23)

t
mo=4%m-mfwﬂ_mg=_/“
0

for some by, by, b3 € R.



Wang et al. Advances in Difference Equations 2011, 2011:2
http://www.advancesindifferenceequations.com/content/2011/1/2

In view of the relation € D* I%u(t) = u(t) and I°Pu(t) = I°*Pu(t) for «, B >0, we can

get that
W (t) = — (lf(;sz“; y(s)ds — by — 2bst.
" _ \ (t - S)a73 ds — 2b
u'(t) = — F(O[_z)y(s) — 2bs.

By u(0) = u” (0) = 0, it follows b; = b3 = 0. Then by the condition Su(n) = u(1), we
have

1

1 fa—s! B [ =5
—b, = - pn O/ (@) y(s)ds — 1 - By 0/ r'() y(s) ds.

Combine with (2.3), we get

t 1 ]
(-5 1 [ —s) B [tn—s
u(t) = -0/ r'(@) y(s)ds+1 g 0/ r'@) y(s)dsf1 ~pn 0[ r(@) y(s) ds.

This complete the proof.
1

Lemma 2.4 Let2 < ¢ < 3,0 < B < . Assume y € C([0, 1], [0, =)), then the unique
n

solution u of (2.1) and (2.2) satisfies u(t) > 0, Vt € [0, 1].
. (t _ S)Dt—3

Proof. By Lemma 2.3, we know that 4"(t) = — 0 1 ’)
o —

y(s)ds < 0. It means that

the graph of u(f) is concave down on (0, 1).
In addition,

1 (1 _ s)0{71 1 1 (1 _S)ocfl ﬂ 1 (n —5)‘171
u(l) =— r'(@) y(s)ds + 1- By r'(@) y(s)ds — 1- By r'(@) y(s)ds
0 0 0
R N Y I AUED
“1-pn) T 7 1-gn) r@ !
0 0

n n
i n(1—s)"! (7 —s)*!
= 1-pn U r() y(s)d‘“/ r() Y(S)ds}
0

0

n
ﬁ a—1 a—1
= n(1=35)"" = (n—=9)"" |p(s)ds
(1 —ﬁn)r(a).o/[ ]

n
/3 a—1 a—1
= (m—ns)*" = (m—29)"""[y(s)ds >0
(1—ﬁn)f‘(0!)0/[ ]

Combine with #(0) = 0, it follows u(f) > 0, V¢ € [0, 1].
1

Lemma 2.5 Let 2 < o0 < 3,0 < B < . Assume y € C([0, 1], [0, )), then the unique
n

solution u of (2.1) and (2.2) satisfies

Page 4 of 11
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inf u(t) = yllull,
te[n,1]

1—
where y = min{8n, Al 7]), n}
1—8n
Proof. Note that u“ (t) < 0, by applying the concavity of u, the proof is easy. So we

omit it.

3 Proofs of main theorems
Define the operator 7' : C[0, 1] — C[0, 1] as follows,

¢ 1
[ = 5)e! 1 (1 —s)“!
() -— [0 awpweenass L [V aerwee)s
0 , 0 (3.1)
_ el
- —ﬂﬂn / t("r(;)) a(s)f (u(6(s)))ds.
0
Then the problem (1.1) has a solution if and only if the operator 7 has a fixed point.

Define the cone P ={ulueC[0,1], u=0, tei[rr}f;] u(0(0)) = yllulll, where

B(1—n)
)

1—Bn

Proof of Theorem 1.1. The operator T is completely continuous. Obviously, T is

y = min{fn,

continuous.
Let QO < C[0, 1] be bounded, then there exists a constant K >0 such that ||a(f) f (u
@@®)|| < K, Yu € Q. Thus, we have

1 T —s)!
m = Lo U o)

_ (1 S)ot 1
B 1—ﬂn/ I(«)

(1- ﬁn)F(a +1)
K

=Bl (a+1)
On the other hand, we have

which implies ||Tu|| < (a

(IO f L ) asy s / S ) (o))

B (n—s)""
L [ aoreeas

1 1
- (1—5)72 K (1—s)* 1 (1-
‘KO F(a—l)d“l—ﬂnof r(@) 1—/377/ F(a)
K . (1+B)K _
S T(@)  (1—pgmT(a+1) "
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Hence, for each u e Q, let ¢, t, € [0, 1], t; < t,, we have

)

[(Tw)(t2) — (Tu)(t1)] < / |(Tu)'(s)| ds < M(t> — t1).

t

So, T is equicontinuous. The Arzela-Ascoli Theorem implies that T : C[0, 1] — CIO0,
1] is completely continuous.
Since t < 0 (¢) < 1,te€ (0, 1), then

inf u(0(t)) > inf u(t) > .
téﬁ,u”( (1) = té[rn‘,l]”( ) = yllull (32)
Thus, Lemmas 2.5 and 3.2 show that TP <€ P. Then, T : P — P is completely
continuous.

In view of f = oo, there exists a constant p; >0 such that flu) > d,u for 0 < u < py,
where J; >0 satisfies

1 1
néry (1—s)*"

(e fm) oy %=1 (3.3)

Take u € P, such that ||u|| = p;. Then, we have
[Tul| = Tu(n)

1=pn) ()

/ -1 ' _ qe-l
[ OL D wrweenass L, [T arueenas
0

5 / 10 =" rue(s)ds

_lfﬂno I'(a)

= 0/ (”;(2;71a(s)f(u(0(s)))ds+ o Of “;(;))Ha(s)f(u(e(s)))ds
1 f (";(2;4a(s)f(u(e(s)))ds+ e [ (1;(;);71a(s)f(u(9(s)))d5
e f O e
-, _lﬁ,]j(" ;(l);ila(S)f(u(a(S)))dH ) jﬂnofn("—rgala(s)f(u(e(s)))d_s (3.4)

: _ el
: 1jﬂn / ) r(;)) a(s)f (u(O(s)))ds

v

1
n (1 _ S)o(fl
s / ray O

! _ el
> l—r,ﬁn / (11"(2) a(s)s u(0(s))ds
[

1
n (1 —s)“*l
= 1*/377/ ') a(s)syy |lullds
n

néry

’ a—1
- (1—,9,,)/(11:(2) a(s)dsull = [lull.

Let Qp = {ue CO[1] | ||u|| <p1}. Thus, (3.4) shows ||Tu|| = ||u||, u € PN 3L,
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Next, in view of f., = 0, there exists a constant R > p; such that flu) < d,u for u > R,

where d, >0 satisfies

! 1
52 (1 — S)a7

(1— pn) J r(@) a(s)ds < 1. (3.5)

We consider the following two cases.
Case one. f is bounded, which implies that there exists a constant r; >0 such that f

(#) < rp for u € [0, ). Now, we may choose u € P such that ||u|| = p,, where p, >

max {y, R}.
Then we have

() - [0 arweemas 1 [T arwea
0 0

n

B t(n —s)*"!
l—ﬂn! ) AE )

1

1 (1—9)*"

< a(s)f (u(6(s)))ds
1—pn 0/ I'(a)

! 1
m (1 —9)*"

“a-p) T

£ u<pr=|lull

a(s)ds

Case two. f is unbounded, which implies then there exists a constant py > 5 >R
such that flu) < flpy) for 0 < u < p, (note that fe C([0, ), [0, o)). Let u € P such
that ||u|| = py, we have

1 T —s)!
Tu (t) < / a(s)f(u(0(s)))ds
O =g | ry AON@EE)
1 1 (1 _ S)utfl

S ] ry AR

1 _ el
! / (1-9) a(s)d,p2ds
0

=
1—pn (@)
8 T —s)!
.2 (1—5) a(s)dsl|ul|
(1—=8n)Jo TI(a)
= [lull.
Hence, in either case, we may always let Q,, = {u € C[0, 1] | ||u|| <p,} such that ||

Tu|| < ||u|| for u € PN 32y,
Thus, by the first part of Guo-Krasnoselskii fixed point theorem, we can conclude

that (1.1) has at least one positive solution.
Proof of Theorem 1.2. Now, in view of f; = 0, there exists a constant r; >0 such that f

(1) < tyu for 0 < u < ry, where 7; >0 satisfies

Page 7 of 11
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a0 [(1—s!
TRVRY R CUES G0
0

Take u € P, such that ||u|| = r;. Then, we have

ne <, ', / O wrwosna
_ 1 (1—5)‘H
< 1—ﬂ77 r'(@) a(s)tiu(0(s))ds (3.7)
= (1—ﬁn)/(lr( y Al
< llull.

Let Q; = {u e C[0, 1] | ||u|| <r1}. Thus, (3.7) shows ||Tu|| < ||u||, u € P n 0Q;.
Next, in view of f., = «, there exists a constant r, > r; such that flu) > ru for u = r,,

where 7, >0 satisfies

oy [ (1=
Y RAICLEE )

r
Let Qy = {u e C[0, 1] | ||u|| <pa},where p2 > yz > 12, then, u € P and [|u|| = p,

implies
teiﬁﬁlu(G(t)) > yllull >,
and so
Tull = Tu(n)

= f D arueenas

_ el
zl_”ﬁn (lr(fx)) a(s)z2u(6(s))ds
n

1 1
n (1—9)*

zl_ﬁn R O

) (1T2_n;,,)/(lr( ) a(s)ds|ull = [lull.

This shows that ||Tu|| = ||u|| for u € P n 0Q,.
Therefore, by the second part of Guo-Krasnoselskii fixed point theorem, we can con-

clude that (1.1) has at least one positive solution u € PN (2,\Q;)-

Page 8 of 11



Wang et al. Advances in Difference Equations 2011, 2011:2 Page 9 of 11
http://www.advancesindifferenceequations.com/content/2011/1/2

4 Examples
Example 4.1 Consider the fractional differential equation

{CDau(t) +efu(0(0) =0, 0<t<1, (4.1)

u(0) =u"(0) =0, Bu(n) =u(1),

1
where 2 <0 <3,0<n<1,0<B8< ,00) =t,0<v<]and
n

sinu b4
5 Ofuiz,
u
=] 4/2u+cosu T
flw)= {4V us T
5 2
T2

Note that conditions (H;) and (H,) of Theorem 1.1 hold. Through a simple calcula-
tion we can get fy = « and f., = 0. Thus, by Theorem 1.1, we can get that the problem
(4.1) has at least one positive solution.

Example 4.2 Counusider the fractional differential equation

{CD"‘u(t) +a(®)f(u(@(t)))=0,0<t<1, 4.2)

u(0) =u"(0) = 0, Bu(n) = u(1),
1
where 2 <00 <3,0<n<1,0<B < " 6(t) = /1, a(t) = e tand

3
f(u) = u2 In(1 +u) +u>+ine,

Obviously, it is not difficult to verify conditions (H;) and (H,) of Theorem 1.2 hold.
Through a simple calculation we can get f, = 0 and f., = «. Thus, by Theorem 1.2, we
can get that the problem (4.2) has at least one positive solution.

Remark 4.1 In the above two examples, o, B, N could be any constants which satisfy

1
2<0<3,0<n<1,0<pB < .Forexample we can take oc = 2.5, 11 = 0.5, B = 1.5.
n
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