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EXISTENCE AND UNIQUENESS OF POSITIVE SOLUTIONS TO
HIGHER-ORDER NONLINEAR FRACTIONAL DIFFERENTIAL
EQUATION WITH INTEGRAL BOUNDARY CONDITIONS

CHENXING ZHOU

ABSTRACT. In this article, we consider the nonlinear fractional order three-
point boundary-value problem

Dg u(t) + f(t,u(t)) =0, 0<t<1,
u(0) =v'(0)="---= u("72)(0) =0, u(nfz)(l) = /ﬁ u(s)ds,
0

where D@, is the standard Riemann-Liouville fractional derivative, n — 1 <
a < n,n > 3. By using a fixed-point theorem in partially ordered sets, we
obtain sufficient conditions for the existence and uniqueness of positive and
nondecreasing solutions to the above boundary value problem.

1. INTRODUCTION

Fractional differential equations arise in many engineering and scientific disci-
plines as the mathematical models of systems and processes in the fields of physics,
chemistry, aerodynamics, electrodynamics of complex medium, polymer rheology,
Bode’s analysis of feedback amplifiers, capacitor theory, electrical circuits, electron-
analytical chemistry, biology, control theory, fitting of experimental data, and so
on, and involves derivatives of fractional order. Fractional derivatives provide an
excellent tool for the description of memory and hereditary properties of various
materials and processes. This is the main advantage of fractional differential equa-
tions in comparison with classical integer-order models. For an extensive collection
of such results, we refer the readers to the monographs by Samko et al [27], Pod-
lubny [25] and Kilbas et al [14]. For the basic theory and recent development of the
subject, we refer a text by Lakshmikantham [I7]. For more details and examples,
see [T}, 2] [4, [6], [7, 15, 16} 17, 29] and the references therein. However, the theory
of boundary value problems for nonlinear fractional differential equations is still in
the initial stages and many aspects of this theory need to be explored.

Zhang [28] considered the singular fractional differential equation

D u(t) +a(t) f(t,ut), u' (1), ..., u" D () =0, 0<t<]1,
w(0) = w/(0) = -+ =u"7(0) =" (1) = 0,
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where D, is the standard Riemann-Liouville fractional derivative of order n—1 <
a < n,n > 2. They used a fixed-point theorem for the mixed monotone operator
to show the existence of positive solutions for the above fractional boundary value
problem. But the uniqueness is not treated.

In [8], the authors obtained the existence and multiplicity of positive solutions
for a class of higher-order nonlinear fractional differential equations with integral
boundary conditions by applying Krasnoselskii’s fixed-point theorem in cones. But
the uniqueness is also not treated.

On the other hand, the study of the existence of solutions of multi-point bound-
ary value problems for linear second-order ordinary differential equations was ini-
tiated by I'in and Moiseev [13]. Then Gupta [9] studied three-point boundary
value problems for nonlinear second-order ordinary differential equations. Since
then, nonlinear second-order three-point boundary value problems have also been
studied by several authors. We refer the reader to [10, 12| 20 2T, 22] and the
references therein. However, all these papers are concerned with problems with
three-point boundary condition restrictions on the slope of the solutions and the
solutions themselves, for example,

u(0) =0, au(n) = u(l);

u(0) = Bu(n), ou(n) = wu(l);
W'(0) =0, au(n)=u(l);
u(0) = u’(0) =0, au(n) = u(l);
au(0) — Bu’(0) =0, «'(n)+u'(1) =0;etc

In this article, we study the higher-order three-point boundary-value problem of
fractional differential equation.

Dy, u(t) + f(t,u(t)) =0, 0<t<]1, (1.1)

u(0) =u'(0)="---= u("=2) (0) =0, u(”_Q)(l) = /077 u(s)ds, (1.2)

where Dg, is the standard Riemann-Liouville fractional derivative. n —1 < a <
n,n>3,0<n <afla—1)(a—2)...(a —n+2). We will prove the existence
and uniqueness of a positive and nondecreasing solution for the boundary value
problems - by using a fixed point theorem in partially ordered sets.

We note that the new three-point boundary conditions are related to the area
under the curve of solutions u(t) from ¢t = 0 to ¢t = 7. Existence of fixed point in
partially ordered sets has been considered recently in [5] 11} 23] 24} 26]. This work
is motivated by papers [5, [19].

2. SOME DEFINITIONS AND FIXED POINT THEOREMS

The following definitions and lemmas will be used for proving our the main
results.

Definition 2.1. Let (E, || -||) be a real Banach space. A nonempty, closed, convex
set P C F is said to be a cone provided the following are satisfied:

(a) ify e Pand A >0, then \y € P;

(b) if y € P and —y € P, then y = 0.
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If P C F is a cone, we denote the order induced by P on F by <, that is, z < y if
and only if y — x € P.

Definition 2.2 ([25]). The integral

I&f(x)r(l)/ox( 0 g v,

s x —t)l=s

where s > 0, is called Riemann-Liouville fractional integral of order s and I'(s) is
the Euler gamma function defined by

“+o0
I'(s) = / ttetdt, s> 0.
0

Definition 2.3 ([I4]). For a function f(x) given in the interval [0, c0), the expres-
sion
1 d ’ f(t)
D? =— (—)" —— __dt
0+ () I'(n—s) (da:) /0 (x —t)s—nt1

where n = [s] + 1, [s] denotes the integer part of number s, is called the Riemann-
Liouville fractional derivative of order s.

The following two lemmas can be found in [3| [I4] which are crucial in finding an
integral representation of fractional boundary value problem (L.1)) and (L.2]).

Lemma 2.4 ([3, 14]). Let « > 0 and v € C(0,1) N L(0,1). Then the fractional
differential equation

Dy u(t) =0
has
u(t) = et P et P et G ER,i=0,1,...,n, n=[a] +1
as unique solution.

Lemma 2.5 ([3,[14]). Assume thatu € C(0,1)NL(0,1) with a fractional derivative
of order o > 0 that belongs to C(0,1) N L(0,1). Then

I§, Dg u(t) = u(t) + ert® t 4 eot® 2 + o+ ot
for some ¢; €R,i=0,1,...,n, n=[a] + 1.

The following fixed-point theorems in partially ordered sets are fundamental and
important to the proofs of our main results.

Theorem 2.6 ([I1]). Let (F, <) be a partially ordered set and suppose that there
exists a metric d in E such that (E,d) is a complete metric space. Assume that E
satisfies the following condition:

if {zn} is a nondecreasing sequence in E such that
Ty, — x, then x, < x for alln € N.

(2.1)

Let T : E — FE be nondecreasing mapping such that

d(Tz, Ty) < d(z,y) —P(d(z,y), for x>y,
where 1) : [0, +00) — [0, +00) is a continuous and nondecreasing function such that
P is positive in (0,400), ¥(0) = 0 and lims_,o Y(t) = co. If there exists xy € E
with xg < T(xo), then T has a fized point.
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If we consider that (E, <) satisfies the condition
for x,y € FE there exists z € F which is comparable to x and y, (2.2)

then we have the following result.

Theorem 2.7 ([23]). Adding condition (2.2)) to the hypotheses of Theorem we
obtain uniqueness of the fixed point.

3. RELATED LEMMAS

The basic space used in this paper is E = C[0,1]. Then FE is a real Banach space
with the norm |Ju| = maxg<¢<1 |u(t)|. Note that this space can be equipped with
a partial order given by

z,y € Cl0,1], z<y<ez()<yt), te]l0,1].
In [23] it is proved that (C]0, 1], <) with the classic metric given by
d(z,y) = sup {|z(t) —y(t)[}
0<t<1
satisfied condition (2.1)) of Theorem [2.6] Moreover, for z,y € C|0, 1] as the function
max{z,y} € C[0,1], (C[0,1], <) satisfies condition (2.2)).

Lemma 3.1. Let 0 < n® < ala—1)(a—2)...(a —n+2). If h € C[0, 1], then the
boundary-value problem

Dy, u(t)+h(t) =0, 0<t<l, n—-1<a<n, (3.1)
n
u(0) =4/ (0) = - =u2(0) =0, " D(1)= / u(s)ds, (3.2)
0
has a unique solution
1
u(t) = / G(t, s)h(s)ds, (3.3)
0
where
G(t,s) = Gi(t,s) + Gal(t, s), (3.4)
1t t(1—s)a - (t—s)27t, 0<s<t<1,
G (t = - 3.5
1t 5) T'() {t"‘l(l — g)amn+l, 0<t<s<l, (3:5)
G at™”’ "Gt 5)d
= t t. .
2(t,9) a(a—l)(a—Q)...(a—n—i—Q)—na/0 1(t;s) (36)

Proof. By Lemma the solution of (3.1]) can be written as
_ s)a—l

t
_ _ _ (t
w(t) = 1t 4 ot 2 4 et ”—/ =~
0 ['(a)

h(s)ds.
From (3.2, we know that co =c3 =---=¢, =0 and
WD) =ci(a—1)(a—2)... (« —n+2)te "
¢ —n+1
(t _ S)(x n—+
—(a—D(a—=2)...(a=n+2 / ——————h(s)ds.
(0~ 1)(a~2) ) [
Thus, together with «("=2)(1) = [ u(s)ds, we have
1— S)a—n—i—l

_ 1 n 1(7
T (a— 1)(04—2)...(04—714—2)/0 U(S)ds+/0 T'() h(s)ds.




EJDE-2012/234 EXISTENCE AND UNIQUENESS OF POSITIVE SOLUTIONS 5

Therefore, the unique solution of boundary value problem (3.1)-(3.2)) is

u(t) = — /O (t_r(so);_h(s)ds

toz—l _ S)a—n+1

K a—1 1(1 s)ds

+(a—1)(o¢—2)...(a—n—|—2)/o u(s)ds +1 /o (o) e)d
o t(t_s)a—l \ds tafl nus X
= /O (o) h()d+(a—1)(a—2)...(a—n+2)/0 (s)d

t ta_l(l _ s)oc—n-i—l 1 ta_l(l _ s)oc—n-i—l
+/0 () h(s)ds —&—/t o) h(s)ds

- ﬁ/@ (11 (1 = 5)*" 1 — (£ — 5)7)h(s)ds
+ ﬁ/t t*7 11 — 5)>* " (s)ds

tafl

a—l)(a—2) (a—n+2)/ el
/ . t ds N o=l /’7 u(s)ds
1(t,8) (a—D(a—2)...(a=n+2) Jy 7

where G1(t, s) is defined by (3.5). From (3.7)), we have

(0%

/ t)dt = //Glts s)ds dt + (a—1)(a—;7)...(a—n+2)/On“(s)ds'

It follows that

n ala=1)(a=2)...(a—n+2) /
= G (t, s)dsdt. (3.8
/0 u(t)dt ala—1)(a—2).. (a—n+2 A i(t:9) y (38)
Substituting (3.8)) into (3.7]), we obtain

t):/o G1(t,s)h(s)ds

ala—1)(a Q?ta(loé_n+2 / / G1(t,s)h(s)dsdt
/ Gi(t, s) )ds+/0 G (t, s)h(s)ds

(3.7)

where G(t,s), G1(t,s) and Ga(t,s) are defined by (3.4)), , , respectively.
The proof is complete. U

Lemma 3.2. The function G1(t,s) defined by (3.5)) satisfies
(i) Gy is a continuous function and G1(t,s) > 0 for (t,s) € [0,1] x [0,1];

(ii)
1
n—2
su G1(t,s)ds = .
te[of’u/o s = )+ 1)
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Proof. (i) The continuity of G is easily checked. On the other hand, for 0 < ¢ <
s <1 it is obvious that

tom1(1 — g)a—ntl
o)

In the case 0 < s <t <1 (s# 1), we have

1 [t i1 —s)ot

> 0.

Gi(t,s) =

Gi(t,s) = o) T—sm2 (t —s)*?
> ﬁ [ta—l(l _ S)a—l _ (t _ S)a—l]
1 a—1 a—1
:@[(t_ts) —(t—s)*"'] >0.

Moreover, as G1(t,1) = 0, then we conclude that Gi(t,s) > 0 for all (¢,s) €
[0, 1] x [0,1].

(ii) Since
1 t 1
/()Gl(t,s)ds:/o Gl(t,s)ds+/t Gy (t,s)ds
_ L ! a—1 — 3 a—n+1 _ —_s a—1 s
-t L= (t— )" )

1 /1 —1 —ntl
+— [ t* 71— s)* " lds
I(a) J;

1 ( to—t N
- (2 )
Fla)\a—n+2 «
On the other hand, let

a—1
/GltS (a)(afn+2—ét“)7

then, as n > 3, we have
1 a—1
/
t:—(i
4 Pla)\a—n+2

the function p(t) is strictly increasing and, consequently,

sup p(t) = sup/Gltsds_p() ()( 1 l)

a—n+2 «

o2 — t‘“—1> >0, fort>0,

te[0,1] te[0,1]
n—2 _ n—2
- ala—n+2)(a) (a—n+2)(a+1)
The proof is complete. (I

Remark 3.3. Obviously, by Lemma and we have u(t) > 0 if h(t) > 0 on
t €0,1].

Lemma 3.4. G(t,s) is strictly increasing in the first variable.

Proof. For s fixed, we let

g1(t) = L (1 —s)* T —(t—s)*7!)  for s <t,

I(a)
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1
g2(t) = @to‘_l(l —8)* L fort <s.
It is easy to check that gi(t) is strictly increasing on [s,1] and go(¢) is strictly
increasing on [0, s]. Then we have the following cases:

Case 1: t1,to < s and #; < to. In this case, we have ga(t1) < ga2(t2), ie.
Gl(tl, 8) < GQ(t27 S)

Case 2: s < t1,ty and t; < to. In this case, we have g1(t1) < gi(t2), ie.
Gl(tl, S) < Gl(tz, S).

Case 3: t; < s <ty and t; < to. In this case, we have ga(t1) < ga2(s) = g1(s) <
g1(t2). We claim that ga2(t1) < g1(t2). In fact, if g2(t1) = g1(t2), then ga(t1) =
92(8) = g1(8) = g1(t2), from the monotone of g; and g2, we have ¢t; = s = t9, which
contradicts with ¢; < to. This fact implies that Gy (t1,s) < G1(t2,s). The proof is

complete. |
Remark 3.5. Obviously, by Lemma [3.4] we have
/1 Gio(t, s)ds < n(n =2) (3.9)
0 ’ “To)ala—1)(a=2)...(a =n+2) —n*J(a —n+2) ’
Proof. In fact, from Lemma and , we have
Ga(t5) < Ga(l,9) = ala—1)(a ag)Gl(?o? n+2)—n
_ ap((t—s)* (1= s)eY)
Fa)ala—1)(a—=2)...(a =n+2) —n*]’
Thus,
! an fy (1= 5)2=™+ — (1 = 5)*~L)ds
/O Ga(t:5)ds < pTala — a2 (a—n12) — ]
_ n(n —2)
Ta)a(fa—1)(a—2)...(a =n+2) —n*](a —n+2)’
for s,t € [0,1] x [0, 1]. O

4. MAIN RESULT
For notational convenience, we denote

n—2
(o —n+2)I(a+1)

L:=
n(n —2)

_|_
INa)lala=1)(a—=2)...(a —=n+2) —n*] (a —n+2)
The main result of this paper is the following.

Theorem 4.1. The boundary value problem (1.1)-(1.2) has a unique positive and
strictly increasing solution u(t) if the following conditions are satisfied:

> 0.

(i) f:1]0,1] x [0,400) — [0,400) is continuous and nondecreasing respect to
the second variable and f(t,u(t)) £ 0 fort € Z C [0,1] with u(Z) > 0 (u
denotes the Lebesgue measure);

(ii) There exists 0 < A < 1 such that for u,v € [0,+00) with u > v and
te[0,1]

ftu) = ft,v) < Aln(u—v +1).
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Proof. Consider the cone
K ={ueC|0,1] : u(t) > 0}.

As K is a closed set of C[0,1], K is a complete metric space with the distance given
by d(u,v) = sup,¢(o 1] [u(t) — v(t)|. Now, we consider the operator 7" defined by

u(t) :/0 G(t,s)f(s,u(s))ds,

where G(t,s) is defined by (3.4). By Lemma and condition (i), we have that
T(K)C K.

We now show that all the conditions of Theorem 2.6l and Theorem [2.7] are satis-
fied.

Firstly, by condition (i), for u,v € K and u > v, we have

Tu(t) = /O G(t, 5)f (s, uls))ds > /O G(t, 5)f(s,0(s))ds = To(t).

This proves that T' is a nondecreasing operator.
On the other hand, for © > v and by condition (ii) we have

d(Tu, Tv) = Sup [(Tu)(t) = (T)(®)| —Os<tt1pl((TU)(t) — (Tv)(1))

= sup / G(t,s)(f(s,u(s)) — f(s,v(s)))ds

0<t<1

< sup / G(t,s)A - In(u(s) —v(s) + 1)ds.
0<t<1Jo

Since the function h(z) = In(x + 1) is nondecreasing, by Lemma (ii), Remark

and condition (ii), we have

d(Tu, Tv)

1
S)\ln(||u—v\|+1)(os<lil<)1/o G1(t,s)ds+ sup / thsds

0<t<1
<Aln(lu—v||+1)-L
< lu = vl = (lu = vf| = In([lu = v[| + 1)).

Let ¢(z) =  — In(x 4+ 1). Obviously ¢ : [0, +00) — [0,400) is continuous, nonde-
creasing, positive in (0, +00), ¥(0) = 0 and lim,_, ; o ¥(x) = +00. Thus, for u > v,
we have
d(Tu Tv) < d(u, v) w(d(u v)).

As G(t,s) > 0 and f > O fo (s,0)ds > 0 and by Theorem |2
we know that problem . has at least one nonnegatlve solution. As (K, <)
satisfies condition thus Theorem n 2.7| implies that uniqueness of the solution.

Finally, we will prove that this solution w(t) is strictly increasing function. As

= fol G(0,5) f(s,u(s))ds and G(0,s) = 0 we have u(0) = 0.

Moreover, if we take t1,t5 € [0,1] with #; < t2, we can consider the following
cases.

Case 1: t; = 0, in this case, u(t1) = 0 and, as u(t) > 0, suppose that u(t2) = 0.
Then

0=u(tz) = /0 G(ta,8)f(s,u(s))ds.
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This implies that

G(ta,8) - f(s,u(s)) =0, a.e. (s)
and as G(t2,s) # 0 a.e.(s) we get f(s,u(s)) =0 a.e. (s). On the other hand, f is
nondecreasing respect to the second variable, then we have

f(5,0) < f(s,u(s)) =0, a.e. (s)

which contradicts the condition (i) f(¢,0) # 0 for t € Z C [0,1](u(Z) # 0). Thus
u(tl) =0< u(tg).
Case 2: 0 < t1. In this case, let us take to,t; € [0, 1] with ¢; < g, then

u(tz) = u(ty) = (Tu)(t2) = (Tu)(t1)

2/0 (G(ta, s) — G(t1,9))f(s,u(s))ds.

Taking into account Lemma [3.4] and the fact that f > 0, we get u(ts) — u(t1) > 0.
Suppose that u(te) = u(t1) then

/0 (Gltars) — Gt ) F(s,u(s))ds = 0
and this implies
(G(ta,8) — G(t1,8)) f(s,u(s)) =0 ae. (s).
Again, Lemma [3.4] gives us
f(s,u(s)) =0 ae. (s)
and using the same reasoning as above we have that this contradicts condition (i)

f(t,0) #0fort € Z C [0,1](u(Z) # 0). Thus u(t1) = 0 < u(tz). The proof is
complete. 0O

5. EXAMPLE

The fractional boundary-value problem

DYu(t) + (2 + 1) In(2+u(t)) =0, 0<t<1,

1/2
u(0) =u/(0) =u"(0) =0, «"(1)= /0 u(s)ds.

has a unique and strictly increasing solution.
In this case, n = 4, a = 7/2, n = 1/2, f(t,u) = (#* + 1)In(2 + u(t)) for
(t,u) € [0,1] x [0,00). Note that f is a continuous function and f(¢t,u) # 0 for
[0 Moreover, f is nondecreasing respect to the second variable since g—i =

t € [0,1].
u%ﬂ(t2 +1) > 0. On the other hand, for u > v and ¢ € [0, 1], we have

(5.1)

Fltu) = f(t0) = (B + DIn2+u) — (2 + 1) 2 +0) = (2 + 1) In (zi:j)

24v+u—w U —v
— (2 11(7):752 11(1 )
(t"+1)In o (t"+1)In 5o

<E+DIn(1l+ (u—wv)) <2In(1 +u—v).

In this case, A = 2. By simple computation, we have 0 < A < 1/L. Thus,
Theorem implies that boundary value problem (1.1)-(1.2) has a unique and
strictly increasing solution.
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