WSEAS TRANSACTIONS on MATHEMATICS Yitao Yang, Fanwei Meng

Positive solutions for nonlocal boundary value problems of
fractional differential equation

YITAO YANG
Tianjin University of Technology
Department of Applied Mathematics

No. 391 BinShuiWest Road, Xiqing District, Tianjin

CHINA
yitaoyangqf@163.com

FANWEI MENG
Qufu Normal University
Department of Applied Mathematics
No. 57 West Jingxuan Xilu, Qufu
CHINA
fwmeng @mail.qfnu.edu.cn

Abstract: In this paper, we investigate the existence, uniqueness and multiplicity of positive solutions for nonlocal
boundary value problems of fractional differential equation. Firstly, we reduce the problem considered to the
equivalent integral equation. Secondly, the existence and uniqueness of positive solution is obtained by the use of
contraction map principle and some Lipschitz-type conditions. Thirdly, by means of some fixed point theorems,
some results on the multiplicity of positive solutions are obtained.
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1 Introduction

In this paper, we investigate the positive solutions for
nonlocal boundary value problems for fractional dif-
ferential equations of the form

Dgu(t) + f(tu(®) =0,0<t <1, (1)

w(0) =u'(0) =0, w(l)=pull), (2

where D, is the Riemann-Liouville fractional
derivative of order 2 < o < 3 and 3, &, f satisfying

(H)): B>0,0<&<1,1—pe21>0;
(HQ) S C([()? 1] X [07+OO) - [07+OO))'

Fractional-order models are found to be more ad-
equate than integer -order models in some real world
problems. In fact, fractional derivatives provide an ex-
cellent tool for the description of memory and hered-
itary properties of various materials and processes.
The mathematical modeling of systems and processes
in the fields of physics, chemistry, aerodynamics,
electrodynamics of complex medium, polymer rhe-
ology, etc. involves derivatives of fractional order.
In consequence, the subject of fractional differential
equations is gaining much importance and attention.
For details and examples, see [1-14] and the reference
therein.

Boundary value problems for nonlinear differ-
ential equations arise in a variety of areas of ap-
plied mathematics, physics and variational problems
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of control theory. A point of central importance in the
study of nonlinear boundary value problems is to un-
derstand how the properties of nonlinearity in a prob-
lem influence the nature of the solutions to the bound-
ary value problems. Multi-point nonlinear boundary
value problems, which refer to a different family of
boundary conditions in the study of disconjugacy the-
ory [15] and take into account the boundary data at
intermediate points of the interval under considera-
tion, have been addressed by many authors, for ex-
ample, see [16-25] and the references therein. The
multi-point boundary conditions are important in var-
ious physical problems of applied science when the
controllers at the end points of the interval (under con-
sideration) dissipate or add energy according to the
sensors located at intermediate points.

In recent years, differential equations of fractional
order have been addressed by several researchers with
the sphere of study ranging from the theoretical as-
pects of existence and uniqueness of solutions to
the analytic and numerical methods for finding solu-
tions. Fractional differential equations appear natu-
rally in various fields of science and engineering such
as physics, polymer rheology, regular variation in
thermodynamics, biophysics, blood flow phenomena,
aerodynamics, electrodynamics of complex medium,
viscoelasticity, electrical circuits, electron-analytical
chemistry, biology, control theory, fitting of experi-
mental data, etc. In consequence, fractional differ-
ential equations have been of great interest. For de-
tails, see [26-29] and the references therein. Recently,
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two-point boundary value problems of fractional dif-
ferential equation have been extensively studied in the
literature.

By the use of some fixed point theorems on cones,
Zhang [31] obtain the existence of positive solutions
for the equation

Dy u(t) + f(t,u(t) =0, 0 <t <1,
with the boundary condition
w(0) 4+ '(0) = u(1) + /(1) = 0.

Using the adomian decomposition method, Jafari
[30] discuss the following fractional boundary value
problem

Dg u(x)+pf(z,u(zr) =0,0<z <1, 1 <a<2,

u(0) =0, u(l)=c

Recently, in [34], using a fixed point theorem on
cone, Bai established the eigenvalue intervals of the
following problem

CDg u(t) + Mh(t) f(u(t) =0, 0 < t <1,

u(0) = 4/(1) = u"(0) = 0,

where 2 < o < 3, “Dg, is the standard Caputo dif-
ferentiation.

Sun etc [33] studied the existence of solutions for
the boundary value problem of fractional hybrid dif-
ferential equations

x(t)
f(t,x(t))

z(0) = x(1) =0,

where 1 < a < 2, Dg, is the Riemann-Liouville
fractional derivative.

Also, the existence and multiplicity of solutions
for three-point boundary value problems of fractional
differential equations have been studied by some au-
thors.

In [32], Bai investigate the existence and unique-
ness of positive solutions for a nonlocal boundary
value problem of fractional differential equation

a
DO+

} +g(t,z(t)=0,0<t <1,

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

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

where
l<a<2,0<pfn*t<1,0<n<1,

and D, is the standard Riemann-Liouville fractional
derivative.
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Applying the Schauder fixed point theorem, in
[35], an existence result is proved for the following
system

D%u(t) = f(t,v(t), DPv(t)) =0, 0 <t < 1,
D%(t) = g(t,u(t), Dlu(t)) =0, 0 <t <1,
u(0) =0, u(l) = yu(n),
v(0) =0, v(1) =~yv(n),

where

1<a,6<2, pg,v>0, 0<n<l,
a—QZL 5—29217
et <1, Pl <,

and D“ is the standard Riemann-Liouville fractional
derivative.

We find that the above papers considered three-
point fractional boundary value problem for 1 < o <
2. To the best knowledge of the authors, no work has
been done to get positive solution of the three-point
fractional boundary value problem for 2 < a < 3.
The aim of this paper is to fill the gap in the relevant
literatures. Such investigations will provide an impor-
tant platform for gaining a deeper understanding of
our environment.

2 Preliminaries and Lemmas

The material in this section is basic in some sense. For
the reader’s convenience, we present some necessary
definitions from fractional calculus theory and prelim-
inary results.

Definition 1 [32] The Riemann-Liouville fractional
integral operator of order ¢ > 0 for function y €
L'(R") is defined as

1 t
IT y(t :—/ t— )9 y(s)ds, q>0.
Definition 2 [32] The Riemann-Liouville fractional
derivative of order ¢ > 0, n —1 < a <n,n &€ N

for function y is defined as

o () (b f(s)ds,

where the function f(t) has absolutely continuous
derivatives up to order (n — 1).

Dg+y(t) =

Lemma 3 [32] The equality D{ I3, f(t)
f@), g > 0 holds for f € L(0,1).
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Lemma 4 [32] Let ¢ > 0, then the fractional differ-
ential equation

D§ u(t)=0
has solutions

u(t) = clta_1+02t"‘_2+63ta73+- ctent” ", ¢ €R,

i=1,2,---,n,n=[q +1.

Lemma 5 [32] Let g > 0, then

I§, DE u(t) = u(t) + et + ept® 2 4 cst”

+ ..+Cnta—n

forsomec; € R, i=1,2,---,n,n=[q]+ 1.

Lemma 6 Suppose that (Hy),(Hs2) hold. Then for
h(t) € C|0,1], the following boundary value problem

D u(t)+h(t)=0,2<a<3,0<t<1, (3

u(0) =4'(0) =0, u(l)=pull), @

has a unique solution

Proof: We can apply Lemma 5 and Definition 1 to
reduce D, u(t) + h(t) = 0 to an equivalent integral
equation

u(t) = —F(la) /Ot(t —5)* th(s)ds + et !

+ Czta_Q + CgtCHS
By the boundary conditions of (4), there are cy =

c3 = 0and

1 1 o
e eEyT [/ (1 — 59 1h(s)ds

_5/

C, =

) Lh( )ds].
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Therefore, problem (3),(4) has a unique solution

1

uh) =~ /0 "t — 5)°h(s)ds

1 ! a—1l;a—1
+F(a)(l —geaT) {/0 (1 —8)* " t* "h(s)ds
8 /0 “le- s)o‘ltalh(s)ds]

_ —F(la)/ot(t—s)o‘_lh(s)ds
+F(1a) /01(1 )2 e (s)ds
g, (s
R g Jy € e s

_ F(la) /0 (1 = 59101 — (¢ — $)9-1h(s)ds
+F(1a) /t1(1 )4 (s)ds
gy 0
R fy € s

_ F(la)/ot[u_s)a—lta—l (= )* Yh(s)ds
+F(1a) /t1(1 — )21y (s)ds

IBtoe—l 13 o e
[(a)(1 - gea1) Uo (1 —s)ier™

—(&— )" 'h(s)ds
+/ e hs)ds|

_l’_

= [ o9
Bta—l 1

1_ﬁ§a_1/0 G(&, s)h(s)ds.

The proof is completed. 0

_l’_

Lemma 7 The function G(t,
G(t,s) > 0fort,s € (0,1).

s) defined by (6) satisfies

Proof: We divide the proof into two cases.
Case 1: when(0 < s <t <1,
tafl(l o S)afl — (t o

ts)* L > (t —5)* 7L,

0,111 —s)* L — (t—s)*" L > 0.
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Case2: when(0 <t <s<1,
t“_l(l — s)"‘_1 > 0.

The proof is completed. a

Theorem 8 Let P be a cone in a real Banach space
E, P. {reP: |z| <c}, 6 is a nonnega-
tive continuous concave functional on P such that
O(x) < |z, for all x € P., and P(0,b,d) =
{reP:b<0(), || <d}. Suppose that T
P. — P, is completely continuous and there exist
positive constants 0 < a < b < d < ¢ such that
(Cy): {x € P(0,b,d): O(x) > b} #0and 6(Tz)>
bforx € P(0,b,d);

(Co) : ||Tz|| < a forz € Pg;

(Cs): 0(Tx) > bforx € P(0,b,c)with ||Tz|| > d.
Then T has at least three fixed points x1,x2 and 3
with

lzi|| <a, b<6(z2), a<|x3]| with 6(x3) <b.

Remark 9 [f d = c, then condition (C1) implies con-
dition (C3).

3 Existence and uniqueness solution
of the problem (1), (2)

Let £ = ([0, 1] be endowed with the ordering v < v
if u(t) < v(t) for all t € [0,1] and the maximum
norm ||u|| = [nax |u(t)|. Define the cone P C E by

P ={ue Elu(t) >0fort € [0,1]}.

Lemma 10 Let T : P — FE be the operator defined
by

u(s))ds. (7)
ThenT : P — Pis campletely continuous.

Proof: The operator T : P — P is continuous in
view of nonnegativeness and continuity of G(¢, s) and
[t u).

Let €2 C P be bounded. i.e., there exists a pos-
itive constant M/ > 0 such that ||u|| < M, for all

uedLetl = max | f(t,u)| + 1, then for
0<t<1, 0<u<M

u € 2, we have

1
Tu(t)] < |/ Glt,5) (s, u(s))d
6 a 1
e | et
B
( ) s e
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Hence, T'(2) is bounded.
On the other hand, given € > 0, setting

§ = min {1, (F(a)6a(1 — gget) 21a> _} |

2BL(E>1 —£9)
then for each u € Q, ¢1, t2 € [0,1], t; < t2 and
to —t1 < 6, one has |Tu(ta) — Tu(t1)| < €. That is
to say, T'(€2) is equicontinuity.
In fact,

Tu(ts) —

‘/ t2a

a—1 1
1_/&2504—1/0 G(&,5)f(s,u(s))ds

a—1 1
% / G(&,5)f (s, u(s))ds
G(t1,5)]f (s, u(s))ds|

G(ta, s)
H/ (6.5 (s, u(s))ds]|

G(t1,5))lds

Tu(ty)|
G(t1,5)]f (s, u(s))ds

_l’_

IN

t2)

o / e i~ )

L( /0 Glta,5)

ﬁL fa_l_fa ‘ta_l—ta_l‘
I'(e)(1 - pga1) a ? b

In the following, we divide the proof into two
cases.
Case 1: 6 <1t1 <ty <1, wehave

< G(t1,s)|ds)

_l’_

2 Ly 1) < (a— D)oL,

gl _goml < & o

Case 2: 0 <ty < 4, to < 20, we have

ty bt <97 < (20) 7t

Consequently, we have

tgfl _ t?fl < 204—1604—1_

On the one hand, G(t, s) is uniformly continuous
in [0, 1] x [0, 1] because of the continuity of G(¢, s).
So, for the given € > 0, whenever |t2 — t1| < §, we
have

Gtr,s)] < —

‘G(tQ,S)_ 2L
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On the other hand,

BL <§a—1 - £a> a1 o]

M- pe )\ a
6L 504—1 _fa a—1ca—1
< r<a><1—w-1>< « )2 ’
13
< 5

Therefore, |Tu(t2) — Tu(t1)| < €, which implies that
{Tu : u € Q} is equicontinuous. By means of the
Arzela-Ascoli theorem, we have that T': P — P is
completely continuous. The proof is completed. O

Lemma 11 Suppose that (H,), (Hz) hold. Then u is
a solution of problem (1), (2) if and only if u is a fixed
point of T.

Theorem 12 Assume that f(t,u) satisfies

[f () = [t 0)] < AMB)]u =],

8)
t €1[0,1], u,v € [0, +00).

Then problem (1), (2) has a unique positive solution if

/01 sH1—5)* 1A (s)ds < T(a)(1—BE*71). (9)

Proof: In the following, we will prove that 7™ is a
contraction operator for n sufficiently large.

Indeed, from (6), (7), for u,v € P, we have the
estimate,

(Tu — Tv)(t)
1
< [ Gt (s uls) ~ fs,0(5))lds
0
ﬁta 1
T pga
1
/0 G(&, 5)|f(5,u(s)) — f(s,v(s))|ds
lu— o]
S T(a)
(/t[ta-lu 9L = (t — $)* Y A(s)ds
+/ t*7 1 = 5)27IA(s )ds>
B u =l
TT(a)(1 - peT)
(f 5[/sa-lu R
+/ N1 —5)" A (s )ds>
E-ISSN: 2224-2880 1158
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lu — vl

Ia) /0 (1 —5)*"1A(s)ds

failﬁHu _ ,UHtafl 1 o
T eIy Jy (0 A

Let L = [y (1 — s)* "A(s)ds, we have

+

L|ju — v|[te1
(1—perT(a)

|(Tu —To)(t)| <

Consequently,
(T%u — T?v)(t)]
1
/ G(t,8)|f (s, (Tu)(s)) = f(s, (Tw)(s))lds

t;ei 1/ GG )

If( (Tu)(s)) = (s, (Tv)(s))lds
Lfju =]

t
al a—1
S o)1 - f“l(ot
(t— )cxl}al)\s

+/t0‘1 0‘1/\()a1d5>

Lpt*~ l”u_v” ¢ a=lr] _ gya-1
+r2< ) 66“‘1)2(/0 =9

(€ — 512 A (5)ds
—l—/fo‘l al)\()o‘lds)

LHU_UHta_l ! a—1 a1
< FQ(CM)(l—ﬁﬁCH)/O s (1—-9)""A(s)ds

a-1 a—1 ;1
L
LM ||u — vt
I?(e)(1 - pg1)

LME* " Blu—vfft"

(1 - peo1)2r%(a)

LM ||u — vt 1

[2(a)(1 — Bga—t)?

where M = [ s®~1(1 —
we have

IN

_l’_

5)*~1\(s)ds. By induction,

" — T LMn_lHU_UHta_l
(= TS ey — ge

Taking into account that [} s*~1(1 — s)* ' \(s)ds <

() (1 — BE>1), we have

LMn—l - 1
[Cla)(1 = pga—h™ 2
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for sufficiently large n, and therefore,
n n 1
I(T"u = T™)|| < 5 llw —vll,
which gives the proof.

In the following, we will give the existence of so-
lution of problem (1), (2).

We set
A_<max Hf(M)!)’ 00
ul|—oo \2€[0,1]  ||ul]
then 0 < A < +c0.
A(1 = BEY)
= 11
M(a)a(l - geo 1)’ (o
/ N (1 - Bg”)
= . 12
D(@)a(l - ge™T) .
Theorem 13 Suppose
n <1, (13)

then problem (1), (2) has one positive solution.

Proof: According to Lemma 11, we just need to ver-

ify that the operator 7" has a fixed point in £. From

13, choose X > )\, such that
n < 1. (14)

In view of the definition of A, there exists N > 0 such
that

1f(tw)| < Null, vt € [0,1], [Jul| > N.  (15)
So we have

If(twll < Nlul + R, ¥t € [0,1], u € [0,+00),

(16)
where
= comax 7w < +oo.
From (7), (13)-(16), we have
I(Tu)(0)]
1
< max | [ G(t)f(s.u(s))ds
a—1 1
+ﬂtﬁga | G s) (s u()ds
< m[oX/ G (t, )1 (s, uls)|ds
o [l (sautoplas
E-ISSN: 2224-2880
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IN

Wl + R [ 16051

e [ 6t s)ias)

a—1 a—1 _ ca
(¥l + R) (t e —

, L (1, Bt =g
i+ s (3 e
/ 1-— ﬁfa
Nl jRgga)au — geaT)

— (1)
F(@a(i — ety U+ #
o |lull + RO

_l’_

IN

)

(0%

IA

/

a7

in which 7 is given by (12), R(Y)
stant. (17) imply that

is a positive con-

|1Tull < ' llull + RV, Vu € E,

where ' < 1. So, we can choose r > 0 such that
T(P,) C P,, where P, = {u € P|||u| < r}. By
using Schauder fixed point theorem, we have that the
operator 1" has a fixed point in P,. Therefore, problem
(1), (2) has one positive solution.

Remark 14 [If when ||u|| — oo,

LS wll
[l

then condition (13) satisfied. (n = 0).

—0, Vte[0,1], (18)

4 Existence of three positive solu-
tions of the problem (1), (2)

We define the nonnegative continuous concave func-
tional

min_|u(t)|, Yu € P,
tele 1]

_ T(@)a(1 - pe*)
Nl — 1 _ 5{“ 9

I(a)a(l - pg*t)
Bga—l(é‘a—l _ foz) '

Theorem 15 Assume that (Hy), (Hs) hold and there
exist constants with 0 < a < b < ¢ = d such that the
following conditions hold

(A1) f(t,u) < Nia, for (t,u) € [0,1]
(A2) F(t.u) > Nob, for () € [€.1]
(A3) f(t,u) < Nic, for (t,u) € [0,1]

a(u)

Ny =

07 CL],

[b, c]

X
X b
x [0, c].

O
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Then problem (1), (2) has at least three positive solu-
tions u1, ug and us with

max |u < a,

mas [ ()

b< < <e,
tgfg} luz(t)| m[g>1<]|w( N <e

< <
a tm[aax lus(t)] < e,

<b.
;;ﬂ[g%] lusz(t)|

)

Proof: We first show that (C'y) of Theorem 8 holds.
If u € P, then |lu|| < c. By (6), (7) and (A3),
we get

(T

w) @)

tEOI\/Gts (s,u(s))ds

b [ et

/ Gt 5) 1 (s, us))|ds

yu(s))ds|

IN

max
te(0,1]

el [ 16t s

/0 G(t, 5)|ds

b [ l6te9)ias)

1 et — g
oy s
B gaml — E“)
1—peel o
1 (1 B
v ( T peat

1—p&*
[(e)a(l - pgat)

IN

Nw(max
te(0,1]

IN

Nlc

_|_

IN

gafl _ ga
(0}

Nic

< g

which implies that ||Tu|| < ¢, u € P.. Hence, T :
P. — P.. InV1ewofLemmalO T: P.— P.is
completely continuous.

In the same way, we can show that if (A;) holds,
then TP, C P,. Hence condition (Cs) of Theorem 8
is satisfied.

Next we show that (Cl) of Theorem 8 holds.
Choose ug(t) = %<, t € [0,1]. It is easy to see that
ug € P, |Jug|| = b‘gc <¢, alug) = %< > b. Thatis
up € {u € P(a,b,d) : ()>b}7é@

Moreover, if u € P(a,b,d), we have b < u(t) <
¢, fort € [€,1]. By (A2) and (7), we have

o(Tu) = min |(Tu)(1)

)

E-ISSN: 2224-2880
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min
telg1]

/ LGt 5)(F (5, u(s))ds

Be /Gs,

T gt
gal

yu(s))ds

Y

yu(s))ds

Vv

ga 1 _
ol'(a)

1— gge

Hence condition (C7) of Theorem 8 is satisfied. By
Remark 9, condition (C3) of Theorem 8 is satisfied.
To sum up,all the hypotheses of Theorem 8 are satis-
fied. By Theorem 8, problem (1), (2) has at least three
positive solutions w1, ug and ug with max |uy (f)| <

a, b < min |us(t) < max |lus(t)] < ¢ a <
min [us(t)] < max [us(t)] <
Jmax lug(t)] < ¢, min |ug(t)] < b. The proof is

te[0,1] telé,1]

completed. O

5 Existence and uniqueness of suc-
cessive iteration positive solutions
of the problem (1), (2)

Theorem 16 Assume that (Hy),(Hz) hold. If there
exists a positive number A\ such that the following con-
ditions hold

(B1) Foreach t € [0,1], f(t,-) is nondecreasing;
(BQ) f(t, A) < N1A, forall t € [0, 1];

(B3) f(t,0) is not identically zero on any compact
subinterval of|0, 1].

Then problem (1), (2) has at least one iteration so-
lution u* € Py with |Ju*| < A, nh_)ngo T"wy = u* or

lim T"vy = u*, where wy(t) = A, vg = 0,t € [0, 1].

n—oo

Proof: We now show that T : Py — Pj.Ifu € Py,
then [Ju|| < A, we have

0 < max u(t) = ||u|| <A.
te(0,1]

By (B1), (B2) and (7), we have
1(Tw) ()]
\/ G(t,s)f(s,u(s))ds

e [ et

[ 1665wl

IN

max
te(0,1]

yu(s))ds|

IA

max
te(0,1]
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b [l sutoplas
< N1A<t1é1[g)1<] /0 IG(t, )| ds

B 1

+1—ﬂ§0<—1/0 ’G(&S)’ds)

1 ot — e
< Mg (e

B gt — ¢

g a )

1 (1 B el —go
= MAmw<a+1—mw1 a )
B 1—pge
= MG - pe)
< A.

Thus we assert that 7' : Py — Pa.

Let w, = T"wy, v, = T"vg, then w,, v, €
Pj, n = 1,2,- - - Since T is completely contin-
uous, we assert that {w, }5°,, {v,}5°; are sequen-
tially compact sets. By (B1), (B2) and (7), we have

w1(t) = (Two)( /Gts (s,A)ds
Bta 1
s [ et s
1
< N1A</0 G(t,s)ds
8 1
+1—,8§O‘_1/0 G(ﬁ,s)ds)
I
< Mg (S
pooetog
g )
1 (1, B eloge
- Mﬂnw<a+1mal o )
_ 1—pg”
~ A e
= A =uwp(t).
Similarly,
wg(t) = (Twl)(t) < (TWO)(t) = wl(t), te [0, 1].

By induction, then

i (t) = (Ten)(t) < (Twnr) (1)
—wa(t). t€ [0,1]

Hence, there exists u* € Py, such that u* = li_>m W,
n—oo
Applying the continuity of 7" and w41 = Twy, we

E-ISSN: 2224-2880
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getu* = Tu*. By (B3), we get
vi(t) = (Two)(t)

/Gts (s,v0(s))ds

+o 1 1
1f6§/o G(&,5)f (s, vols))ds

f(s,0)ds

/Ga 0)ds

_l’_

v

>
Similarly,
va(t) = (Twr)(t) =

By induction, then

(Tvo)(t) = vi(t), te]0,1].

Uni1(t) = (To,)(t) > (Tvn_1)(t)
vp(t), t€ 0,1, n=1,2,--

Hence, there exists u* € Py, such that u* = lim w,,.
n—o0

Applying the continuity of T"and vy, 1 = T'v,,, we get
u* = Tw*. The proof is completed. O

6 Conclusion

This paper is motivated from some recent papers treat-
ing the boundary value problems for three-point frac-
tional differential equations. We first give some no-
tations, recall some concepts and preparation results.
Second, we establish a general framework to find the
existence and uniqueness solution of the problem (1),
(2). Third, some sufficient conditions for the existence
of three positive solutions of the problem (1), (2) are
established by applying fixed point methods. In the
last, the existence and uniqueness of successive itera-
tion positive solutions of the problem (1), (2) are ob-
tained. To the best of our knowledge, no work has
been done to get positive solution of the three-point
fractional boundary value problem for 2 < a < 3.
The aim of this paper is to fill the gap in the relevant
literatures. Such investigations will provide an impor-
tant platform for gaining a deeper understanding of
our environment.
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