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Abstract

In this paper, we study the p-Laplacian model involving the Caputo fractional
derivative with Dirichlet-Neumann boundary conditions. Using a fixed point theorem,
we prove the existence of at least three solutions of the model. As an application, an
example is included to illustrate the main results.

1 Introduction

In this paper, we are concerned with the multiple positive solutions of Dirichlet-Neumann
boundary value problems for a type of fractional differential equation involving a
p-Laplacian operator as the following form:

(@p(CDx(t)))" = 9, (W (£,(8), %' (£)), £ € (0,1),
kox(0) — k1x(1) = 0,
mox' (0) — mx'(1) = 0,

x00)=0, r=23,...,n

1)

where ¢, is the p-Laplacian operator, i.e., g, (s) = |s|P™s, p > 1,and ¢, = <p1;1, 1% + é =1; D~
is the standard Caputo derivative; 2 <n — 1<« <n, and n is an integer; 0 < 2 € R, k;, m;
are constants, i = 0,1; f is a given function.

It is well known that both the fractional differential equations and the p-Laplacian oper-
ator equations are widely used in the fields of different physical and natural phenomena,
non-Newtonian mechanics, nonlinear elasticity and glaciology, combustion theory, popu-
lation biology, complex geometry and patterns. Many researchers have extensively studied
either the fractional differential equations or the p-Laplacian operator equations, respec-
tively. For details of the theory and applications of the fractional differential equations or
the p-Laplacian operator equations, see [1-15] and the references therein.

The authors of [13] studied the boundary value problem of fractional order

CD%u(t) =f(t,u(t),u'(t)), te(0,1),1<a<2,
u(0) + 4/ (0) =0,
u(l) +4'(1) =0.

By means of the Schauder fixed point theorem and an extension of the Krasnosel’skii fixed
point theorem in a cone, the existence of positive solutions is obtained.
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In [14], the authors investigated the nonlinear boundary value problem of fractional dif-

ferential equation

CDx(t) = f(t,x(2), %' (), te(0,1),
20(x(0),%'(0)) = 0,

ax(1),x'(1) =0,

27(0) =x"(0) = --- =xM = 0.

By means of the Amann theorem and the method of upper and lower solutions, some
results on the multiple solutions are obtained.
Liu [15] was concerned with the mixed type multi-point boundary value problem

(o' () = —f(t,x(2), %' (), te(0,1),
x(0) —ax'(0) = Ay,
x(1) = 37 Bx(&) = Ao,

the existence of at least three positive solutions of the above mentioned boundary value
problem is established.

Recently, a few researchers were devoted to the study of boundary value problems for the
fractional differential equations with the p-Laplacian operator equations (see [16, 17]). In
[16], some results on the existence and uniqueness of a solution for the following boundary
value problem of a fractional differential equation are obtained:

(@p(CDx(1))) =f(t:%(t), te(0,1),
x(0) = rox(1),
x'(0) = nx'(1).

Motivated by the above, the purpose of this paper is to establish the existence of multiple
positive solutions to boundary value problems for a fractional differential equation involv-
ing a p-Laplacian operator (1). If p is an integer, the equation in (1) reduces to a standard
nonlinear fractional differential equation. And it will become a standard p-Laplacian op-
erator equation when o is an integer. Therefore, our results in this paper are the promotion
and more general case of these two types of problems. By means of the fixed point theo-
rem due to Avery and Peterson, we prove the results that there exist at least three positive
solutions of the boundary value problem (1). As an application, an example is included to

illustrate the main results.

2 Preliminaries
In this section, we give the definition of a fractional derivative and some lemmas, which
will be used later.

Definition 2.1 [18] Let « > 0 for a function y : (0, +00) — R. The fractional integral of
order « of y is defined by

1

Iay(t) = m

/ t(t - 9)*y(s)ds,
0
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provided the integral exists. The Caputo derivative of a function y: (0, +00) — R is given
by

Cna (S)
Dy = F(n o) / (t—s‘“l”ds'

provided the right-hand side is pointwise defined on (0, +00), where # is an integer, with
n=[a]+1.

" denotes the gamma function, that is,

MNa) = / et lde.
0

From Definition 2.1, we can obtain the following lemma.

Lemma 2.1 Let 0 <n—1<a < n.Ifwe assume y € C"(0,1) N L[0,1], the fractional differ-
ential equation

Dy(t) =0
has a unique solution
L y®(0

y(®) =Z

k=0

Throughout this paper, we always suppose the following condition holds.
(HO) The parameters in the boundary value problem (1) satisfy the following conditions:

2<mn-l<a<n, 0 <k < ko, 0 < my < my.

Lemma 2.2 Suppose that (HO) holds and h € C[0,1]. Then the boundary value problem

(@p(CD*x(2)))" = 9,(Wh(®), € (0,1),

kox(0) — kix(1) = 0, @)
mox' (0) —mx'(1) =0
x70)=0, r=2,3,...,n

has a unique solution

17451 A
x(t):mo—ml'r(a_n'(ko—/q )/(1_1 (p,,(/ (s)ds)dr
ko—k1 a) (/0 s )ds)d

A [ et ’
+F(oc) O(t T) (pq(/o h(s)ds)dr. (3)

That is, every solution of (2) is also a solution of (3) and vice versa.
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Proof The definition of the Caputo derivative implies that *D*x(0) = 0, and from (2) we
have

wp(CD“x(t)) = wp(k)/o h(s)ds, and CD%x(¢) = Yy </0 h(s) ds).

So,

w0 =x(0) + 2O+ T ("ii‘;‘) + g ( / (s) ds)

_ A ! _ a-1
x(0)+x(0)t+r( )/(t 7) ¢q</0 h(s)ds)dr. (4)

By using the property of the fractional derivatives and integrals, we can get

/ o A ! _ a-2 !
x(t)—x(0)+7r(a_l)/‘0(t T) goq</0 h(s)ds>dr

Then

1 T
x(1) = x(0) + £'(0) + ﬁ /0 1-1)""g, (/o h(s) ds) dr,
’ ’ A ! P ’
x(l):x(0)+ m/o (l—f) z(pq(‘/o h(S)dS) dT.

From the boundary condition kyx(0) — kjx(1) = 0, and mpx'(0) — mx’(1) = 0, we can
obtain that

— kl m A ! o2 f
#0) = ko — ki (Wlo —m . IMN'a-1) . /0 -0 gDq(/‘o ) ds) dr
A ! a-1 ‘
+ P fo (1-1) wq(/o h(s) dS> df>, (5)

/ — m A ! a-2 i
x(o)_mo—ml'r(a_l)'fo (1-1) (pq(fo h(s)ds)dt. ©)

Substituting (5) and (6) into (4), we can obtain that

_ my A /(1 1 w2 T
x(t)_mo_m1.F(a_l).(ko_k1+t)/0(1—1:) ¢q(/0 h(s)ds)dt
a-1
ko—k1 F /(l—t) (pq</ (s)ds)dr
A a-1
+l"(oz) O(t—t) q(/ h(s) )

The proof is completed. d
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Let E = C1[0,1], ||| = max{maxeqo, [%(2)], max;epon [¢/ (@)1}, then (E, |l - ) is a Banach
space. Set

P :{x € Elx(¢) > 0, tm[g)l(]|x(t)| < min{ . ko max |x (t)| k— mm |x(t)|}

— ki tefo1] t€[0,1]

x is monotone increasing and convex on [0,1] },

then P is a cone on E.
Define the operator T : P — E by

(Tx)(2)

_om A ki 1 o . /
“mg-m T(a-1) (ko "y ”)/0 -7 %(/0 f(s5,2(9),%'(5) ds> de
k() — kl F(a) / ( 1¢q </0‘ f(S,x(S),x/(S)) ds> dr
% /; t-1)"o, (/0 S (s,x(s),/(s)) ds> dr. @)

It is clear that x € C"[0,1] is the solution of the boundary value problem (1) if and only

if x € E is the fixed point of the operator T.

Lemma 2.3 Suppose that (HO) holds and the function f € C([0,1] x [0, +00) x R, [0, +00)).
Then T : P — P is completely continuous.

Proof By the definition of the operator T, it is easy to see (7x)(t) > 0 for any ¢ € [0,1]. And
using the property of the fractional integrals and derivatives, we can get that

/ )\’ ! o— ! /
(%) (t):monilm " / 1-1) 2@,( / f(s,x(s),x(s))ds) dr

F(O{ 1)/(t )% qu(/ fs,x(s)x S))ds) dr

> 0.

And

(T2)'(t) = &

( )\._ 2)‘/.0 (t_T)a_3¢q<A f(s,x(s),x/(s)) dS) d7,' Z 0'

Then Tx is nonnegative, monotone increasing and convex on [0, 1]. They imply that

tn%gylc]|(Tx (t)| max (Tx)(t) = (Tx)(1),

max| (Tx) (¢) | = max (Tx) (t) = (Tx) (1),
te[0,1] te[0,1]

and

min (Tx)(t) = (Tx)(0), min (Tx)'(t) = (Tx)'(0).
te[0,1] te[0,1]
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Therefore

te[0,1

ko ko
max | (75)(0)] = Tx)(l):%( 9(0) = min (7)),

And
max |(Tx)(t)|
te[0,1]
= (Tx)(1)
k 1 .
= m()n,ilml . ko _Okl . T a)h_l /0 (I_T)WZ(pq(/O f(s,x(s),x/(s)) dS) dr
ko - k1 F(a) / 1= 1% </ f(S,x(s),x’(s)) dS> dr
Wlonilm1 ko—lq F(a_l)/ -7 2<Pq</fsxs)x())ds>d
kO A w2 T )
" ko — ki . m/o 1-17) ¢q</0 f(s,x(s),x (S)) ds) dr
k s 1 .
- ko —Okl ' monioml ’ Ma-1) /O (1- T)a_290q</(; f(s,x(s),x’(s)) ds) dr
_ ko ,
L)
ko -k te ]| Ty (t)|
Then
g (700 < min| a0, i o) |
¢ 0 — Ky te

Thus, Txe P,so T : P — P.
It is easy to prove that 7' is continuous and compact if the conditions of the lemma hold.
The proof is complete. O

For convenience of the readers, we provide some background material from the theory

of cones in Banach spaces and the Avery-Peterson fixed point theorem.

Definition 2.2 Let E be a Banach space and let P C E be a cone. A continuous map y is
called a concave (resp. convex) functional on P if and only if y (tx + (1 — £)y) > ty (x) + (1 -
By ) (resp. y(tx+ (1 - 8)y) <ty(x) + 1 -£t)y(y)) forallx,y e Pand 0 < £ < 1.

Let B and p be nonnegative continuous convex functionals on a cone P, let  be a non-
negative continuous concave functional on a cone P, and let i/ be a nonnegative contin-
uous functional on a cone P. Then, for positive real numbers a, b, ¢ and d, we define the
following convex sets:

P(B;d) = [x € PIp(x) <d),  P(B;d) = {x € PlB(x) <d};
P(B,w;b,d) = {x € P|Bx) <d,w(x) > b};
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P(B, p,w; b, c,d) = {x € P|B(x) < d, p(x) < ¢, w(x) > b};
R(B,¥;a,d) = {x € P|B(x) < d,¥(x) > a}.

Lemma 2.4 (Avery-Peterson fixed point theorem [19]) Let P be a cone in a real Banach
space E. Let B and p be nonnegative continuous convex functionals on P, let w be a nonneg-
ative continuous concave functional on P, and let  be a nonnegative continuous functional
on P satisfying yr(kx) < kyr(x) for 0 < k < 1, such that for some positive numbers M and d,
(%) < ¥ (x) and ||x|| < MB(x) for all x € P(B,d).

Suppose that T : P(B;d) — P(B; d) is completely continuous and there exist positive num-
bers a, b and ¢ with a < b such that

(Al) {xeP(B,p,w;b,c,d)|w(x) > b} # ¢, and w(Tx) > b for all x € P(B, p, w; b, ¢, d);

(A2) w(Tx) > b for all x € P(B, w; b,d) with p(Tx) > c;

(A3) 0 ¢ R(B,V;a,d) and y(Tx) < a for x € R(B, ¥;a,d) with ¥ (x) = a.

Then T has at least three fixed points x1,%2,x3 € P(B;d) such that B(x;) <d, i = 1,2,3;
w(x1) > b; Y (x3) > a, with w(x;) < b; and ¥ (x3) < a.

3 Multiple positive solutions of the boundary value problems
In this section, we establish the existence of multiple positive solutions of the boundary
value problem (1).

Denote
ko ki Fa+qg-1)
M=—2 - :
ko—-k’ T k-k T+q)
and
(mo —m)lM (@ +g-1) (ko — ky)(mo — m)T(a + q)
rn= ’ ry = )
AmoI'(q) rMamoT'(q)
(ko — k1)
rs = r.

k()

Then M >1,7ry >0, 0 < r3 <r,and rp > 0 if (HO) holds. And rb < rnd, rza <rndif 0 <a<
b<ryd.

Theorem 3.1 Suppose that (HO) holds, there exist constants a, b, ¢, d such that 0 <a < b <
I,:—(l)c <rod <d,and f € C([0,1] x [0, +00) x R, [0, +00)) satisfies the following conditions:
(H1) 0 <f(t,u,v) < @p(r1d) for any (t,u,v) € [0,1] x [0, Md] x [0,d];
(H2) f(t,u,v) > @p(rab) for any (t,u,v) € [0,1] x [b,c] x [0,d];
(H3) 0 <f(t,u,v) < @y(r3a) for any (t,u,v) € [0,1] x [']:—éa, al x [0,d].
Then the boundary value problem (1) has at least three positive solutions x1,x3,%3 € P(8; d),
and the solutions are increasing and convex on [0,1]. Moreover, for any t € [0,1],

0<uxi(t)<d, i=1,2,3; x1(2) > b;

max x,(t) >a, with min x,(¢t) <b; and x3(t)<a.
te[0,1] te(0,1]

Proof Define the nonnegative continuous convex functionals 8, p and the nonnegative
continuous functional ¥, the nonnegative continuous concave functional @ on the cone
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P by

B(x) = max p(x) = max
te[0,1] te[0,1]

¥(x) = max‘x , and a)(x)-mln’x ’
tel0,1] te[0,1]

Obviously, ¥ (kx) = kv (x) for any k € (0,1), x € P.
Because

p(x)ztren[%lx(tﬂ max|x(t)| Mmax|x(t)| MPB(x).

k() - 1 te[0,1]

Then

[[x]| = max{ max
te(0,1]

, H%gvli]{x/(t){} = max{p(x), B(x)} <MB(x) forxeP.
telo,
Following from the proof of Lemma 2.3, we can get that Tx € P, (Tx)(¢) > 0, Tx is in-
creasing and convex on [0,1].
For any x € P(B;d) implies that x(¢) > 0, B(x) = maxco,) |*'(£)| < d, and
p(x) = max \x(t)| < M max |x’(t)| = Bx) < MB(x) < Md.
te[0,1] te[0,1]

By the condition (H1), we have 0 < f(¢,x(¢), ' (t)) < ¢,(r1d). Hence,

B(Tx) = max (Tx)' (t) = (Tx) (1)

1 T
- mo”ioml ) F(O:\_ 5 /0 (1_f)a-2<pq< /0 f(s,%(5),%(5)) ds) dr
A 1

Mo -2 _g-1
< . -nd - 1- —d
“mo-m Tla-1 " /0( R
mg AT(q)
= - -Vld
mo—-m; T(e+q-1)

=d.
Therefore Tx € P(B;d). By Lemma 2.3, T : P(B;d) — P(B;d) is a completely continuous
operator.
Letxg = b” , then p(xg) = xg = b” <c¢, B(xo) =0 < d, and w(xg) = x9 = b“ > b, so

xo € {x € P(B, p, w; b,c,d)|w(x) > b} # .

For any x € P(B, p, w; b, ¢, d), it follows from the condition (H2), f (£, x(£),x'(£)) > @,(r:b).
By the proof of Lemma 2.3 and (7), we can get

w(Tx) = m1n |(Tx)(t)‘ (Tx)(0)

_ m A kl 1 o T )
= T@-D & —k1/0 (1-7) (pq(/o S(s,%(s),%/(s)) ds> dr
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k A 1 T /
it i [ [ors)
e . A . kl ' _ -1 < i ’ >
g mo —m; F(ot) ko — Ky /(; (1 T) q /0 f(s,x(s),x (s)) ds ) dr
k; A 1 T /
+ T —1k1 . m/o 1-1)*g, (/0 S (s,%(5), %' (s)) ds) dr

_ Mo ki Y vl T /
B mo — mp . ko — ky . F(a),/(; 1-1) (Pq</0 f(S,x(S),x(s)) dS) dr

mg ky

v

A 1
. . .rob- 1) tealg
mo—m ko—k T'(a) & ./0 -0 i

my ) k1 ) )» ) F((X)F(q)r
mo—m ki—ko (@) T(a+q) °

[
s

Thus, the condition (Al) in the Avery-Peterson theorem is satisfied.
For any x € P(8, w; b, d) with p(Tx) > ¢, i.e., p(Tx) = max;c(o,1] |(T%)(¢)| > c. Then

k k
w(Tx) = min |(Tx)(t)| > L max |(Tx)(t)| > ic > b.
te[0,1] ko te(0,1] ko

Consequently, the condition (A2) in the Avery-Peterson theorem is satisfied.
It is clear that 6 = 0 ¢ R(8, V; a, d).
For any x € R(B, {; a, d) with ¥ (x) = a, it implies that

B(x) = max |«'(t)| <d
te[0,1]
and

0 < x(t) < max x(¢) = ¥ (x) = a.
te(0,1]

It is easy to get that

k k
x(¢) > min x(¢) > L ax x(t) = L
te[01] ko tef0.1] ko

It follows from the condition (H3) that
0 <f(t,x(t), % (t)) < p(rsa),
then we have

¥ (Tx) = 21[3’1‘]|(Tx)(t)| = (Tx)(1)

1 T
m_ kA / (1_r)“<0q</o f(s,x<s>,x’(s>)ds)df

mo — mp ko—kl FOl—l)

ko
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ko mo

A 1
- r3a- / (1-7)* 277 de
o — ].) 0

= . . )\IF(q) .r
ko-ki moy-m T(a+g-1) 3

< k()—kl .Wl()—Wll . F(

ko mo

a

=da.

So, the condition (A3) in the Avery-Peterson theorem holds.

Therefore, the conditions in the Avery-Peterson theorem are satisfied, and we can ob-
tain that there exist three positive fixed points x;,%2,%3 € P(8;d) for the operator T cor-
responding to positive solutions to the discrete second-order boundary value problem (1)

such that
Bx)<d, i=1,2,3; w(x1) > b;
Y(xy) >a, withw(x)<b; and Y¥(x3)<a.

By Lemma 2.3, we can get that the solutions are increasing and convex on [0, 1]. Hence

0<xi(t)<d, i=123; x1(2) > b;
max x,(¢) >a, with min x,(¢) <b; and a3(¢) <a. N
tel0,1] te[0,1]

4 Example

In this section, we give an example to illustrate Theorem 3.1.

Example 4.1 Consider the following Dirichlet-Neumann boundary value problem:

(ICD3x(8)|CD3x(8)) = f(t,(£), % (£)), te(0,1),
2x(0) —x(1) = 0,

(8)
3x'(0) —x'(1) =0,
x"(0) =0, x"'(0) =0,
where
¢ (35+34u—36u2+72u3)(I'(12))2
0,000 * 1357 26 : 20,:07002’ ue[0,1],
3 : (=7,730+10,391u-2,919u2 +278u3)(I'(12))
ftu,v) = 5006 *+ Lo e w0000 4 € L5
t (300+45u—u=)(I'(¥£))
16,000 Tame— t w00 U € [5+00),
and
3 7
p=3 q=7 x=2 ko =2, k=1,
mo =3, my =1, A =1 inthe boundary value problem (1).
. r(Z)
We choose a=1,b=2,c=5,d=10. We can easily get that M =2 >1, 1y = ry T
3

ar() _ar@) 2r)
3ﬁ;72_ 3\/;”‘3_3«/;.
After some calculation, we can check that f(¢, u, v) satisfies following conditions:

Page 10 of 12
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2
(1) 0 <f(tu,v) < WOULOE | L) (rid) = LOOOLUTG? for gy

7 1,000
(t,u,v) € [0, 1]x[OMd]x[O dl;

2) flt,u,v) > 760”17/6) + W > @p(rab) = 76“ (23/0)° fop any
(t,u,v) €0, 1] x [b,c] x [0 dl;
3) 0 <f(t,u,v)< M + m < @plr3a) = Lm for any

(¢, u,v) €[0,1] x [k a,a] x [0,d].
Then all the conditions of Theorem 3.1 hold.

Hence, by Theorem 3.1, the boundary value problem (8) has at least three positive solu-

tions x1, X2, x3 such that

0<#(t)<10, i=1,2,3;

x1(¢) > 2; max x3(¢) >1, with min x5(¢) <2; and «3(¢) <1.
te(0,1] te[0,1]
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