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Abstract

The existence criterion has been extensively studied for different classes in fractional
differential equations (FDEs) through different mathematical methods. The class of
fractional order boundary value problems (FOBVPs) with p-Laplacian operator is one
of the most popular class of the FDEs which have been recently considered by many
scientists as regards the existence and uniqueness. In this scientific work our focus is
on the existence and uniqueness of the FOBVP with p-Laplacian operator of the form:
DY (¢D(D92(t))) +af(z(t) =0,3<0,y <4,t€[0,1],2(0)=2"(0), nD*z(t)| =1 = Z(0),
£7'(1)-2"(0)=0,0 < < 1,9, (D 2(1)) | =0 = O = (@p(D? 2(1))) | =0, (@ (D° 2(1)))| =1 =
Hepp (O 2(0))" |i=0, (p(D° (1)) | =0 = 0, where 0 < &, 17 < 1 and D, DY, D* are Caputo’s
fractional derivatives of orders 8, y, a, respectively. For this purpose, we apply
Schauder’s fixed point theorem and the results are checked by illustrative examples.

Keywords: FOBVP with p-Laplacian operator; fixed point theorems; existence and
unigueness

1 Introduction

Fractional calculus has widely been studied by scientists from the era of Leibniz to the
present and has drawn the attention of mathematicians, engineers, and physicists in many
scientific disciplines based on mathematical modeling, and it was found that the fractional
order models are more precise in comparison with integer order models and, therefore, we
can see many useful fractional order models in fluid flow, viscoelasticity, signal processing,
and many other fields. For instance, see [1-6].

In fractional calculus, the existence of a positive solution for FOBVP with p-Laplacian
operator has extensively attracted the attention of the scientific community. This side of
the fractional calculus has a wide range of applications in day life problems and these were
investigated for the existence of solutions by different mathematical tools. For instance, Lv
[7], has studied existence results for m-point FOBVP with p-Laplacian operator with the
help of a monotone iterative technique and produced interesting results which were exam-
ined by two examples. Prasad and Krushna [8] studied FOBVPs with p-Laplacian operator
with the help of the Krasnosel’skii and five functional fixed point theorems and checked
their results by examples. Yuan and Yang [9] studied the existence of a positive solution
for a g-FOBVP with a p-Laplacian operator using the upper and lower solution method
through Schauder’s fixed point theorem and the results were examined by examples.
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Some of the interesting results in the existence of positive solution for FOBVP with
p-Laplacian operator which raised our attention toward this project are, for instance, that
Zhang et al. [10] has contributed for positive solutions of an FOBVP with p-Laplacian

(¢(2)) =k(z,22), Tel0T],
z(T)=2(0),  Z(T)=Z(0),

@

with the help of degree theory, and they also used the upper and lower solution method
for this work. Xu and Xu in [11] investigated the p-Laplacian equation for sign changing

equations of the form

(6(7() =~f(r.27), T,
2(0) = 0 = z(1),

(2)

using the method of upper and lower solution method with the help of Leray-Schauder

degree theory. Wang in [12] considered three solutions of

(¢p(z/(r)))/ +m(7)f (1,2,2) =0, 0<1<00,

, 3)
z(0) =0, lim z=0.
In this paper we consider the FOBVP with p-Laplacian of the form
D (¢,(D2(1))) + a(t)f (z(£)) =0, 3<6,y <4,t€[0,1],
z(0) = Z"(0), nD*z(t)|;<1 = Z(0), £7'1)-72'(0)=0, O<a<l,
$p(D°2(0))le=0 = 0 = (¢ (D"2(0))) le-o, (4)

(60D 200)) 1t = 5 (35(D"2(0) Lo
(5 (D2(1)))" =0 = 0,

where D?, D?, and D are Caputo’s fractional derivatives of fractional order 6, ¥, @ where
0,y € (3,4], and @ € (0,1). @u(s) = Is]P2s, p> 1, d)};l = Py % + %1 = 1. We recall some basic
definitions and results. For « > 0, choose n = [«] + 1 in the case « is not an integer and # = «
in the case « is an integer. We recall the following definitions of a fractional order integral
and a fractional order derivative in Caputo’s sense, and some basic results of fractional
calculus [2, 13].

Definition 1 [13] For a function k : (0,00) — R and y > 0, fractional integral of order yis
defined by

I"k(t) = /T(‘L’ —8)" " k(s) ds, (5)
0

1
I'(y)

with the condition that the integral converges.
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Definition 2 [13] For y > 0 the left Caputo fractional derivative of order y is defined by

1

(D7) h(z(2)) = =y f (t - )" (x) dx, (6)

where nissuchthatn —-1<y <n.

Lemma 3 [2] For u, > 0, the following relation holds: D"t = l_(r]ff—f_l;”t“’“’l, Vv >nand
Dt =0, for1=0,1,2,...,n—1.

Lemma 4 For H(t) € C(0,1), the solution of the homogeneous FDE D, H(t) = 0 is

HE) = ki + kot + kst® + - + k,t", Kk €Ri=1,2,3,...,n. (7)
Definition 5 [14] A cone P is solid in a real Banach space X if its interior is non-empty.
Definition 6 [14] Let P be a solid cone in a real Banach space X, T : P° — P° be an oper-
ator and 0 < « < 1. Then T is called 8-concave operator if T'(kut) > k*T(u) forany 0 < k < 1

and u € P°.

Lemma 7 [14] Assume that P is a normal solid cone in a real Banach space X, 0 <« <1,

and T : P° — P° is a a-concave increasing operator. Then T has only one fixed point in P°.

2 Main results
Lemma 8 For z(t) € C[0,1], the FOBVP

DPz(t) = h(t), 3<6 <4, (8)

z(0)=2"(0),  nD"z(1)=Z(0), &Z'(1)-Z'(0)=0, O<a<l, 9)

has a solution of the form

1
z(t) = / G(t,s)h(t) ds, )
0
where
in (1—3)670(71 + £ (1_3)9—3]
Ity - [6-0) 7 (1-5rB-a) TE-2)
e (153 1 -1
taa- — trgE—9)"" O<s<t<l,
G(t,s) = 201-€) T(-2) " T -
in [ (1-s)0=1 + £ (1-5)f—3 ]
l-rptyy - -9 A=) B-a) T(0-2)
t2§ (173)6—3
* 20 T2 O<t<s<l

Proof Applying the operator I* on the differential equation in (4) and using Lemma 4, we

obtain

z(t) = Igh(t) + 1+ Ot + 3t + cuf. (12)

Page 3 0of 10
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Using boundary conditions (9) for the values of ¢;, ¢3, ¢3, ca, 2(0) = 0 = 2"”(0) yield to ¢; =
0 = ¢4, and by £z"(1) - 2”(0) = 0, we have ¢3 = E Ig’zh( ). Using nD%z(1) = Z/(0), we

obtain ¢y = = [°~2h() + WIG 2n(1)]. Substltutlng the values of ¢, ¢, ¢3, ¢4, in
T(2-a)
(12), we get
_ g0 in 0-a § 0-2
z(t) = I"h(t) + pp—— F(z,la) |:I h() + —(1 “OTG —a)l h(1)
£E o
+ 12h(1). (13)
2(1-¢)

The integral form is given as

_[F=9)""h(s) ds (1=25)3h(s)ds
“0- | e s / r@-2)
tn |:/1 1 =38)"1h(s)ds
ZL_Q) 0 re-oa)
9 3h( )d ~ 1
fas s>r<3 ) / F(e 2) } - /o Gt ) s g
Lemma9 Let3 <6,y <4.Forz(t) € C[0,1], the FOBVP with p-Laplacian
D? (¢,(D2(1))) + a(t)f (2(£)) =0, 3<6,y <4,t€[0,1],
z(0) = Z(0), nD*z(t)|;-1 = Z(0), £7’1)-72"(0)=0, O<a<l,
¢p(D’2(0)) li=0 = 0 = (¢, (D"2(1))) l10» (15)
(@(D20))) " l11 = %(%(Dgz(t)))//b:o,
(6p(D"2(1)))" 110 = 0,
has a solution of the form
1 1
z(t) = / G(t,5)p, </ ’H(s,x)a(x)f(z(x)) dx> ds, (16)
0 0
where
[—(t_l’f—)yl+ oy (1 =% B3 0<x<t<l,
Hex) =1 o7 v " 17)
m(l—x)” , O<t<ux<l,

and G(t,s) is given by (11).

Applying the integral I” on the differential equation in (15) and using Lemma 9, we
obtain

$p(D2(8)) = ~I" a(t)f (2(8)) + c1 + ot + 38> + cat’. (18)



Jafari et al. Boundary Value Problems (2015) 2015:164 Page 5 of 10

The boundary conditions ¢p(D‘)z(0)) = (¢p(D92(0)))/ = (¢,(D%2(0)))” =0lead to c; = ¢, =
¢y = 0. From (18) and ¢; = ¢; = ¢4 = 0, we deduce

<¢p (Dez(t)))” - _[yfza(t)f(z(t)) + 2c3, 19)

and the boundary condition (¢,(Dz(1)))" = 1(¢p(D(’z(0)))” yield c3 = fo (1-x)3 x
a(x)f (z(x)) dx. Consequently, (18) takes the form

9 1
¢p(D’2(2)) = TG )/ (t - %) a(x)f (z(x)) dx

y-3
T o 2)/ 1 -x)"a)f (z(x)) dx
=/0 H(t,x)ax)f (2(x)) dx. (20)

The boundary value problem (15) reduces to the following problem:

1
D2(t) = ¢y (/0 H(t, x)a(x)f(z(x)) dx),

(21)
2(0)=2"(0),  nD*z(1)=y(0),  §Z'(1)-Z"(0)=0, O<a<l,
which, in view of Lemma 8, yields the required result,
1 1
z(t) = / G(t,8)p, </ ’H(s,x)a(x)f(z(x)) dx> ds. (22)
0 0

Lemma 10 Let 3 <y < 4. The Green’s function H(t,x) is a continuous function and satis-
fies

(A) H(t,x) =0, H(t,x) <H(1,x), fort,x €(0,1],

(B) H(t,x) > t"YH(L,x) for t,x € (0,1].

The continuity of H(t, x) is ensured by its definition. For (A), considering the case when
0<x <t<1,wehave

(t-x)1 2

H(t,x) = — + (1-x)r3
I'(y) I'(y-2)
(1 = 2yl 2
— - + ¢ 1-x)73
I(y) [(y-2)
y=1(1 — x)7-1 y-1
Z—t (1-x) Lt 1z
I(y) I'(y-2)
11— x)rt
>———|T -TI'(y -2)|>0. 23
> F(y)F(y—2)[ (y)-T(y-2)] (23)
Inthecase 0 < t <x <1, the H(¢,s) > 0is obvious. Now for H(t,x) < H(1,x), for t,x € (0,1],
we have
9 —(t_x)y + 215 (1 - %) B3 0<x<t<l,
57—[(11‘,96) - T(y-1) - - (24)

r(}/2(1 x)V?’ O<t<x<l.
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For x,t € (0,1], such that 0 < x < ¢t <1, from (24), we deduce

0 (- 2t "
T (e A e R
(1= )2 2t

(1-27?

Cy-1)  T(-2)
21— x)7 2 2172
z - +
L'y -1) I['(y-2)
21 - x)72
T Ty -1y -2)

1-xr?
[2T'(y -1)-T(y -2)] = 0, (25)

from (25), we have %H(t, x) > 0. In the case 0 < £ < x <1, (24) implies that the relation
%H(t, x) > 0 is obvious, which implies that (¢, x) is an increasing function w.r.t. £. Hence
Ht,x) <H®O,x).
Now for part (B), using (17) in the case 0 < x < ¢ <1, we proceed thus:
Ui L 2 -3
Htx) "t t o -®

T (-l 1 _
HOLD - =+ -

—rl-%yr-1 2 _3
M) T i)

—(1-x)r-1 1 -3
Tt ey =%

,ZV—I(lfx)V—l ty-1 -3
rp ey

—(1—x)r-1
L'(y)

—(1-x)71

_ 4y-1 I(y)
I'(y)

v

1-x)r-3

1
* 75

1 -3
+ 5 1 -x) ]

1 -3
+ 70 1-x)

=t (26)

We can also prove the result for the case of 0 < t <x <1, this completes the proof.
Assume that the following hold:

(J1) 0< fol H(1,x)a(x) dx < +00.

(J2) There exist 0 <é <1and p > 0 such that f(x) < 8L¢,(x), for 0 <x < p, where 0 < L <
(@p(@)5 [y H(L,x)alx) dx)™".

(Js) There exists b > 0, such that f(x) < M@, (x), for u > b, 0 < M < (¢p,(w277") fol H(1,x) x
a(x)dx)™.

(Ja) f(2) is non-decreasing with respect to z.

(Js) Thereexists 0 < B < 1suchthatf(Kz) > (¢,(K))’f(2),forany 0 <k <1land 0 <z < +00.

2.1 Existence and uniqueness of solutions
Theorem 11 Under the assumptions (J1) and (],), the FOBVP (4) has at least one positive

solution.

Proof Define K; = {z € C[0,1] : 0 < z(t) < p on [0,1]} a closed convex set [15]. Define an
operator T : K3 — C[0,1] by

1 1
Tz(t) = /0 G(t,5)p, </0 H(s, x)a(x)f(z(x)) dx> ds. (27)
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By Lemma 9, z(¢) is a solution of the FOBVP with p-Laplacian operator (4) if and only if
z(¢t) is a fixed point of 7. The compactness of the operator 7 can easily be shown. Now

consider
1 ~ fot(t—s)g‘1 ds tn fo s)0-*lds
/o G(t,s)ds = T ) +1_F(+w)|: ro—a
gfol(l—s)e‘?’ ds 12 fol(l—s)e_?’ ds
1-&rB-wr(@ —2)] T21-5 TrE-2)
(=91 tm [ -9
TTe+1) 1- 20)[1“(9 a+1)
. § 1-s)’ 2|°] 2 (1-9)"72))
(1-§r@-a) reE-1) 2(1-¢) I'(e-1)
o tn 1
“Te+) 1 |:F(9—oc+1)
§ 1 3 1
’ (1—s>r(3—a>r(9—1)} 20-8)TO-1)
1 n |: 1
< +
re+1) 1—% r@-a+l)
. § 1 } & 1
1-§r@-a)r@-1] 200-8)reE-1)
= w, (28)
where @ = F(Qlﬂ) + I_L [F(9—1a+1) + (175)”&(3 o T 9 5 1+ 2(1 5 9 7j- For any y € Ki, using

r'2-a)
(J») and Lemma 10, we obtain

1 1
T(Z(t)) :/0 G(t,s)¢q(/0 H(s,x)a(x)f(z(x) dx)) ds
1 1
5/0 G(t,s)d)q(/o H(l,x)a(x)Lqubp(p)dx) ds
1
< w¢q( / H(Lx)a(x)qusp(p)dx)
1
= Wy <L8/ H1,x)a(x) dx)p <p, (29)
0

which implies 7 (Kj) € Kj. By Schauder’s fixed point theorem 7 has a fixed point in Kj.
O

Theorem 12 Under the assumptions ()1), (J3) the FOBVP with p-Laplacian operator (4)
has at least one positive solution.

Proof Let b >0 as given in (J3). Define 7* = maxo<x<p f(x), then F* > f(x) for 0 <x < b.
In view of (J3), we have

1
w12q‘1¢>q(M)¢)q (/0 H1,x)a(x) dx) <1 (30)
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Choose b* > b large enough such that

1
20 (0,() + 0u005)0y [ 201210 ) < G
Define K; = {z(¢) € C[0,1] : 0 < z(t) < b*on [0,1]}, 2 = {t € [0,1] : 0 < z(¢) < b}, 2y =

{t €[0,1] : b < z(¢) < b*}. Then ©; U 2, =[0,1] and ©; N Q5 = ¢. For z € K3, (J3) implies
f(2(t)) < Me,(z(t)) < M, (b*) for t € 2, and

1 1
0< T(z(t)) = /0 G(t,5)d, (/(; H(s,x)a(x)f(z(x)) dx) ds
<we, (/ HA,x)ax)f (y(x)) dx +/ H(,x)a®)f (z(x)) dx)
S1 S2

<o, <.7:* H(L x)alx) dx + M, (b*) | H(Lx)a(x) dx)
S1 Sy

1
< W (F* +M¢p(b*))¢q(/ H(1, x)a(x) dx). (32)
0
From (31) and using the inequality (a + b)" < 2"(a” + ") for any a,b,r > 0, with (32) we
have
1
0 < Tz(t) <1277 (¢ (F*) + ¢q(M)b*)¢q< / H(,x)a(x) dx) <b*, (33)
0

thus 7(K;) € K;. Hence by Schauder’s fixed point theorem 7 has a fixed point z € Kj,
therefore, the FOBVP with p-Laplacian operator (4) has at least one positive solution
in Kj. g

Theorem 13 Assume that (J1), (J4), (J5) hold. Then the FOBVP with p-Laplacian operator

(4) has a unique positive solution.

Proof Consider the set A = {z(¢) € C[0,1] : z(¢) > 0 on [0,1]}, where A is a normal solid
cone in C[0,1] with A = {z(t) € C[0,1] : z(¢) > 0 on [0,1]}. Let 7 : A° — C[0,1] be defined
by (27), we prove that 7 is a #-concave and increasing operator. For z, z; € A® withz, >z,
the assumption (J,) implies that the operator T is an increasing operator, i.e., 7 (z1(¢)) >
T (z2(t)) on ¢t € [0,1]. With the help of f(kz) > ¢,(k*)f (z), we have

1 1
T(kz(t)) > / G(Z,5)d, (/ H(t, x)(bp(k“)a(x)f(z(x)) dx) ds
0 0
1 1
=Kk /0 G(t, )94 </0 H(t, x)a(x)f(z(x)) dx> ds
= kT (z(2)), (34)

which implies that 7 is a-concave operator and with the help of Lemma 7, the opera-
tor 7 has a unique fixed point which is the unique positive solution of the FOBVP with
p-Laplacian operator (4) in A°. d
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3 Examples
Example 1 Consider the following boundary value problem:
D*(¢,(D**2(2))) + tz(t) = 0,
/mn 1 0.5 / 1 /" "
z(0) =0 =2"(0), =D"z(t)|;=1 —Z(0) = 0, =Z'(1)-7Z"(0) =0,
2 2 (35)

$p(D**2(8))1=0 = 0 = (6, (D**2(0))) l1=0,
" ]- " "
(8p(D?2(0)) e = 5 (@(D*20)) s (8(D*72(1))) im0 = 0.
Herewehavea = =35 a=05&=y = %, a(t) = t,f(z(t)) = z(t). By simple computation,
we obtain 0 < L <1.9092, choose L = 1.5, § =1, p = 2, and then the conditions (J;) and (J,)

are satisfied. Hence, by Theorem 11, the FOBVP with p-Laplacian operator (35) has at least
one positive solution.

Example 2 For the following boundary value problem:

D**(¢,(D**2(t))) + tJ/z(t) = 0,
2(0) = 0 = 2(0), 0.1D%°2(¢)|,.1 - 2(0) = 0, 0.1z’(1) - 2/(0) = 0,

$p(D**2(1))1=0 = 0 = (6, (D**2(0))) l1=0,
(60(D*520)) s = 5 (6p(D20)) (@p(D*5200) w0 =0,

wehavea = 8=3.5,& =1 =0.1,a(t) = t, f(u(t)) = Ju(t) and by simple computation we get
M < 4.4792 and thus by choosing M = 4.00, b =1, and p = g = 2, we see that (36) satisfy
(J1) and (J3). Hence by Theorem 12, the FOBVP with p-Laplacian operator (36) has at least
one positive solution.

Example 3 The uniqueness of the solution for FOBVP with the p-Laplacian operator; we
have

D*>(¢p(D*2(1))) + t2(2) = 0,
Z(O) =0= ZW(O), %DO‘SZ(t)h:l — z/(()) =0, %Z//(l) _ Z//(O) -0,
9 (D**2(0) 0 = 0 = (6, (D**2(0))) o,

(‘bp(Dg'sz(t)))//h:l = %(%(Dg'sz(t)))//’ (%» (Ds'sz(t)))“h:o =0.

We apply Theorem 13.In (37), wehave 6 =y =35, =0.5,§ =y = %, a(t) =t,f(z(t)) = z(t)
it is clear that (37) satisfies conditions (J1), (J4). Also considering 8 = %, (Js) is satisfied.
Thus by Theorem 13, the fractional differential equation (37) has a unique solution.
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