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1 Introduction

Fractional order differential equations are generalization of integer order differ-
ential equations to non-integer order ones. Due to the nonlocality of fractional
order derivatives, the generalization has a wide range of interesting applica-
tions in science and engineering. For example, many physical phenomena with
long time memory behavior in diffusive interaction, electrochemistry, polymer
rheology can be described successfully by fractional order mathematical mod-
els [1,18,26,27,31,36,41]. Thus fractional differential equations are regarded
as an excellent tool for modeling various complex processes in natural sciences
and engineering such as bioprocess [15,37] and viscoelasticity [11,22,25,40,42].

In this paper, we focus on the iterative scheme and error estimation of posi-
tive solutions for the following p-Laplacian fractional order differential equation
subject to Riemann-Stieltjes integral boundary condition

— D’ (10, (=De*2)) (1) = F(t, 2(£), D= (1)), ¢ € (0,1),
D,%2(0) = Dy 2(0) = Dy72(0) = 0, (L1)

Dy2(1) = 0, gnzu):/o D, 2(5)dA(s),

where D%, Dy?, Dy are the Riemann-Liouville fractional derivatives of order
a,B,ywith0<vy<1<a<2<8<3, a—vy>1, fol D" 2(s)dA(s) denotes
a Riemann-Stieltjes integral, A is a function of bounded variation. The p-
Laplacian operator is defined as ¢, (s) = |s[P=?s, p > 2, and obviously, ¢,(s)
is invertible and its inverse operator is ¢,(s), where ¢ = p%l is the conjugate
index of p.

In recent years, many nonlinear functional analysis methods have been de-
veloped to solve local or nonlocal nonlinear boundary value problems of differ-
ential equations, such as the iterative methods [2,8,10,12,17,19, 20,23, 24, 28,
29,30, 32, 34, 38], upper and lower solution methods [17,22,23],the variational
method [7,8,9,13,33] and the fixed point theorems [4,5,6,14,24,35,39]. These
tools and methods not only serve for various applied mathematics problems but
also are used to solve many practical problems from physics and engineering.
In [16], Webb and Zima established the existence of multiple positive solutions
for the nonlocal boundary value problem

() + Kz = f(t,2(t), 0<t<l,

1 1.2
2(0) = 0, z(1):/0 +(s)dA(s), (12)

where dA can be a signed measure. By means of the monotone iterative tech-
nique, Mao et. al [10] considered the uniqueness of the positive solution for the
nonlocal problem (1.2) under the following growth condition:

(Hy) f(t, 2) is nondecreasing in z, and there exists a constant 0 < b < 1
such that, for any (¢,z) € (0,1) x [0, +00) and r € (0,1),

flt,rz) > rbf(t,z). (1.3)
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In [21], a more general condition is used to obtain a necessary and sufficient con-

dition of positive solutions for a nonlinear singular differential system, namely
(H3) f(t,z) is nondecreasing in z; for any r € (0, 1), there exists n(r) =

m(r~" — 1) such that, for all (¢,2) € (0,1) X [0,40), 0 <m <1,0< K <1,

ft,rz) > r(l + n(r))f(t, z). (1.4)

The aim of this paper is to find weaker conditions than (H;) and (Hs),
and then to establish the uniqueness of the positive solution for the general
p-Laplacian fractional order differential equation (1.1). The iterative scheme
converging to the unique solution will also be constructed. Based on the conver-
gence sequence, estimates on the error and the convergence rate of approximate
solution are also obtained.

2 Preliminaries and lemmas

Before we give a detailed description of some preliminaries and lemmas, we
first introduce a weaker condition than (H;) and (Hs), which is to be used in
the rest of the paper.

(A) f:((0,1)x[0,+00) x [0, 400) — [0, +00)) is continuous and nondecreasing
in the second and the third variables; and for any (¢, z,y) € (0,1) x [0, +00) X
[0, 4+00) and r € (0,1), there exists a function o : [0, 1] — [0, +00) with o(r) > r
for r € (0,1) such that

[t rz,ry) = o(r)f(t,2,y). (2.1)

(
Remark 1. Obviously, the assumption (A) includes assumptions (H;) and (Hz)
as special cases, that is, the condition (2.1) is weaker than the conditions (1.3)
and (1.4).

Remark 2.1f (A) holds, then for any ¢ > 1 and (t,z,y) € (0,1) x [0, +00) X
[0, +00), inequality (2.1) is equivalent to

1
o(e™1)

f(t ez, cy) < [t x,y). (2.2)

Proof. In fact, for any ¢ > 1 and (¢,z,y) € (0,1) x [0,+00) x [0,400), it
follows from (2.1) that

ftoa,y) = f(t,c tew, e ey) > a(c ) f (L ex, ey),
i.e, inequality (2.2) holds. O

Remark 3. The function f includes a large number of nonlinear functions and
particularly covers the standard type of sublinear functions

n

Fta,y) = 3 lai®)a® + bi(t)y™],

i=1

where 0 < o, 3; < 1 and a;,b; € C((0,1),[0,+00)), i =1,2,...,n.

Math. Model. Anal., 23(4):611-626, 2018.
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Now we give some basic notations and concepts on the sense of Riemann-
Liouville fractional derivatives [11].

The Riemann-Liouville fractional integral of order a@ > 0 of a function
x : (0,+00) — R is given by

1 ! a—1
M/o (t—8)* x(s)ds

provided that the right-hand side is pointwise defined on (0, 400).
The Riemann-Liouville fractional derivative of order v > 0 of a continuous
function x : (0,400) — R is given by

Dealt) = s (jt)(n) / (1= sy a(s)ds,

where n = [a] + 1, [@] denotes the integer part of the number «, provided that
the right-hand side is pointwise defined on (0, +00).

In order to simplify the p-Laplacian fractional order differential equation
(1.1) to a more convenient form, for z € C[0, 1], we make a change of variable
by z(t) = I7z(t). Since 1 < a < 2, 1 < a — < 2, according to the definition
of the Riemann-Liouville calculus, one has

I%x(t) =

D i —— I i — I i —— I (t) = Dy Va(t
t Z() di2 () A2 () A2 I()* t I(),
d3 d3 43 .
a+1 3—a—1 3—a—171vy —_ 3—a—1+v
Dy Ha(t) = S5l a(l) = o0  a(t) = o ()
= DO (t), Dyz(t) = DV (t) = a(t). (2.3)

Consequently, it follows from (2.3) that the p-Laplacian fractional order differ-
ential equation (1.1) reduces to the following equivalent boundary value prob-

lem
=D oy (=DM (t)) = f(t, (), x(t)),
D x(0) = Dta"y“x(O) =D;* x(1) =0,

1
z(0) =0, (1) :/0 x(s)dA(s).

Thus in order to establish the existence and uniqueness of positive solutions
for the equation (1.1), we only need to focus on the equivalent problem (2.4)
of the equation (1.1). To do this, we define

(2.4)

[t(1—s)]°71, 0<t<s<l,

1

Gﬁ(t,S)F(B){ b1 — )P — (- )P D<s<i<l, (2.5)

then we have the following lemma:

Lemma 1. (see [22]). Given g € L*(0,1), the following fractional boundary
value problem

(2.6)

{ — D a(t) = g(t), 0<t<1,
z(0) = z(1) =0,
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has a unique solution

1
o) = [ Gaslts)g(s)is.

0
On the other hand, it is easy to know that the fractional differential equation
2.7
#(0) = 0.2(1) = 1. 27

has a unique solution z(t) = t*~7~1. Thus according to the strategy of [16],
by denoting

{ — D T2(t) =0, 0<t<1,

— ! a—y—1 3) = ! s
A= [eaaw, Ga) = [ Gas(ts)aa).

we can obtain the Green function

(t,5) = P G 1) (2.8)

of the following fractional differential equation subject to the Riemann-Stieltjes
integral boundary condition

=D a(t) = g(1),
1 (2.9)

With the help of (2.5)—(2.9), we have the following lemmas which have
already been proven in [26].

Lemma 2. Given g € L'[0,1],0<y<1<a<2<B<3anda—~v>1, the
fractional order p-Laplacian differential equation

— Do, (=D T2(t)) = g(1),
D x(0) = D> T z(0) = D 2(1) = 0,

z(0) =0, z(1) :/0 x(s)dA(s)

has a unique solution

1 1
x(t) :/ H(t, s)¢q (/ Gﬁ(S,T)g(T)dT) ds.
0 0
Lemma 3. Assume 0 < A< 1 and Ga(s) > 0 for s € [0,1], then the function
Gg(t,s) and H(t,s) enjoy the following properties:
(1) Gg(t,s) >0,H(t,s) >0, fort,se(0,1).
(2)

tA=1(1 — t)s(1 — )81
T(5) < Goll:9) < )

(8) There exist two positive constants d,e such that

dt* 7 GA(s) < H(t,s) < et® 771 5 €[0,1].

6—1

P11 —t), fort,se0,1].

Math. Model. Anal., 23(4):611-626, 2018.
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3 Main results
To ensure the validity of Lemma 3, we need the following assumptions.

(B) A is a function of bounded variation satisfying G4(s) > 0 for s € [0, 1] and

1
0< / t* YL dA(®L) < 1.
0

Now we carry out our work in the space F = C[0,1], which is a Banach
space endowed with the form ||z|| = max;c[o 1) |z(t)| for any = € E. Define

P={zeC[0,1]: z(t) >0,t € [0,1]}.

Then P is a normal cone with normality constant 1 in the Banach space FE.
Next define a sub-set of P by

D = {z(t) € P : there exist two numbers K, > 1 > k, > 0 such that
kot 77t < a(t) < K to7 771 e [0,1]}.

Theorem 1. Suppose the conditions (A)—(B) hold. If
1
0< / f (o o7 hdr < oo, (3.1)
0

then the p-Laplacian fractional order differential equation (1.1) has a unique
positive solution z*(t). Let y*(t) = D¢¥2*(t), then y* € D. Moreover for any
initial value yg € D, the sequence of functions defined by

Yn = /OIH(tvs)SDq (/01 Gp(s,7)f (7, I”yn1(T),yn1(T))dT> ds, n>1

converges uniformly to y*(t) = Dy72*(t) on [0,1] as n — +oo. Furthermore
there exists an error estimation

|20 — 2*]] < (1 — 7D |yol],

2
Iy +1)Ve

which has the rate of convergence
lzn = 271 = o(1 - 1=,

where 0 < € < 1 is a positive constant which is determined by the initial value
Yo-

Proof. Tt follows from Lemma 2 that we can define a nonlinear operator T :
D — FE by

(T2)(t) = /0 CH (), ( /0 (s m) f(T,m(T),x(T))dT) ds  (3.2)
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and a fixed point x of the operator T is a solution of the fractional order integro-
differential equation (2.4). Thus z(t) = I7x(t) is a solution of the p-Laplacian
fractional order differential equation (1.1).

In what follows, we prove that T is well defined and T': D — D. In fact,
according to the definition of D, for any x € D, there are two numbers K, >
1 > k; > 0 such that

ko to 77 < a(t) < Kt 771t €0,1]. (3.3)
Consequently, one has

I'o— K, [ 1
Mta—l — i / (t — S)’Y—lsoé—'y—lds < IPY.’L‘( )
0 r
r

I'(a) I'(y) (7)

X t — ) 1p(s)ds K, K g lge—r—lge — M a—1
[ = tatoas < 75 [ s = Hell0 ),
(3.4)

Thus applying Lemma 3, (3.1) and (3.2)—(3.4), we have

/01 Hi(t, s)pq (/01 Gg(s,7)f (1, 1x(1), 2(7)) dT) ds
_1\? 1 1 a— q—1
i) )
/ N, o e hdre L < oo (3.5)

On the other hand, we also have

/o1 H{t. s)eq (/01 Gp(s,7)f (1, 17(7), (7)) d7> ds

d /1 v - ro o
> = Ga(s)sP~Hl 1)1—8‘11ds/ 79-1(1 — AB=1(g-1)
@ Jy (A=9)Tds J 7701 = 1)

_ k. L(a—7) o o o
qg—1 et A\ T _a—1 a—y—1 a—y—1
Xf (T, ( ) T ,kwT )th

1
" / F41(1 = )=V pa=1(p pa—l pa=y=lygrpa—y—1 (3.6)
0

(3.5)—(3.6) yield that T is well defined and T(D) C D.
Now given 5o € D, there exist four positive constants ky,, Ky, k:yo , Kyo such
that

kgt <o < Kyt Kyt < Typ < Kyt

Math. Model. Anal., 23(4):611-626, 2018.



618 J. Wu., X. Zhang, L. Liu, Y. Wu and Y. Cui
which implies that
Yo

K
—Lyy < Typ < 7. Yo
Yo Yo

Choose a constant ty such that

1

0 < top < min { (Fk:vyo/Kyo)ﬂ ,

().

and then we have ¢y € (0,1) and

1\>7¢
to Tyo < Tyo < (to) Yo- (3.7)

Take up = toyo, vo = yo/to, to € (0,1). Clearly up < vg. Now we define the
iterative sequence as follows

Up = Tup_1,0, = Tvp_1, (n=1,2,...).

By (A), we know that 7" is an increasing operator in « and
1 1
T(rz) = / H(t, s)pq (/ Ga(s,7)f (r,rI"x(7), r2(T)) dT) ds

zaq_l(r)/Hts (/GgST (r, I"x(7), ())dT)ds
=% (r )Tm 0<r<l, (3.8)

( )/H (t,5)¢pq (Ang(S,T)f(7'7[73;(7—)7x(7.))d7_ ds

It follows from (3.7)—(3.9) that

_ 1
up = Tug > 07 H(to)Tyo > t&™ Tyo > toyo = uo,

1\ 1\ 1 (3.10)
vy =Tvg < | —F— Tyo < | — Tyo < —¥yo = vo-
U(to) to to

Thus from induction, (3.10) and ug < vg, one has
’LL()SUl§~~~<un§'~~<vn§~”<’01§1}0. (311)
Since ug = t2vg, we get

uy = T’LLO = T(to’l)()) > o?” l(tO)TUO (tO) V1.
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Thus by induction, we have u, > (t2)@@ V" v,, (n = 0,1,2,...). Since P is a
normal cone with normality constant 1, and ;4 — U, < v, — u,, for any
m € N, we have

tnsm — Unl|] < || — un|] < (1 - (t%)(q—l)") [[vol| = 0, as n — +o0, (3.12)

which implies that {u,} is a Cauchy sequence, and w,, converges to some y* €
D. By (3.12) and
lon = y* || < lJon = unl| + [lun =y,

we also obtain v, — y*. It follows from (3.11) that y* € D is a fixed point of
T, and y* € [ug, vo)-

Thus for any initial value yg € D, it follows from ug < yo < wvg that
Up < Yp < vp, (n=1,2,...). So we have

1 = 3711 < 1y = wnll + = 57| < 2l[on = ]
<2 (1= (@) @") [fool;

which implies that the sequence of functions defined by

Yn = /OlH(t,s)wq (/Ong(S,T)f (T, Y1 (7)), Yn—1(7)) dT) ds, n=1,2,...

converges uniformly to the positive solution y*(¢) of equation (2.4) on [0, 1] as
n — +o00. Furthermore we have the error estimation

N 2 1y
llyn — ™I < ﬁ(l — ™M) [yol,
which has the rate of convergence

lyn — y*|| = o(1 — 771"),

where 0 < € =3 < 1 is a constant which is determined by yq.

Next we prove that the positive solution of the problem (2.4) is unique.
Actually, suppose 7 € D is any fixed point of T', then we have Ty = y. From
7,y* € D and the definition of D, let t; = sup{t > 0 : g5 > ty*}, then we have
0 < t; < +o00. We assert that t; > 1. If not, we have 0 < t; < 1, thus

y=Ty2T(hy") 20" )Ty =0 L)y 2 1]y,

since 1 < ¢ < 2 and we have tY~" > t;, a contradiction. Thus we obtain that
t1 > 1 and y > y*. In the same way, we also have y < y*, that is y = y*, and
then y* is a unique fixed point of T'in D. Of course, it is also a unique positive
solution of the fractional order p-Laplacian differential equation (2.4).

In the end, let 2*(t) = I7y*(¢), then z* is unique positive solution of the
p-Laplacian fractional order differential equation (1.1). Moreover for any initial
value yg € D, the sequence of functions defined by

1 1
%:/H@ﬂ%(/@Mﬁﬁ@p%AWWWWWW»hn=L%~
0 0

Math. Model. Anal., 23(4):611-626, 2018.
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converges uniformly to y*(¢t) = Dy72*(t) on [0, 1] as n — +o0. Furthermore
there exists an error estimation

_ 2z
I(y+1)ye

which has the rate of convergence ||z, — z*|| = o(1 — €@1"), where 0 < e < 1
is a positive constant which is determined by the initial value yo. 0O

lzn — 2| < (1 — 7D lyoll,

Remark 4. In Theorem 1, we derive a new result on the sufficient condition
for the existence and uniqueness of a positive solution for a fractional order p-
Laplacian differential equation with nonlocal boundary value condition. More
important, we construct an iterative sequence for the solution and give estima-
tion of the error and the rate of convergence. In particular, the initial value
of the iterative sequence can be chosen arbitrarily in D, thus we can choose
some simple initial value such 0 or t*~7~! which is very beneficial to our
computation.

Remark 5. Theorem 1 is still valid if (A) is replaced by one of the following
assumptions:

(H7) f:((0,1) x [0,+00) x [0,4+00) — [0,+00)) is continuous and non-
decreasing in the second and the third variables; and there exists a constant
0 < b < 1 such that, for any (¢,z,y) € (0,1) x [0, +00) x [0, +00) and r € (0,1),

f(t,rx,ry) > rPf(t, x,y).

(H3) f: ((0,1) x [0,400) x [0,4+00) — [0,+00)) is continuous and nonde-
creasing in the second and the third variables; and for any r € (0,1), there
exists n(r) = m(r~" — 1) such that, for all (¢,2,y) € (0,1) x [0, +00) X [0, +00),
0<m<1,0<k<1,

flt,rz,ry) > r[1+n(r)] f(t z,y).

Remark 6. The short memory behaviors often happen in various biomedicine
processes [3] and porous medium flow with short wave characters [1], here we
also comment the p-Laplacian fractional order differential equation (1.1) has
unique positive solution with similar iterative properties and estimation of error
as Theorem 1 when ¢ is in a short memory measure such as ¢t € (1 — ¢, 1) with
lim._,; € = 1 since the Green function possesses the same characters.

4 Numerical results

Ezample 1. Consider the existence of positive solutions for the nonlinear frac-
tional differential equation

— Dt (s (-Det2) ) (1) = v L te(0,1),
D, 2(0) = Dy 3 2(0) = Dy 2(0) = 0,

Dyiz(1) =0, Dyiz(1) /CDt4z )dA(s),
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where A is a function of bounded variation
0, tel0,1/2),
A(t) = 3/2, te€[l/2,3/4),
1, te[3/4,1].

Then by simple computation, the equation (4.1) is equivalent to a 4-point
boundary value problem with coefficients of both signs

. , 22 (t) + (Diz(t)
— D2 <<P3 (—Qﬁz)) (t) S/E )
Dy 22(0) = Dy 22(0) = Dy 2(0) = 0,Dy72(1) = 0,
D;i2(1) = 1.5D; 72 (0.5) — 0.5Dy 5 2 (0.75) .

, 1€ (0,1),

Thus we only need to study the 4-point boundary value problem (4.2).

Let f(t,a,y) = (x% +y3)/t, then f € C((0,1) x [0, +00) x [0, 00), [0, +00)),
and for any fixed t € (0,1), f(¢,z,y) is nondecreasing in z and y. Now take
o(r) =ri,r € [0,1], then we have o(r) > r for r € (0,1), and for any r € (0,1)
and (0,1) x [0, +00) % [0,00), we have

ol
w\»-A

1
rsy

Nl=

1
fltyra,ry) = 2 > il

+
Vi
Thus the condition (A) is satisfied.

Next we verify the condition (B). Let o« = 3,8 = 5,4 = ,p = 3, then
0<y<l<a<2<pf<3 a—vy>1and

1 [t(1—s)]5—(t—s)% =: Gy(t,s), 0< s <t <1,
Ga—~(t,s) = T(5/d i (4.2)
(B/4) | [t(1 = 8)]F =: Ga(t, 5), 0<t<s<l
Thus, we have
/ Gars (t,)dA()
. 1.5G1 (0.5,5) — 0.5G; (0.75,5), 0<s5<0.5,
=75 1.5G5 (0.5,5) — 0.5G1 (0.75,5), 0.5 <s < 0.75,
4 1.5G5 (0.5,5) — 0.5G5 (0.75,s), 0.75 <s <1,
3-V3 . 1.3 3,1 : 1
— " 7(1—g4)2 (= 1 —(Z —¢)7 < Z
25 (]' 8)4 +2(4 )4 2(2 8)47 0 S< 27
1 3-V3 1.3 1 1 3
=5 ———(1—8)1+=(= i —<s<
i) T U hag o9 5=
3-3 1 3
25 (1—5)47 igsgla

which implies that G4(s) > 0 for s € [0, 1].

Math. Model. Anal., 23(4):611-626, 2018.
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On the other hand, we have
1 . 1t X
Az/ t* T dA(L) :/ t1dA(t) =1 — Z/ At~ 1dt = 0.7961 < 1.
0 0 0

Therefore, the condition (B) is also satisfied.
Now we check the condition (3.1). In fact,

1 1 1 2
T4+ T1
O</ qul(r,ro‘fl,Ta*'Y*l)dT:/ — | dr
0 0 VT

1
3 5
<2§/ T dr < +o00.
0

o
)

Then the p-Laplacian fractional order differential equation (1.1) has a unique
positive solution z*(t) = Iiy*(t), y* € D. Moreover for any initial value
Yo € D, the sequence of functions defined by

1
_ Ga(s) 1
yn—/o (02039t +Gi(t,8)>

X (/1G2 (s,7) (I}lynl(T))\;—i_ W1 (T))” dT) : ds, n=1,2,... (4.3)
0 T

converges uniformly to y*(¢) on [0, 1] as n — +o0. Furthermore there exists an
error estimation

(M)

1 4 1\n
zn—2"||= max |1 (y,(t)—y*(1))] < Yn—1y*]|< 11— |yoll,
| | te[wl (yn (£)=y™ (1))l F(%)II | F(i)\ﬁ( )Mol
which has the rate of convergence
|20 = 27| = o(1 = 2)"),

where 0 < € < 1 is a positive constant which is determined by the initial value
. . 1 .
yo- In particular, if yg = t7, then by computation, we have

0.2513t1 < Tyo < 5.6577t1.
Take

1
5.6577

then we have the error estimation

l|2n — 2*|| < 70.4846 (1 - 0.00097969(%)") ,

2
to = min {(0.2513)2, ( ) } — min {0.0632,0.0313} = 0.0313,

and the estimate of convergence rate by
l|2n — 2*|| = o (1 - 0.00097969(%)") .

Table 1 shows the maximum errors of the iterative scheme compared to the
exact solution. The numerical results confirm that the scheme (4.3) has the
global convergence rate o(1 — 0.00097969(2)").
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Table 1. Numerical results of maximum errors while n increases.

n  Maximum errors fora:%,ﬁzg,’y:%,p:3

15 0.0149

20 4.6571e-004
25 1.4554e-005
30 4.5480e-007

5 Conclusions

By introducing a more general growth condition, a new result on the uniqueness
of positive solutions for the general p-Laplacian fractional order differential
equation is established. Through a detailed theoretical analysis, we construct
an iterative converging scheme and also obtain maximum error estimates and
the convergence rate. The developed algorithms, theoretical and numerical
results can also be extended to the problems discussed in [10, 19, 21].
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