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Abstract

This paper is concerned with the existence of solutions to a discrete fractional
boundary value problem with a p-Laplacian operator. Under certain nonlinear growth
conditions of the nonlinearity, the existence result is established by using Schaefer’s
fixed point theorem. Additionally, a representative example is presented to illustrate
the effectiveness of the main result.
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1 Introduction

For any number a € R and each interval I of R, we denote N, = {a,a + 1,a + 2,...} and

In, =INN, throughout this paper. It is also worth noting that, in what follows, we appeal

to the convention that Zf:,i u(s) = 0 for any k € N, where u is a function defined on N,,.
In this paper, we will consider the following discrete fractional boundary value problem

with a p-Laplacian operator:

Alé[qbp(A‘éu)](t) =ft+a+B-Lut+a+p-1), tel0,bln,
AEu(t) =g + AGu(t)|i=p+» = 0, (L1)
ulo+p-2)+ul@+pB+b)=0,

where 0 <o, B <1,1<a+pB<2,beN;j, A‘é and A¢ denote the Caputo fractional dif-
ferences of order « and B respectively, f: [ + B -1 b+ + B —1]Nn,,,, X R—>Risa
continuous function and ¢, is the p-Laplacian operator, that is, ¢, (1) = |ulP~2u, p > 1. Ob-
viously, ¢, is invertible and its inverse operator is ¢, where g > 1 is a constant such that
1/p+1/g=1.

The continuous fractional calculus has received increasing attention within the last ten
years or so, and the theory of fractional differential equations has been a new important
mathematical branch due to its extensive applications in various fields of science, such
as physics, mechanics, chemistry, engineering, etc. For more details, see [1-14] and refer-
ences therein. Although the discrete fractional calculus has seen slower progress, within
the recent several years, a lot of papers have appeared; see [15-35]. For example, a recent
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paper by Atici and Eloe [19] explores a discrete fractional conjugate boundary value prob-
lem with the Riemann-Liouville fractional difference. To the best of our knowledge, this is
a pioneering work on discussing boundary value problems in discrete fractional calculus.
After that, Goodrich studied discrete fractional boundary value problems involving the
Riemann-Liouville fractional difference intensively and obtained a series of excellent re-
sults; see [20-25]. Particularly note that Abdeljawad introduced the conception of Caputo
fractional difference and presented some useful properties of it in [28].

p-Laplacian boundary value problems for ordinary differential equations, finite differ-
ence equations and dynamic equations have been studied extensively, but there are few
papers dealing with the fractional p-Laplacian boundary value problems, besides [36-38],
especially for discrete fractional p-Laplacian boundary value problems involving Caputo
fractional differences.

Motivated by the aforementioned works, we will consider the existence of solutions to
the discrete fractional boundary value problem (1.1) and establish the sufficient conditions
for the existence of at least one solution to it by using Schaefer’s fixed point theorem.

The remainder of this paper is organized as follows. Section 2 preliminarily provides
some necessary background material for the theory of discrete fractional calculus. In Sec-
tion 3, the main existence result for problem (1.1) is established with the help of Schaefer’s
fixed point theorem. Finally, in Section 4, a concrete example is provided to illustrate the

possible application of the established analytical result.

2 Preliminaries
For convenience, we first present here some necessary basic definitions on discrete frac-
tional calculus.

Definition 2.1 [15] For any ¢ and v, the falling factorial function is defined as

C(+1)
CiE+1-v)

v

provided that the right-hand side is well defined. We appeal to the convention that if ¢ +

1-v is a pole of the Gamma function and ¢ + 1 is not a pole, then £ = 0.

Definition 2.2 [17] For any ¢ and v, the rising factorial function is defined as

5 T(E+v)
T @

provided that the right-hand side is well defined. We employ the convention that if £ is a
pole of the Gamma function and ¢ + v is not a pole, then £” = 0.

Definition 2.3 [39] The v-th fractional sum of a function f : N, — R, for v > 0, is defined
by

ATf(t) = 1 i(t—s—l)ﬂf(s), Vi€ Ny

T 4
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Definition 2.4 [28] The v-order Caputo fractional difference of a function f : N, — R,
for v >0, v ¢ N, is defined by

t—n+v

l"(n Z(t—s—

ALF(E) = ATIATE() A"f(s), Yt € Ngunov,

where 7 is the smallest integer greater than or equal to v and A” is the xn-th order forward
difference operator. If v =n € N, then A/ f(£) = A"f(¢).

Next, we present here several lemmas which will be important in the sequel.

Lemma 2.1 [28] Assume that v > 0 and f is defined on N,,. Then

(e “) A (@),

ATALF@®) =f(0) - Z

k=0
where n is the smallest integer greater than or equal to v.

Lemma 2.2 Let n be a positive integer. Then

(t-a) =) (Z) (-DfaF ek, teN,. (21)

k=0

Proof The proof is by induction. For n =1, (2.1) is the same as
(t—-a)l=t-a.

Assume that (2.1) is true for # = m, that is

t-am=3Y" (T)(-l)kaﬂm-k, teN,
k=0
holds. So, for n =m + 1,
(t-a)™

=(t-a)%(t-—a-m)

= Z (r;:) (~DraF =kt — a — m),

-y (’Z) (D ke —m k) - (’:) (-Dfake=E(a + k)
k=0 k=0
- m k gm+1— - m k+1 m—
=3 <k>(—1)kakt—1" -3 (k)(—l)kak Lym=k
k=0 k=0
_mm_kﬁw mm_k+lmL—k
_g(k)( Dra*e +k20:(k>( 1)kl gkely
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m+l Z (’Z) (_l)ka?tmﬂ—k + Z <k}il 1> (_1)kaztm+1—k + (_1)m+1am

k=1 k=1
L (m+1 T
- Z ( . )(-1)"a’<tL1’<, Vt e N,.
k=0

Therefore, (2.1) also holds for #n = m + 1, which implies that (2.1) holds for any positive
integer. g

In view of Lemma 2.1 and Lemma 2.2, the following fact is obvious.
Lemma 2.3 Assume that v > 0 and f is defined on N,. Then
ATALf) =f@) +co+at+---+ Cpqt®L,
wherec; €R,i=1,2,...,n—1, and n is the smallest integer greater than or equal to v.

Finally, we need the following additional lemma that will be used in Section 3 of this
paper.
Lemma 2.4 [21] Letv € R and t,s € R such that (t — s)* is well defined. Then

Ayt —5) = —v(t —s—1)2=L

3 Existence result

In this section, we will establish the existence of at least one solution for problem (1.1).
To accomplish this, we first state and prove the following result which is of particular
importance in what follows.

Lemma3.d Leth:[a+pf -1 a+B—1+Dbl\,,,, = R be given. The unique solution of

ALlp,(ALu)](t) = Wt +a + B—1), te[0,b]n,,
AEu(t)|s=p1 + AZu(t)|=p+b = 0, (3.1)
ulo+B-2)+u(e+B+b)=0,

u(t)=%)2(t s—1)%= ( Z(s—r—l)ﬁ it +a+p-1)
s=f-1
2F(ﬁ Z(,B+b—r—1)ﬁ e +a+p- 1))

1 B+b - 1 s—p .
T2l (e) Sg_:l("‘ tB+b-s- 1)¢q<W3) TX:(;(S_ Tt +a+ f-1)

b
—2%(&;(,8+b—r—l)ﬂh(r+a+ﬁ—l)),

te [Ol+,3—2,05+,3+b]Na+ﬁ72'
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Proof Suppose that u(¢) satisfies the equation of problem (3.1), then Lemma 2.3 implies
that

t-p
%(A‘éu(t)) = %ﬁ) Z(t —s—-D s +a+B-1)+co,
s=0

forsomecyp eR,te[f-1,8+ b]Nﬁ,y
From the boundary condition A%u(t)|,—p_1 + ALu(t)|s=p+s» = 0, one has

Cop=—

ZF(ﬂ) Z(ﬁ+b-s-1)ﬂ h(s+a+B-1).

Therefore, we have

t— =P

b
1
— Y B+b-1-1Dfh(r+a+B-1) ] +a, (3.2)
) ZO '
wherec; e R, tea+B-2,0+ B+ b]NM/H.
On the other hand, by condition u(x + 8 — 2) + u(« + B + b) = 0, we get

B+b

1 S
= —— b-s-1)y — 7 —1)Ly( 1
a ZF(O‘)S§1(“+IB+ s ( ﬁ;s T-1) (t+a+pB-1)
ZF(ﬂ)Z(ﬂ+b—t—1)’3 Pt +a+ B — 1))

Now, substitution of ¢; into (3.2) gives

t—

Q

s—p
21‘1(/3 Z(ﬂw—r—l)ﬂ th(t + o+ - 1))

B+b s—pB
1
"M@ Za+ﬁ+b—s— "‘lqbq( ZS—'C— Dt +a+B-1)
o)
s=p-1 =0

2F(,3 Z(,B+b—r—l)‘3 Ut +a+ B - 1))
tela+B-2,a+pB+blN, 4,

The proof is complete. d

To prove the main result, we need Schaefer’s fixed point theorem.
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Lemma 3.2 [40] Let E be a normed linear space (possibly incomplete) and ® : E — E be a

compact operator. Suppose that the set
S= {x € E|lx = L ®x, for some A € (0,1)}
is bounded. Then ® has a fixed point in E.

In order to use Schaefer’s fixed point theorem to solve the problem (1.1), we first define
the following operator:

F:Cla+B-2,a+p+bln,,,,— Cla+p-2,a+p+bl

a+f-2 a+f-2

1 t-a o 1 s—pB )
Fu(t) = msg;l(t—s— l)lqbq(TIB) rXzo:(s— T-1DENu(t +a+ g -1)

b
—%(mZ(,B+b—r—1)ENu(r+a+,B—l))

=0
1 B+b
- (@+B+b-—s—-1)2L
2 () B

s—B
xqbq(%ﬂ);(s—r—l)ﬂ/\/u(r +a+p-1)

L&
-— (/3+b—t—1)ﬂ‘1./\/u(r+a+/3—1)),
2F(ﬁ);

where Cla + 8 —2,a + 8 + b]NM#2 denotes the Banach space of all functions u: [o + 8 —
2,0+ B+ b]NuﬂH
and the operator

— R with the norm ||u|| = max{|u(¢)| : t € [0 + B — 2,0 + B + D]N,, 5, }

N:Cla+B-2,a+p +bINy g = Cla+ B=2,a + B +bln,.4
is defined by
Nu(t) =f(t, u(t)), Viela+B-2,a+ 8+ b]Na[+f}72‘

It is easy to verify that the operator F is well defined, and the fixed points of the operator
F are solutions of problem (1.1).

Now, the main result is stated as follows.

Theorem 3.1 Assume that there exist nonnegative functions a,g € Cla + B — 2,00 + B +
bln,, o2 such that

Lf(t,u)‘fa(t)+g(t)|u|p’l, Viela+B-2,0+B+bln,. 4, 4R (3.3)

a+f
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Then the problem (1.1) has at least one solution, provided that

b

B q-1 b+l o
(3/2)7gll*™ (H(l + i) ) (H(l + l)) <1 (3.4)
i=1 i=1

Proof The proof will be divided into the following two steps.

Stepl: F:Cla + -2, + B + b]NuﬂH —>Cla+B-2,a+p+ 17]N,Hﬂ72 is completely
continuous.

At first, in view of the continuity of f, it is easy to verify that F is continuous. Fur-
thermore, it is not difficult to verify that 7 maps bounded sets into bounded sets and
equi-continuous sets. Therefore, in the light of the well-known Arzeld-Ascoli theorem,
we know that F is a compact operator.

Step 2: F a priori bounds.

Set

S= {u eCla+B-2,a+B+ b]Na+ﬁ72|u =AFu,\ € (0,1)}.
Now, it remains to show that the set S is bounded.
For any u € S, there exists a A € (0,1) such that u(f) = AFu(t). So, by (3.3), Lemma 2.4

and the monotonicity of s, ¢ € (0,1], we can obtain that

’u(t)| = A|.7-"u(t)‘

FL ;(t_s_l)a_l%(nﬁ) > == Nulr +a+ 1)

b
+2F;(m§(ﬁ+b—t—l)ﬁ_lyj\/'u(r +a+ﬁ—1)’>

B+b
(@+p+b-s-1)22

1 &
X q)q(m ;(S—I—I)E|Nu(r+a+ﬂ—1)‘

Z(ﬁ+b 7 -1)1L

2r(

)

= o, (Nall + g™ 5 p1
G, ¢q< e 0T

—

_ b
+%Z(ﬂ+b_r_nﬂ>

=0
B+b 1 5B
- llall + I ||||M||" _
a)Za+,8+b —lcpq( g Z( r 1)t
s=p-1

lall + gl & _1)
" ) (B+b-T-1)F1
20 (B) ZO
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L NN, e
= T s:;l(t s—1)
< <(||a|| + llglllulP1)sE , Ulall + el lllP~1)(B + b)ﬁ)
1 rB+1) 2I'(B +1)
1 & w1 {Uall+ NP1t
+2F(a)5%_:1(a+,3+b—s—l)¢q( T+ 1)
, Ul + gl ") (B + b)ﬁ)
2 (B +1)
38+ b)E(lall + lIghlulP )\ ] 1 vl
: ¢"( M 1) ){ r@ S;(H_”

1 B+b
a-1
+ 2F(0‘)S§1(a+'3+b_s_l) }

_3THB+ b)E) (llall + lglllwlP™)7™ 3(a + b + 1)«

= 20 1(T'(B + 1)1 2l (o +1)
3\ / (B+b)E\T (a+B+1)2 gl
5(5) (F(ﬂ”)) s el + )
3\ TB+b+1) 7 T(e+b+2) gl
- (E) (r(,3+1)r(b+1)) r(a+1)r(b+2)("””+"g””“”p )

_ (;)q(ﬁ[(l . g)H) (ﬁ(l + %))(nan + gl )™, (35)

Here we will consider the following two cases: (1) ||g|| =0 or (2) |Ig]| #O.
Case 1: Suppose that [|g|| = 0. Then it is evident that the set S is bounded from (3.5).
Case 2: Suppose that ||g|| # 0. It also follows from (3.5) that

™t < {(%)qngnq‘l (ﬁ(l v §>q1> (ﬁ(l + %)) }w(% + ||u||'“>. (3.6)

By virtue of (3.4) and (3.6), it is obvious that there exists a constant M > 0 such that
llee]] < M.

Consequently, in both Case 1 and Case 2, we have proved that the set S is bounded.
Then, we can see that F satisfies all conditions of Schaefer’s fixed point theorem. Thus,
we approach a conclusion that F has at least one fixed point which is the solution of prob-

lem (1.1). The proof is complete. a

4 Anillustrative example
In this section, we will illustrate the possible application of the above established analytical

result with a concrete example.
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Example 4.1 Consider the following discrete fractional boundary value problem:

AL [p3(AZPu)](2) = ﬁzﬁ(t +1/6) +sin(t +1/6), ¢ € [0,2]xn,
AZBu®) a1 + AXPu(t) ;252 = 0, (4.1)
u(-5/6) + u(19/6) = 0.

Corresponding to problem (1.1), we have p = 3, g = %, a= %, B =5 and

1
ft,u) = muz +sin¢, te[1/6,13/6]n,,,u €R.

Choose a(t) = 1, g(t) = . By a simple calculation, we can obtain

~ 100"

L)’ ﬁ 1 1)’ ﬁ 1 2 0.6832<1
- + — + — ~ 0. <L
0) \LI\"T2i) J\LIETT 3

[SSY)
ST
NI

z)

Obviously, problem (4.1) satisfies all assumptions of Theorem 3.1. Hence, we can conclude

that problem (4.1) has at least one solution.
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