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This paper is concerned with the initial value problem to a nonlinear fractional difference equation
with the Caputo like difference operator. By means of some fixed point theorems, global and local
existence results of solutions are obtained. An example is also provided to illustrate our main
result.

1. Introduction

This paper deals with the existence of solutions for nonlinear fractional difference equations

Alx(t)=ft+a-1,x(t+a-1)), teN_, O<a<l,
(1.1)
x(0) = xo,

where AY is a Caputo like discrete fractional difference, f : [0, +o0) x X — X is continuous
in t and X. (X, | - ) is a real Banach space with the norm ||x|| = sup{|[x(¢)||,t € N}, Ni, =
{1-a,2-a,...}.

Fractional differential equation has received increasing attention during recent years
since fractional derivatives provide an excellent instrument for the description of memory
and hereditary properties of various materials and processes [1]. However, there are few
literature to develop the theory of the analogues fractional finite difference equation [2-6].
Atici and Eloe [2] developed the commutativity properties of the fractional sum and the
fractional difference operators, and discussed the uniqueness of a solution for a nonlinear
fractional difference equation with the Riemann-Liouville like discrete fractional difference
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operator. To the best of our knowledge, this is a pioneering work on discussing initial value
problems (IVP for short) in discrete fractional calculus. Anastassiou [4] defined a Caputo like
discrete fractional difference and compared it to the Riemann-Liouville fractional discrete
analog.

For convenience of numerical calculations, the fractional differential equation is
generally discretized to corresponding difference one which makes that the research about
fractional difference equations becomes important. Following the definition of Caputo like
difference operator defined in [4], here we investigate the existence and uniqueness of
solutions for the IVP (1.1). A merit of this IVP with Caputo like difference operator is that
its initial condition is the same form as one of the integer-order difference equation.

2. Preliminaries and Lemmas

We start with some necessary definitions from discrete fractional calculus theory and
preliminary results so that this paper is self-contained.

Definition 2.1 (see [2,3]). Let v > 0. The vth fractional sum f is defined by
1 t-v (v-1)
A7V f(ta :—E t—s—-1)""f(s). (2.1)

Here f is defined for s = a mod (1) and A™f is defined for t = (a + v) mod (1); in particular,
A™ maps functions defined on N, to functions defined on Ny, where N; = {t,t+1,t+2,...}.

In addition, ) = T'(t+1)/T'(t—v +1). Atici and Eloe [2] pointed out that this definition of the
vth fractional sum is the development of the theory of the fractional calculus on time scales

7.

Definition 2.2 (see [4]). Let 4 > 0 and m — 1 < p < m, where m denotes a positive integer,
m = [u], [-] ceiling of number. Set v = m — p. The pth fractional Caputo like difference is
defined as

1 g _
ALf(t) = A7 (A™f () = Ws;(t_ s=1)V(A™f)(s), VtE Nai. (2.2)

Here A™ is the mth order forward difference operator

(A™f)(s) = i <TZ> (1" f (s + k). (2.3)

k=0

Theorem 2.3 (see [4]). For pu > 0, p noninteger, m = [u], v = m — p, it holds

(- a)‘” 1 AK
f(t) = Z o A¥f(a) + Z(t—s DD ALf(s), (2.4)

( s=a+v

where f is defined on N, with a € N.
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In particular, when 0 < y <1 and a = 0, we have

f(#)=£(0) + — Z(t - 1D ALf(s). (2.5)

Iﬂ( ) s=1-p

Lemma 2.4. A solution x(t) : N — X is a solution of the IVP (1.1) if and only if x(t) is a solution
of the the following fractional Taylor’s difference formula:

x(t) = x0 + %Sﬁa(t —s-1)"Vf(s+a-1,x(s+a-1)), 0<a<l, -

x(0) = xo.

Proof. Suppose that x(t) for t € N is a solution of (1.1), thatis Afx(t) = f(t+a—-1,x(t+a—-1))
for t € Ni_4, then we can obtain (2.6) according to Theorem 2.3.
Conversely, we assume that x(t) is a solution of (2.6), then

x(f)—x(0)+r( D Z (t-s-1)"Vf(s+a-1,x(s+a-1)). (2.7)

s=1-a

On the other hand, Theorem 2.3 yields that

x(t) = x(0) + —— Z (t—s-1)@DA%x(s). (2.8)
F( )s 1-a

Comparing with the above two equations, it is obtained that

ﬁ S (b= s - DV [A%x(s) - fls+a-1,x(s 4 a-1))] =0. 29)
s=l-a

Lett=1,2,..., respectively, we have that Afx(t) = f(t+a—1,x(t +a—1)) for t € Ni_,, which
implies that x(t) is a solution of (1.1). [

Lemma 2.5. One has

t-a s 1)(u—1) — M

0N (2.10)

Proof. For x > k, x,k € R, k > -1, x > -1, we have

I(x+1) 3 I'(x+2) I'(x+1)

T(k+1)l(x-k+1) T(k+2)T(x-k+1) T(k+2)[(x-k)’ (2.11)
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that is,
Fx+1) 1 Fx+2)  T(x+1) (2.12)
I'(x-k+1) k+1|[T(x-k+1) T(x-k)]| ’
Then
t—a t—a F(t _ S)
(t-s-1)@D = _
2, 2T mar)
t—a-1 I'(t _ S)
= —— +T(a)
szlz_ul"(t— s—a+1)
t—a-1 _ —
_ Z1 It-s+1)  TI(t-s) ]+F(a) (2.13)
Sallt-s-a+1) Tt-s-a)
_1[T¢+a) T(a+1)
T a [ T(f) ray | @
_T(t+a)
~oal(t)
||
Lemma 2.6 (see [2]). Let v# 1 and assume p + v + 1 is not a nonpositive integer. Then
r 1
AV = &t(#w)‘ (2.14)

T(p+v+1)

In particular, A™a = aA™(t + a — 1)(0) =@/Twv+1)t+a- 1)(”), where a is a constant.
The following fixed point theorems will be used in the text.

Theorem 2.7 (Leray-Schauder alternative theorem [8]). Let E be a Banach space with C C E
closed and convex. Assume U is a relatively open subset of C with0 € Uand A : U — Cisa
continuous, compact map. Then either

(1) A has a fixed point in U; or
(2) there exist u € oU and A € (0,1) with u = Au.

Theorem 2.8 (Schauder fixed point theorem [9]). If U is a closed, bounded convex subset of a
Banach space X and T : U — U is completely continuous, then T has a fixed point in U.

Theorem 2.9 (Ascoli-Arzela theorem [10]). Let X be a Banach space, and S = {s(t)} is a function
family of continuous mappings s : [a,b] — X.If S is uniformly bounded and equicontinuous, and
for any t* € [a,b], the set {s(t*)} is relatively compact, then there exists a uniformly convergent
function sequence {s,(t)} (n=1,2,...,t € [a,b])in§S.

Lemma 2.10 (Mazur Lemma [11]). If S is a compact subset of Banach space X, then its convex
closure conv'S is compact.
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3. Local Existence and Uniqueness
Set Nx = {0,1,...,K}, where K € N.

Theorem 3.1. Assume f : [0, K] x X — X is locally Lipschitz continuous (with constant L) on X,
then the IVP (1.1) has a unique solution x(t) on t € N provided that

LT(K +a)

T(a+ DIK) = (3.1)
Proof. Define a mapping T : X|ien, — Xleny by
(Tx)(t) = xp + —— Z (t-s-1D)Dfs+a-1,x(s+a-1)) (3.2)

F( ) s=l-a
for t € Nx. Now we show that T is contraction. For any x, y € X|en, it follows that
[|(Tx)(8) - (Ty) D]

Siti(t—s 1)“1)||f(s+a Lx(s+a-1)-f(s+a-1y(s+a-1))|
I'(a) &

t-a
ST F(a) Z (t-s-1) 1)||x yl|

s=1-a (3'3)
LT(t+a)

S ar@r Y
LK+a)---(t+a)l(t+a)
S AT(@ (K = 1) f(8) le =yl

LIK )
= I(a+ 1O M 7Y

By applying Banach contraction principle, T has a fixed point x*(t) which is a unique solution
of the IVP (1.1). I

Theorem 3.2. Assume that there exist L1, Ly > 0 such that || f(t, x)|| < Li||x|| + Ly for x € X, and
the set S = {(t-—s- 1)(“71)f(s ta-l,x(s+a-1):xe X, se{l-a,... t—a}}isrelatively
compact for every t € N, then there exists at least one solution x(t) of the IVP (1.1) on t € Nk
provided that

LiT(K +a)

Fa+1)r(K) (3.4)

Proof. Let T be the operator defined by (3.2), we define the set E as follows:

={x(®) : x| < M +1,t € Nk}, (3.5)
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where

_ Tla+DI(K)|lxo|| + LT (K + a)

M= T(a+1)I(K) - LiT(K + a) (36)

Assume that there exist x € E and A € (0, 1) such that x = ATx. We claim that ||x|| # M +
1. In fact,

t—a
x() = Axg + %sga(t —s-1)Dfs+a-1,x(s+a-1)), (3.7)
then
1 t-a
B < +— t—s—1)D +a-1,x(s+a-1
(@)l < [lxoll r(a)g;a( s=DVf(s+a-Lx(s+a-1)
< [lxoll + ﬁ;(t — 5= 1) V(L ||x]| + Lo) (3.8)
LiT(K + a) L.T(K + a)
<ol v s 1yra)y P 1+ 1y
We have
LiT(K + ) LT (K + a)
llxl| < [lxoll + I(a+1)I(K) ||| + I(a+ DI(K) (3.9)
that is,

I'(a + D)I(K) o]l + LT (K + @)
< e nrk) - ek sy M (3.10)

which implies that ||x|| # M + 1.
The operator T is continuous because that f is continuous. In the following, we prove

that the operator T is also completely continuous in E. For any ¢ > 0, there exist t1,t, €
NK (tl > tz) such that

(h+a=1)--(b+a) | _ [(KT@)
(tl—l)“'tz (L1M+L2)F(K+£X) !

(3.11)
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then we have

[(Tx) (k1) = (Tx) (E2) I

t—a
s=1l-a
_ tzil (tz—s—1)(“_1)f(s+cx—1,x(5+“—1))H
s=1-a
< % s (=5 =D (-5 =) f(s+a-1x(s +a- 1))”
s=1-a
+ % S=:2:+1(t1 ~s-1)Vf(s+a-1x(s+a- 1))H

LiM + L, [ fa

> (h-s-1)@V- tzi (tz—s—1)<“—1>]

Fla) |5 s=l-a (3.12)
LiM+L, 'S (a=1)
—_ t1—s-1
T@) s=t§a+1( 1 )
_ LM+ L, F(fl + a) _ F(fl —t) + CX) _ F(tz + CX) + F(tl -t + a)
al'(a) I'(t1) I(t1 - t2) ['(t2) I'(ti —t)
_L1M+L2 F(t1+a) _F(t2+a)
al'(a) I'(t) ['(t2)

_ LiM+L, r(tz + (X) F(tl + a)l"(tz)
T al(a)  T(h) [T(t)T(h+a)
L1M+L2F(K+a) (t1+cx—1)---(t2+a) 1
al(a)  T(K) (h=-1)-t ]

<g,

which means that the set TE is an equicontinuous set.
In view of Lemma 2.10 and the condition that S is relatively compact, we know that
convS is compact. For any t* € N,

(Tx,) (F) = xo + ﬁ:_;u(t* —s-1D)Vf(s+a-1,x(s+a-1))
: (3.13)
~ 1
=X+ Wgn/
where
&n = ti " —s-1D)“Vf(s+a-1,x,(s+a-1)). (3.14)

s=1-a
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Since convs is convex and compact, we know that ¢, € convS. Hence, for any t* € Nk, the set
{(Tx,)(t*)} (n =1,2,...) is relatively compact. From Theorem 2.9, every {(Tx,)(t)} contains
a uniformly convergent subsequence {(Tx,,)(t)} (k =1,2,...) on Nx which means that the
set TE is relatively compact. Since TE is a bounded, equicontinuous and relatively compact
set, we have that T is completely continuous.

Therefore, the Leray-Schauder fixed point theorem guarantees that T has a fixed point,
which means that there exists at least one solution of the IVP (1.1) on t € Nk. I

Corollary 3.3. Assume that there exist M > 0 such that || f(t,x)|| < M for any t € [0,K] and
x € X, and the set S = {(t—s—1)(“_1)f(s+cx—1,x(s+a— ):xeX,sef{l-a,... t—a}l}
is relatively compact for every t € Nk, then there exists at least one solution of the IVP (1.1) on
t € Ng.

Proof. Let L1 = 0, L, = M, we directly obtain the result by applying Theorem 3.2. [l

Corollary 3.4. Assume that the function f satisfies limy—oll f(t, x)||/|lx|| = O, and the set S =
{(t—s- 1)(“71)f(s +a-1,x(s+a-1)):xeX,se€{l-a,...,t —a}} is relatively compact for
every t € N, then there exists at least one solution of the IVP (1.1) on t € Nk.

Proof. According to limj—ol|f (¢, x)||/[|x|| = 0, for any € > 0, there exists P > 0 such that
Ilf (t, x)|| < eP for any ||x|| < P. Let M = ¢P, then Corollary 3.4 holds by Corollary 3.3. [

Corollary 3.5. Assume the function F : R* — R* is nondecreasing continuous and there exist L,
Ly > 0 such that

| f(t,%)|| < LsF(|lx|)) + La, te€[0,K], (3.15)
ulirEwF(u) < +0oo, (3.16)

and the set S = {(t—s—l)(“_l)f(s+cx—1,x(s+cx—1)) cx€eX,sef{l-a,... t—al}isrelatively
compact for every t € N, then there exists at least one solution of the IVP (1.1) on t € Nk.

Proof. By inequity (3.16), there exist positive constants Ry, dj, such that F(u) < Ry, for all u >
di.LetR, = supOSusle(u). Then we have F(u) < Ri+Rp, forallu > 0.Let M = L3(R1+Ry)+Ly,
then Corollary 3.5 holds by Corollary 3.3. Il

4. Global Uniqueness

Theorem 4.1. Assume f : [0,+00) x X — X is globally Lipschitz continuous (with constant L) on
X, then the IVP (1.1) has a unique solution x(t) provided that 0 < L <1/(1 + ).

Proof. For t € {0,1},1let T : X — X be the operator defined by (3.2). For any x,y € X it
follows that
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(Tx)(t) - (Ty) )]

Sitiza(t—s 1)“1>||f(s+a Lx(s+a-1)-f(s+a-1Ly(s+a-1))

1—‘(D()s=1
(a-1) 4.1
_F()(a 1) l|lx =yl (4.1)
= T )F(cx)llx vl
L -yl.

Since L < 1/(1 + &) < 1, by applying Banach contraction principle, T has a fixed point x; (t)
which is a unique solution of the IVP (1.1) on t € {0,1}.
Since x1(1) exists, for t € {1,2}, we may define the following mapping T; : X — X:

i (t-s-1D)"Vf(s+a-1,x(s+a-1)). (4.2)

(Tix)(t) =x1(1) + = (@) a) 2

Forany x,y € X, t € {1,2}, we have

|(Tax) () - (Toy) (1))

| -
-
Q

=
G
M

IN

(t—s DV f(s+a-Lx(s+a-1)) - f(s+a-1,x(s+a-1))

L (Fms e DV lx -y

IN
o
Nin
p——
19,
M1
R

’_.I
=~

Il

N —
R

[z (s 1)o 1>] -] (43)

- % [ + (@ =1V g

i [F(cx 1) F(a)] e
T | T T
=L(1+a)||x-y|-

Since L(1 + a) < 1, by applying Banach contraction principle, T; has a fixed point x, (t) which
is a unique solution of the IVP (1.1) on t € {1,2}.
In general, since x,,(m) exists, we may define the operator T, as follows

(Tx) () = xm(m)+— Z (t-s-1)Vfs+a-1,x(s+a-1)) (4.4)

sma
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for t € {m,m + 1}. Similar to the deduction of (4.3), we may obtain that the IVP (1.1) has a
unique solution x,,.+1(t) on t € {m, m + 1}, then x,,.1 (m + 1) exists.
Define x(t) as follows

Xo, t=0,

x1(t), t=1,

x(t) =13 (4.5)

then x(t) is the unique solution of (1.1) ont € N. [

5. Example

Example 5.1. Consider the fractional difference equation

Afx(t) =Ax(t+a-1), teN_,, 0<a<l,
(5.1)
x(0) = xo.

According to Theorem 4.1, the IVP (5.1) has a unique solution x(t) provided that A < 1/(1+a).
In fact, we can employ the method of successive approximations to obtain the solution of
(5.1).

Set

xo(t) = xo,
t—-a
xm (1) = x0(t) + % N (t-s-1)" V(s +a-1) (5.2)

s=l-a

=x0(f) + \MA % xpq(t+a-1), m=1,2,....

Applying Lemma 2.6, we have

x1(t) = x0(t) + AMA % x(t+a— 1)

= Xpo + )LAiaXQ (53)

(t+a-1)@f.

=X 1+L
T T T
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By induction, it follows that
m i

A )
X (F) = xogm(t +i(a-1)", m=1,2,.... (5.4)

Taking the limit m — oo, we obtain
(1) = 30 3 =t i = 1) (5.5)
I(ia+1) '

i=0

which is the unique solution of (5.1). In particular, when a = 1, the IVP (5.1) becomes the
following integer-order IVP

Ax(t) = Ax(t), t€N,

(5.6)
x(0) = xo,
which has the unique solution x(t) = (1 + 1) xo. At the same time, (5.5) becomes that
x(t) = x i)‘i t = (1+1)x 5.7
e A o (57)

Equation (5.7) implies that, when a = 1, the result of the IVP (5.5) is the same as one of the
corresponding integer-order IVP (5.6).

Remark 5.2. Example 5.1 is similar to Example 3.1 in [2] in which the difference operator is in
the Riemann-Liouville like discrete sense. Compared with the solution of Example 3.1 in [2]
defined on Ny, where N,-1 = {a—1,a,a+1,...}, the solution of Example 5.1 in this paper is
defined on N. This difference makes that fractional difference equation with the Caputo like
difference operator is more similar to classical integer-order difference equation.
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