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Abstract

In this paper, we studied the following Caputo fractional difference boundary value
problem (FBVP): Afy(t) =—f(t+v -1yt +v-1)), y(v-3) = Ay(b+v) = A%y(v-3) =0,
where 2 <v < 3is a real number, Aly(1) is the standard Caputo difference. By means
of cone theoretic fixed point theorems, some results on the existence of one or more
positive solutions for the above Caputo fractional boundary value problems are
obtained.
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1 Introduction
In this paper, we discuss the following Caputo fractional difference boundary value prob-
lem (FBVP):

ALy(t)=—ft+v -1yt +v-1)), "
Y =3) = Aylb+v) = A%(v - 3) = 0,

wheret € [0,b+1]n,, b > 5isaninteger. f : [v-2,v-1,...,b+V]y,_, X [0,+00) = [0, +00)
is continuous and f is not identically zero, 2 < v < 3, and A¢y(¢) is the standard Caputo
difference.

Fractional difference equations appear in useful biological models [1]. Influenced by the
results of [1-3], the existence of one or two positive solutions for fractional difference
equations has been studied (see [4—14]). Among them, in [4, 5], the authors introduced the
fractional sum and difference operators, studied their behavior and developed a complete
theory governing their compositions. In [6], Atici and Eloe studied the following two-point

boundary value problem for fractional difference equation:

—AVy(8) = f(t+v -1y +v-1)), 2)
y(v-2)=0, yb+v+1)=0,

where 1 < v < 2. They obtained the existence of positive solutions by means of the Kras-

nosel’skii fixed point theorem. Goodrich gave some new existence results for (2) in [7].
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Goodrich [8] also considered the following fractional boundary value problem with non-
local conditions:

yv-2)=g(y), yb+v+1)=0, 3)

{—A“y(t) = f(t+v -1yt +v-1),
where 1 < v < 2. He showed a uniqueness theorem by means of the contraction and an
existence theorem by means of the Brouwer theorem for (3). He also presented the exis-
tence of at least one positive solution to (3) by using the Krasnosel’skii theorem. In [9—
12], the authors deduced the existence of one or more positive solutions for fractional
difference equations. Recently, Wu and Baleanu introduced some applications of the Ca-
puto fractional difference to discrete chaotic maps in [13, 14]. However, to the best of our
knowledge, few papers can be found in the literature dealing with the Caputo fractional
difference equation boundary value problems. Motivated by [15], we make some attempt
to fill this gap in the existing literature in this paper. We consider the existence of one or
more positive solutions for the boundary value problem of the Caputo fractional difference
equation (1).

The article is structured as follows. In Section 2, we deduce the Green’s function of the
FBVP (1). Then we prove that Green’s function satisfies the useful properties. In Section 3,
we present and prove our main results. In Section 4, we give some examples to illustrate
our results.

2 The Green’s function
We first review some basic results about fractional sums and differences. For any ¢ € [0,

b+ 1]y, and v > 0, we define

_ T(e+])
T T(t+1-v)

v

for which the right-hand side is defined. We appeal to the convention thatif t +1 - v is a
pole of the Gamma function and ¢ + 1 is not a pole, then ¢* = 0.

The vth fractional sum of a function f is defined by

A = ﬁ 3 (- s - 1)

forv>0andte€f{a+v,a+v+1,..}=N,, We also define the vth Caputo fractional

difference for v > 0 by

1 iy n—v=1An
m Z (t—S - 1)7Aﬂf(s),

s=a

ALF(©) = A7 A () =

wheren-1<v <n.
First, we give the following two lemmas, they can be found in the recent papers (see, e.g.,
(4, 5]).
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Lemma 2.1 [4] Assume that v >0 and f is defined on domains N,, then
a+ n-v) ACf(t) f(t ch(t a)k
k=0

wherec, e R, k=0,1,...n-1l,andn—-1<v <n.

Lemma 2.2 [5] Letf:N,,, x N, — R be given. Then

A(if(t,s)) = iAJ(t,s) +f(t+1L,t+1-v), forteN,,.

s=a

In order to get our main results, we first give an important lemmas. This lemma will give

a representation for the solution of (1), provided that the solution exists.

Lemma2.3 Let2<v<3andg:[v-2,v-1,...,b+vly,_, = Rbegiven. Then the solution

of the FBVP
Agy(t) =gt +v -1), @
y(v=3)=Ay(b+v)=A%y(v-3)=0
is given by
b+l
y(t)=  Glts)g(s+v-1),
s=0
where the Green’s function G : [v —2,v — b+ vy, , X [0,b+ 1]y, — R is defined by

W=Dt-v+3)(b+v-—s—12=2_(t-s-1)>1,

G(t,s) = F() 0<s<t-v+1<b+1,
W=Dt-v+3)(b+v—-s—1*2% 0<t-v+l<s<b+l.

Proof We apply Lemma 2.1 to reduce (4) to an equivalent summation equation

t—v
1
t)=——— (t-s-1)"=g(s+v-1)+c + oot + c3t®
y(t) F(v; )+ci+c 3

for some c; € R, i =1,2,3. By Lemma 2.2, we have

+1-
1
=0} Z s—1)"2g(s+ v —1) + ¢y + 2cst,
5=0
t+2—v
A%y(t) = Z(V )(t—5—1)"3g(s + v —1) + 2c3.

From (4), we get

b+l

%Z(b+ v—s—12g(s+v-1),
s=0
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b+l

Z(b+v—s— 1)%2g(s + v - 1), c3=0.

Therefore, the solution of the FBVP (4) is

b+l
y(t)——mZ(t—s— 1) e(s+v—-1) - )Z(b+v—s— 1)=Zg(s+v-1)
¢ b+l
v-2 _
+F(v_1)§(b+v—s—l) g(s+v-1)
:FLZ(U— Jt—v+3)(b+v—s—1)2— (t—s—1)2]g(s + v 1)
s=0
b+l
v-2 _
U_I)S;H —v+3)b+v-s-1)"g(s+v-1)
b+l
= ;G(t,s)g(s +v-1). 0

Remark Notice that G(v — 3,s) = 0, G(¢,b + 2) = 0. G could be extended to [v — 3,
b+ vy, ; X [0,b+ 2],, so we only discuss (£,s) € [V —2,b + v]y, , X [0,b + 1],.

Lemma 2.4 The Green’s function G has the following properties:
(i) G(t,$)>0,(ts)e[v-2,b+Vv]n, , X [0,0+1]y,.
(i) maxefy— 2b+v]y, Gl(t,s) = G(b +1,5),s€[0,b+1]n,.
(iii) mlnbw <30 G(t §) > 1 max;e(,- 2wy, G(t,5) = 1G(b+v,5),5€[0,b+1]y,.

Proof (i) From a representation of G(¢,s), it is clear that G(z,s) > 0.

(ii) By a representation of G(¢,s), we have A;G(t,s) >0 for0 <t-v+1<s<b+1lor
0 <s<t-v+1<b+1. Hence G(t5) is increasing to ¢ for s € [0,b + 1],. From this we
may conclude that

max G(t,s)=G(b+v,s), se€[0,b+]1]y,.

te[v—2,v+h]NV72
(iii) Since
(v=1)(t=v+3)(b+v—s—1)2=2—(g—s—1)2=L

G(ts) | s et 0 Ss<i-v+ls b+1,

G(b+v,s) (=1)(t=v+3)(b+v—s—1)2=2
(v=1)(b+3)(b+v—s—1)Y=2—(b+v—s-1)L=L’

0<t-v+1l<s<b+]l,
fort—v+l<sand 2 <t< (b“’) , we get

G(t,s) - (v—l)(t—v+3)(b+v_5_1)ﬂ>l

Gh+v,5) = (w-DB+3)b+v-s—122 — 4

3(b+v)

Fors<t—v+1and%§t§ 7

, we have

G(t,s) (v—l)(b——v+3)(b+v—s—1)ﬂ—(b1—“—s—l)ﬂ

. 4
%antlsu@ Gb+v,s) (w=-Db+3)b+v-s—-12=2—(b+v—s—1p-L
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Now, we want to get

-1 —v+3)(b+v-s-1)2— (B2 511

-1 5)
w=1)b+3)b+v-s-1)2=2_(b+v—s—1)=L 4
that is,
b b vl
(v—1)<i—v+3>(b+v—s—l)ﬁ—< +v—s—l)
4 4
1 v=2 1 v-1
2Z(v—l)(b+3)(b+v—s—l)——z(b+u—s—1)—.
In fact
b+v b+3 to+v-s—1)=L
-Vv+3> s e — >1.
4 4 (T_s_l)i
So (5) holds, which completes the proof. O

Lemma 2.5 Iff:[v-2,v-1,...,b+v]y,_, X [0,+00) — [0,00) is a continuous function.
Then the solutions y of the FBVP (1) satisfy
. 1
min (t)> - max |y(t)’.

%§t§ 3(b4+v) 4 [1}—2,b+v]Nv_2

Proof Taking into account Lemma 2.4, we have

b+1
. 1
bz_v;lglr@ y(t)|zZ;G(b+v,s)f(s+v—l,y(s+v—l))

b+l

max Z G(&s)f (s+v-1y(s+v-1))
0

1
4 te[v—Z,b+v]Nv72 p.

1 max | y(t) !
4 [v—2,b+v]NV_2 0

The following fixed point theorem will play a major role in our main results.

Lemma 2.6 [16] Let B a Banach space and let KC C B be a cone. Assume that 2, and Q2
are bounded open sets contained in B such that 0 € Q| and Q, C Q. Further, assume that
T : KN (\Q1) — K is a completely continuous operator. If either

@ 1yl < iyl fory e KN 0Qy and || Tyl = Iyl for y € KN 3Qw; or

(i) 177 = Iyl fory € K 009y and | Tyl < Iyl fory € K 1 9%,
Then the operator T has at least one fixed point in IC N (22\21).

3 Mainresults
For the sake of convenience, we denote
f&y) f(&y)

fo =liminf min , f 0= lim sup max ,
y—0 te[v—2,b+v]Nv_2 y y—0 te[\)72,b+v]Nv72 y




Chen et al. Advances in Difference Equations (2015) 2015:44 Page 6 of 12

t, t;
foo = liminf min A y), £ =limsup max I y),
y—>+00 te[v-2,b+v]y b2 y y—>+00 te[v— 2b+v]N 5 y
b+l (3G )
1 1 1 b-v
Z:ZG(b+v,s), 31 Z G(|: 5 ]+v,s).
5=0 s=[22_p41)
4

We use Lemma 2.6 to establish the existence of positive solutions to the FBVP (1). To
this end, one or several of the following conditions will be needed.

H) f:[v-2,v-1,...,b+v]y,, X [0,+00) = [0, +00) is continuous.

H,) Therelsanumberp>0suchthatfty)<ApforO<y<pandv—2<t<b+v.
b 3(b+v)
H;) There is a number p > 0 such that f(t,y) > Bp for p<y<pand <t < 2

(

(

(

(Hs) fo > B, fx > B.
(Ha) fO<A, f®<A.
(Hs) fo>B,f* <A.
(He) f° <A, fo >B.
(H3) fo =+00, foo = +00.
(H}) f©=0,f*=0

Let
B= {y: v=3,b+v]y,_5 — Ry(v—3)=Ay(b +v) = A%y(v-3) = O}.

Then B is a Banach space with respect to the norm ||y|| = MaXee(y-3b+vly, , ly(£)|. We define
a cone in B by

. 1
K= {y eB:y) >0, min y(8) = 2 71 }

+V
T Si=T7

Now consider the operator T defined by

b+1

(TN)(®) =Y _Gt,s)f (s +v-Ly(s+v-1)). (6)

It is easy to see that y = y(¢) is a solution of the FBVP (1) if and only if y = y(¢) is a fixed
point of T. We shall obtain sufficient conditions for the existence of fixed points of T
First, we notice that 7' is a summation operator on a discrete finite set. Hence, T is trivially
completely continuous. From (6), then

b+1

min  (Ty)(¢ >lZG(b+vs)f(s+v—1y(s+v— ))

b+v (b+u
T Si=Tg 5=0

b+l

1
- G(t, -1, _1
4 te[v_%i’i]m_z ; ( S)f(s +v y(s+v ))

v

1||T||
A

hence TKC C K.
In the sequel, let 2, ={y € K: ||yl <A}, for A > 0,92, ={y e L: |yl = A}.
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Theorem 3.1 Assume that there exist two different positive numbers r and R such that f
satisfies condition (Hy) at r and condition (Hy) at R. Then the FBVP (1) has at least one
positive solution yo € K satisfying min{r, R} < ||lyo|| < max{r, R}.

Proof We know that T': L — K, and T is completely continuous. Without loss of general-
ity suppose that r < R. Note that for y € 9$2,, we have ||y|| = r, so that condition (H;) holds
for all y € 092,. Then

b+1

(Ty)(@) < ZG(b +v,8)f(s+v-1ys+v-1))

s=0
b+1

<ArY Gb+v,s)

s=0
=,

i.e., we have || Ty| < |ly| fory e KN 9K,.
Note that for y € 9Qg, we have |y|| = R, so condition (H;) holds for all y € 3Q2g. Since

[558] 4+ v e [LL, 30y,
b+l
b- b—
(Ty)([Tv] +u) = ZG([ 21}] +u,s>f(s+v—1,y(s+v—1))
5=0
M—\H
™ ! b-v
> — Z G S| (s+v-1y(s+v-1))
s=[%—v+1]
[W—vﬂ]
BR b-
> — Z G<|: U]+v,s)
4 s:[bfT”—uH] 2

:R,

i.e., we have || Ty| > |ly|| for y € K N dQk.
By Lemma 2.6 that T has at least one fixed point, say, o € Qz\$2,. This function y,(£) is
a positive solution of (1) and satisfies » < ||yo|| < R. The proof is complete. O

Theorem 3.2 Assume that conditions (H), (H;), and (H3) hold. Then the FBVP (1) has at
least two positive solutions y, and y, with 0 < ||y1|| <p < |y2]l.

Proof Suppose that (Hs) holds. Since f; > B, there exist € > 0 and 0 < g < p such that
f(try)Z(B"'g)y) OSySVO»tG[V—Z’b'FV]N‘,_y

Let r; € (0,79). Thus for y € 9R2,,, we have

(T)(|:b_—vi| +v) > %G([b_—v] +v S>(B+8)
) 2 = L D) ) y

[ LTV) —v+1]

=B+ Lyl Y G([b;”}w,s)

s:[%—vﬂ]
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ELAIEY

>B- %”y” > G([b;v] +v,s)

s=[23

—v+1]

=T

from which we see that | Ty|| > ||ly|| for y € KN 9L,,.
On the other hand, since f, > B, there exist n > 0 and Ry > 0 such that

fty)=B+n)y, y=Roptelv-2,b+v]y,,.

3(b+v)

Choose R; > max{4R,, p}. For y € 0Qp,, since y(t) > i||y|| > Ry for 2% b*" <t< , we have

(T)([b_—v] +v) > %G([b_—v] +v s)(B+ )
) 9 = D) ) n)y

[ (bw) —v+1]

b—
= B+ 3l v G([

[bw

s= —v+l1]

i| + Vv S)
7 —v+1]

Bl Y G([b;”}w,s)

s=[%—v+l]

[3(h+v)

=Ry,

from which we see that || Ty|| > ||y|| for y € K N 92, .
For any y € 9%, from (H,), we have f(t,y) <Ap, t € [v—2,b + v]y,_,, then

b+1

(Ty)(@) = Z Gt s)f (s+v-1y(s+v-1))

s=0

b+l

<) Glb+v,9A
s=0
:p,

from which we see that || Ty|| < [|y|| for y € KN 3<2,.
Therefore, by Lemma 2.6, we complete the proof. d

By the proof of Theorem 3.2, we obtain the following corollary.

Corollary 3.1 Assume that (H) and (H,) hold, (Hs) is replaced by (H}). Then the FBVP (1)
has at least two positive solutions y, and y, with 0 < |y <p < |2l

Theorem 3.3 Suppose that conditions (H), (Hz), and (Ha) hold, f > 0 for t € [v — 2,
b+ vly,_,. Then the FBVP (1) has at least two positive solutions y, and y, with 0 < ||| <
p<ly2ll-

Proof Suppose that (H,) holds. Since f° < A, one can find ¢ > 0 (¢ < A) and 0 < rg < p such
that

fty)<@A-¢)y, 0<y<rote[v-2,b+v]y,,.
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Let rp, € (0,r9), for y € 9L2,,, we get

b+1

(Ty)(@) = Z Gt )f (s+v-1y(s+v-1))

s=0
b+l

<) Glb+v,s)A-e)r

s=0

b+1

< Ary Z G +v,s)
s=0

=T,

from which we see that || Ty|| < ||y|| for y € 9%2,,.
On the other hand, since f*° < A, there exist 0 < 0 <A and R, > 0 such that

ft,y) <oy, y=Rop,telv-2,b+v]y,,.

Let M = maxy)e(v-2,b+v]x[0,Ro1f (£, ¥), then 0 < f(t,y) <oy + M, 0 <y < +00. Let Ry >
max{p, %}, for y € 9Qg,, we have

b+l
1Tyl < ZG(b+ v,8)f(s+v-Ly(s+v-1))
s=0
b+1
< (ollyl + M) > Gb+v,s)
s=0
1
= (O'Rz +M) . Z
< Rz.

Therefore, we have || Ty|| < ||y|| for y € 0Qp,.

Finally, for any y € 92, since %p < y(t) < p for l’fT” <t< —3(1’;”), we have
b+l
b- b—
(Ty)([ 5 v] +v) = ;G([ 5 V:| + v,s)j(s+ v-1Ly(s+v-1))

[ Lbj‘)) —v+l]

]

s:[l%—vﬂ]

=p=Iyl,

from which we see that || Ty|| > [|y|| for y € KN 32,
By Lemma 2.6, the proof is complete.

From the proof of Theorem 3.3, we get the following corollary.

Corollary 3.2 Assume that (H) and (Hy) hold, (Hy) is replaced by (H}). Then the FBVP
(1) has at least two positive solutions.
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From the proof of Theorem 3.2 and 3.3, we get some theorems and corollaries.

Theorem 3.4 Suppose that condition (H) and (Hs) are satisfied. Then the FBVP (1) has at

least one positive solution.

Corollary 3.3 Suppose that (H) holds. Also assume that fy = +00, f* = 0. Then the FBVP

(1) has at least one positive solution.

Theorem 3.5 Suppose that (H) and (Hg) hold. Then the FBVP (1) has at least one positive
solution.

Corollary 3.4 Suppose that (H) holds. Also assume that f° = 0, f,, = +00. Then the FBVP

(1) has at least one positive solution.

4 Some examples

In this section, we present some examples to validate our main conclusions. In the fol-
lowing examples, we take v = % and b = 19. A computation shows that A ~ 0.00273,
B~ 0.0255.

Example 4.1 Consider the following Caputo fractional difference boundary value prob-
lem:
¥ 1 ,t-20(1,3 9 1,3 9
Ac (@) = -5 (G2 +g) + 52 (E+ 7)),
y(=2) = Ay(*) = A?y(-2) =0,

7)

where f(t,y) = %et‘% (%y% + 61—4)1%), thus fj = foo = +00. Taking p = 4, we get

1(1 1 1 s
f(t,y)sa S AT =0.010294 < Ap

forO0<y<pandv-2<t<b+v.All conditions in Corollary 3.1 are satisfied. Applying
Corollary 3.1, the FBVP (7) has at least two positive solutions y; and y, such that 0 < ||y || <

4 <|ly2l.

Example 4.2 Consider the following boundary value problem:

17
Al y(£) = =20(2 + cos(t + 3))y* (¢ + %)e‘zy(”%),
H=§) = by() = 4%(-) = 0.

(8)

Let f(t,y) = 20(2 + cost)y*e™?, then f* = f> = 0. We choose p = 4, when 1p <y < p and

b+v 3(b+v)
= <t< —z we get

f(t,y) > 20(2 - 1)p*e > ~ 0.026837p > Bp.

All conditions in Corollary 3.2 are satisfied. Thus, the FBVP (8) has at least two positive
solutions y; and y, such that 0 < ||y1 || <4 < |[y2]l.
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Example 4.3 Consider the following boundary value problem:

—

17
B¢ y0) = =gyt + A+ 5w o

y(-3) = by(12) = A%y(-7) =0,

where f(t,y) = ﬁy(l + li), it is easy to compute that f*° = 0.0025 < A and f, = 0.0275 >

+y2
B, which yields the condition (Hs). By Theorem 3.4, the FBVP (9) has at least one positive
solution.

Example 4.4 Consider the following boundary value problem:

AZy(E) = ~f(e+v—Ly(E+v-1),

(10)
y(=5) = by(1P) = A%(-]) = 0,
where f(t,y) = ﬁ . %, it is easy to compute that f° ~ 0.002269 < A and f, ~

0.025765 > B. Thus, the conditions (H) and (Hg) hold. Applying Theorem 3.5, we can find
that the FBVP (10) has at least one positive solution.

Remark If f(¢,y) = h(t)g(y), our conclusions hold also.
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