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Abstract

In this paper, existence criteria for single and multiple positive solutions of periodic
boundary value problems for first order difference equations of the form

{ Ax(k)+ f(k,x(k+1))=0, kel0,T],
z(0) =2(T + 1),

are established by using the fixed point theorem in cones. An example is also given to
illustrate the main results.
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1 Introduction

Due to the wide application in many fields such as science, economics, neural network,
ecology, cybernetics, etc., the theory of nonlinear difference equations has been widely studied
since 70’s of last century, see, for example, [1, 2, 19, 20]. At the same time, Boundary value
problems (BVPs) of difference equations have received much attention from many authors, see
[3-12, 14-18, 21, 22, 24-29] and the references therein. However, to the best our knowledge,
few papers can be found in the literature for periodic boundary value problems (PBVPs) of
difference equations [9, 10, 22, 24, 29].

In this paper, we are concerned with the existence of single and multiple positive solutions
of PBVP for first order difference equation

Ax(k)+ f(k,z(k+1)) =0, kel0,T], (1.1)

#(0) = a(T + 1), '
where T is a fixed positive integer, /A denotes the forward difference operator with stepsize 1,
and [a,b] = {a, a+1, ---, b—1, b} C Z the set of all integers, and f : [0,7] x R — R is
continuous.
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In [22], by using a fixed point theorem, Sun considered the existence of one positive solution
of the PBVP (1.1) when the following condition holds:
(A) There exists a positive number M > 1 such that

(M — 1)z — f(k, ) >0 for k € [0,T], x € [0,+00).

In [24], Wang obtained the existence of multiple positive solutions of PBVP (1.1) by using
the Leggett-Williams multiple fixed point theorem and fixed point theorem of cone expansion
and compression when condition (A) holds.

Motivated by the results mentioned above, in this paper, we shall obtain existence criteria
for single and multiple positive solutions to the PBVP (1.1) by means of a fixed point theorem
in cones. It is worth noticing that our hypotheses on nonlinearity f in this paper are weaker
than condition (A) of [22, 24]. This paper’s ideas come from [23].

Theorem 1.1 ([13]). Let X be a Banach space and K is a cone in X. Assume €,y are
open subsets of X with 0 € Qq, Q; C Qy. Let

P:KN(Q\Y) — K

be a continuous and completely continuous operator such that

(i) ||Px|| < ||z|| for z € K NOLy;

(ii) there exists e € K\{0} such that x # ®x + Xe for z € K N 90y and A > 0.

Then ® has a fixed point in K N (Qy\ Q).

Remark 1.1. In Theorem 1.1, if (i) and (ii) are replaced by

(1) |Px| < ||lz| for x € K N OQy;

(ii) there exists e € K\{0} such that x # ®x + Ae for x € K N 9Q; and A > 0, then ® has
also a fixed point in K N (Qa\ Q).

2 Preliminaries

Let C ={z:[0,T] — R}. For o € C, we first consider the following linear PBVP :

Nx(k)+ (M —1Dx(k+1)=0(k), kel0,T], (2.1)
2(0) = (T + 1), '
where M > 1 is a constant.
Let )
M—(k—s
— 0<s<k-1,
Glh,s) = TaTED =0
o ksss<T
Then we have
M- (T+1) 1

It is easy to see that the following lemma holds.
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Lemma 2.1. Suppose M > 1. Then for any o € C, PBVP (2.1) has a unique solution:

T
z(k) =Y G(k,s)a(s), ke [0,T+1].
s=0

In addition, if we choose o(k) = 1, then we know

A 1
gG(k:,s) =T

Let E' = {z :[0,T + 1] — R} be equipped with the norm ||z|| = maxy¢(o 741) |2(k)|, then E
is a Banach space.
Let

= : > i >
K={eeB:a(t)20, min (k)= 5]])

where § = M~(T+1) < 1, one may readily verify that K is a cone in E.
Now for u € K, we consider the following PBVP:

z(0) =x(T +1). (2.3)

{ Az(k)+ (M —Da(k+1)= (M — Du(k 4+ 1) — f(k,u(k+1)), kel0,T],
It follows from Lemma 2.1 that PBVP (2.3) has a unique solution:

T
2(k) = G(k,s)[(M — Du(s + 1) = f(s,u(s + 1))}, k€ [0,T+1].
s=0

Define an operator ® : K — F :

T
(®x) (k) = G(k,s)[(M — (s + 1) — f(s,x(s +1))], k€ [0,T +1].
s=0

It is obviously that fixed points of ® are solutions of PBVP (1.1) and ® : K — FE is continuous
and completely continuous.

3 Main results

In this section, by defining an appropriate cones, we impose the conditions on f which allow
us to apply the fixed point theorem in cones to establish the existence criteria for single and
multiple positive solutions of the PBVP (1.1).

Theorem 3.1. Suppose that there exist a positive number M > 1 and 0 < o < 3 such that

(M — 1)z — f(k, ) >0 for k € [0,T], x € [da, (]
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Then the PBVP (1.1) has at least one positive solution if one of the following two conditions
holds

0 for k € [0,T], x € [0, ],
0 for k € [0,T], = € [03, 5] ;

f(k,x)
f(k,x)

IV IA

0 for k €0, 7], z € [ba, ] ,
0 for k €10, T), z €[04, ] .

f(k,z)
flk,z

IN IV

Proof. Define the open sets

N = {z€FE:|z|| <al,
N = {zeFE:|z|| <p}

Firstly, we claim that ® : K N (Q2\ Q1) — K.
In fact, for any z € K N (Q2\ Q1), we have da < 2 < 3, by (2.2)

1@ < 5 T+1)Z z(s+1) = f(s,z(s +1))]
and
T
(bx) (k) = ZG(k,s)[(M—1)x(s+1)—f(s,x(s+1))]
(r+1y T
> e S = 1als + 1) (5,25 + 1)
s=0
So

(®z) (k) > M~ THY ||oz|| = 6 | Dz, ie., Pz € K.

Therefore, ® : K N (22 \ Q1) — K
Secondly, we prove the result provided conditions (i) holds.
By the first inequality of (i), we have

(M — 1Dz — f(k, ) > (M — D)z, ke[0,T], z € [0, q].
Let e =1, then e € K. We assert that

x # @z + e for x € KNOQ and A > 0. (3.1)

If not, there would exist zg € K N9 and Ag > 0 such that g = Py + Age.
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Since zg € K N0OQy, then da = 6 ||zg|| < zo(k) < . Let g = ming<g<741 zo(k), then for any
k € [0,T + 1], we have

xo(k) = (‘131'0) (/{?) + )\0

T
= Y G(k,8)[(M = Dao(s + 1) — f(s,m0(s + 1))] + Ao
s=0

T
> Gk, s)(M = D)ao(s + 1) + Ao
s=0

v

T

> 13 Gk, $)(M = 1) + X
s=0

= u+ Ao

This implies that u > p + Ao, and this is a contradiction. Therefore (3.1) holds.
On the other hand, by using the second inequality of (i), we have

(M — 1Dz — f(k, ) < (M — 1)z, ke[0,T], z€[6p,0].
We assert that
|Px|| < ||z]| for x € K NINs. (3.2)

In fact, for any z € K N 0Qs, then 68 = ¢ ||z|| < xz(k) < B, we have

T

(®2) (k) = D Gk, s)[(M — Da(s + 1) — f(s,2(s + 1))]

s=0
T
S G, 5)(M — (s + 1)
s=0

T
> Gk, s)(M — 1) ||z]
s=0

==l

IN

IN

Therefore, || ®z| < ||z .
It follows from Remark 1.1, (3.1) and (3.2) that ® has a fixed point x € K N (22 \ OQ1).
In a similar way, we can prove the result by Theorem 1.1 if condition (ii) holds.

Theorem 3.2. Suppose that there exist a positive number M > 1 and 0 < a < p < [ such
that

(M — 1)z — f(k, ) >0 for k € [0,T], x € [da, ().

Then the PBVP (1.1) has at least two positive solutions if one of the following two conditions
holds
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f(k, < Ofor k€[0,7], x € [da, o,

f(k, > 0for k€0,T], z €[dp,p],

flk,x) < Ofor k€0,T], z€[d3,0];
(i)

f(k,z) > O0for k€[0,T], z € [0, ],

f(k,z) < 0for ke€[0,T], z € [op,p],

f(k,z) > 0for kel[0,T], x€[03,0].

Proof. We only prove the result when condition (i) holds. In a similar way we can obtain
the result if condition (ii) holds.
Define €, Q9 as in Theorem 3.1 and define

Q3 ={x € E:|z| < p}.

Similar to the proof of Theorem 3.1, we can prove that

x # Pz + e for x € KNINy and A > 0, (3.3)
x # ®x + e for v € K NNy and A > 0, (3.4)

where e =1 € K, and
|Px|| < ||z] for x € K N ONs. (3.5)

Thus we can obtain the existence of two positive solutions x1 and xo by using Theorem 1.1
and Remark 1.1, respectively. It is easy to see that a < ||z1|| < p < ||z2| < .

Theorem 3.3. Suppose that there exist a positive number M > 1 and 0 < a1 < 01 < as <
Bo < -+ < ay < B such that

(M — 1)z — f(k, ) >0for k € [0,T], x € [dau1, Bn].

Then the PBVP (1.1) has at least n multiple positive solutions z; (1 < i < n) satisfying
a; < ||zl < Bi, 1 <i<mn,if one of the following two conditions holds

(i)

f(k,z) < 0for ke€[0,T], z € [da, 5], 1 <i<n,

f(k,z) = Ofor ke 0,T], z €[683;,6], 1<i<m
(i)

f(kyz) > 0for ke€[0,T], z € [bay, 5], 1 <i <,

f(k,z) < Oforkel0,T], z€[66;06], 1<i<n.
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Remark 3.1. In theorem 3.3, if (i) and (ii) are replaced by

(i)
f(k,z) < 0Ofor ke[0,T], z € [bay, ], 1 <i<n,
f(k,z) > Oforke[0,T], z €060, 1 <i<n;

f(k,z) > 0for ke [0,T], z € [bay, ], 1 <i<n,
f(k,z) < Oforkel0,T], z €050, 1<i<n.

Then the PBVP (1.1) has at least 2n — 1 multiple positive solutions.

4 Examples
Example 4.1. Consider the following PBVP:

{ Ax(k) + f(k,z(k+1)) =0, ke][0,3], (4.1)

2(0) = z(4),
where 7' = 3 and f(k,z) =2 — x3 + 614.
Then the PBVP (4.1) has at least three nonnegative solutions.

Proof. Choose M = 2, then § = M~ (T+1) = 24 = 1_16' Let a = %, 8 = 32, then it is not
difficult to show that

(M = 1)z — f(k, 2) =% -

7
flk,z) =z — 22 + o >0 we (232 =[50
By Theorem 3.1, the PBVP (4.1) has at least one positive solutions.

Acknowledgment: The authors thankful to the anonymous referee for his/her helpful
suggestions for the improvement of this article.
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