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Existence of Solutions for Boundary Value Problems for First Order Impulsive Difference
Equations

Lydia Bouchal and Karima Mebarki and Svetlin Georgiev Georgiev

ABSTRACT: In this work, we establish sufficient conditions for the existence of nonnegative solutions for a
class of first order impulsive difference equations with a family of nonlinear boundary conditions. To prove our
main result we use a new topological approach on the fixed point index theory for the sum of two operators
in Banach spaces. An example is given to illustrate the main result.
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1. Introduction

Many phenomena studied in applied sciences are represented by differential equations and difference
equations. However, many of them have a sudden change in their states such as neural networks models,
population models, models in economics, etc. For more details, we refer the reader to the book [1].

An impulsive difference equation is described by three components:

a difference equation, which governs the state of the system between impulses; an impulse equation,
which models an impulsive jump defined by a jump function at the instant an impulse occurs; and a
jump criterion, which defines a set of jump events in which the impulse equation is active.

This paper is devoted to investigate the following boundary value problem for impulsive difference
equations with nonlinear two point functional boundary conditions

Az(n) = f(n,z(n)), n#ng, néedJ,
Az(ng) = Ip(z(ng)), n=ng, (1.1)
Mz(0) — Na(T) = g(z(0),2(T)),

where A is the forward difference operator, i.e., Au(n) = u(n+1) —u(n), J =[0,T]NN, T € N, N is the
set of natural numbers, M, N >0, f € €(J xR), g € C(R x R), I}, € C(R), k € {1,...,p}, {nx}i_, are
fixed points such that

O<ni<ma<...<n,<T, peN.

In this paper we propose a new approach to ensure the existence of at least one nonnegative solution to
the BVP (1.1). The nonlinear terms in the equation and in the boundary conditions as well as the jump
function satisfy a general polynomial growth conditions. Our existence result is based on a recent fixed
point index theory developed in [2,3] for the sum of two operators on cones of a Banach space. Precisely,
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our method involves the fixed point index for the sum of two operators T+ F' on cones of a Banach space,
where I — T is Lipschitz invertible and F' is a k-set contraction.

When the function ¢ is a constant, criteria on the existence of minimal and maximal solutions to
the BVP (1.1) are obtained in [7] by using a comparison theorem and the method of upper and lower
solutions coupled with the monotone iterative technique. These two methods as well as the fixed point
theory are the most common techniques used in the literature to investigate the existence of solutions for
first order impulsive difference equations. Tian et al. [6] investigated periodic boundary value problems
for first order impulsive difference equations with time delay. The authors in [4,9] analyzed the existence
of solutions for a first order functional difference equations without impulses with nonlinear functional
boundary conditions. In [8,10] they studied the existence of solutions for difference equations involving
causal operators without impulses with nonlinear boundary conditions. The authors in [5] obtained
the existence of positive solutions for a class of first order impulsive difference equations with periodic
boundary value conditions using fixed point theorems of Krasnosel’skii and Leggett Williams.
Motivated by the previous works, the boundary conditions considered in this paper involving nonlinear
functional at two point are more general. They include, among others, periodic, multipoint boundary
value conditions and integral boundary value conditions as particular cases.

The paper is organized as follows. In the next section, we give some preliminary results. In Section
3, we give some auxiliary results and we prove our main result. In Section 4, we give an example that
illustrates our main result.

2. Preliminaries
Definition 2.1. Let E be a Banach space. A nonempty closed convex set P C E is called a cone provided:
1. ax € P for any a > 0 and for any x € P,
2. x € P, —x € P implies © = 0.

Definition 2.2. Let E be a real Banach space. A mapping K : E — E is said to be completely continuous
if it is continuous and maps bounded sets into relatively compact sets.

In all what follows, P will refer to a cone in a Banach space (E, ||.||), and U is a bounded open subset
of P, Q@ C P. The fixed point index i, (T + F,U N, P) defined by

i(I-T)'FU,P), fUNQ#£D

0, ifUNQ=0, (2.1)

u@+EUﬂQ®:{

is well defined whenever 7' : Q2 — E is such that (I —T) is Lipschitz invertible with constant v > 0 and
F:U — E is a k-set contraction with 0 < k <y~ and F(U) C (I — T)(). For more details see [2,3].

The following result (see details of its proof in [3] and [2]) will be used to prove Theorem 3.1.

Proposition 2.3. [3/ Assume that the mapping T : Q C P — E be such that (I-T) is Lipschitz invertible
with constant v > 0, F : U — E is a k-set contraction with 0 < k <~~1, and tF(U) C (I —=T)(Q) for all
tel0,1. If(I-T)"*0 €U, and

(I —T)x # \Fzx forallmeaUﬂQ and 0 <\ <1,

then the fized point index i (T + F,UNQ,P) = 1.
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3. Main result

We suppose that

(H1) The functions f, g, I, k € {1,...,p}, satisfy

0 < f(n,z(n) <ai(n)+az(n)lz(n)”,
0 < g((0),2(T)) < b1 +ba|z(0)]” + bs|(T)|*,

0 < Ii(z(n)) < as(ni) + aa(rp)z(ne)™, k€ {1,....p}

where ay,a9,a3,a4 € C(J,R) are positive functions, by, ba, bs, p1, p2, p3, p4 are nonnegative
constants, and

0 < ai(n),az(n),as(n),as(n),by,ba,b3 < D, neJ,
for some positive constant D.
and
(H2) The constants ¢ € (0,1), B>0,D >0, M >0, N>0,TeN,p; >0, je{l,...,4}, satisfy
M-N1-¢T>0
and

D (1+ BP2 + BPs)

B, =

M_N(1—of
M+ N
2T ————— (D(1 + BP* + BP*4 B
+ M—N(l—c)T( (1+ + BP*) 4+ ¢B)
< B.

Our main result is as follows.

Theorem 3.1. Suppose that (Hi) and (Hy) hold. Then the BVP (1.1) has at least one nonnegative
solution x € C(J,R) so that

0<z(n)<B, nel.

Remark 3.2. In [7], the BVP (1.1) is investigated when

f(n,z) = f(n,y) > —L(z —y)
for ap < a(n) <y <z <pB(n)<pBy,ned, and

Ii(z) = Ix(y) > —Li(z — y)

for ap < alng) <y <z <B(ng) <Py, ke{l,...,p}, and g is a constant, where oo, B, are nonnegative
constants, o and B are suitable nonnegative functions, 0 < L, Ly, <1, k € {1,...,p}. It is given in [7] a
criteria for existence of nonnegative minimal and mazimal solutions. If

4
a {IT>0, CL>M

f(n,x):Ik(x)zm, = 1+ ag

)
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Then
Ii(x) = Ir(y) = f(n,z)— f(n,y)

(1+2)2 (1+y)?

a(z—y)2+z+y)
(1+2)2(1+y)?

2a(e —y)(1 + o)
(1+ Bo)?

< 2-y), ag<y<a< P

IN

Thus, the conditions in [7] are not fulfilled, but our conditions hold. Also, our main result is valid in
the case when g is not a constant. Therefore we can consider our main result as a complementary and
improvement result to those in [7].

3.1. Auxiliary Results
In [7], it is shown that the solution of the BVP

Au(n) +cu(n) = o(n), n#ng, ne.,
Au(ng) = —Lyu(nk) + Ie(n(ne)) + Lin(nk), k€ {1,...,p},

Mu(0) — Nu(T) c,

where 0 < ¢ < 1, Ly, C, k € {1,...,p}, are given constants, n € E1,0 € C(J), where E; is the set of
real-valued functions defined on J, is represented in the form

C(1—-om)

= 9 G(
u(n) M—-N1-oT +J(§é (n. 7)o
) ngk

+ ). Gy (¢ = Li)ulng) + Te(n(ur)) + Lin(ur)),

0<n,<T—1
where
. M, 0<j<n-1,
G(n, )
’ M — N(]. C) (1 (,)T+n .
N(1 PEREIE n<j<T-1
We have that M4 N
G DI — e J. 3.1
(n’])—M—N(l—C)T’ n,j e (3.1)

In the Banach space C(J,R) of the continuous real-valued functions defined on J, define the norm
Il = ma o (n).
Lemma 3.3. Suppose that (H1) holds. If v € C(J,R), ||z|| < B, then

0 f(n,z(n)) < D1+ BP),neJ,

IN

0 < g(x(0),2(T)) < D(1+ B+ BP),

0 < Ii(z(nk) <D(1+BP), ke{l,...,p}.
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Proof: By (H1), we get

0
and
0 <
<
<
and
0 <
<
<

This completes the proof.

Lemma 3.4. Suppose that (H1) holds.

IN

f(n,x(n))

IN

a1(n) + az(n)|z(n)P*

IN

D(14B"),nelJ,

9(x(0),2(T))
b1 + bl (0)[* + bs|a(T)["

D (1+ BP + B™),

I (z(ny))
az(nk) + as(ng)|z(ng) |

D(1+BPM), ke{l,....ph

Let © € C(J,R) satisfies the equation

2.

0<n,<T—-1

Then it satisfies the BVP (1.1).

Proof: We have

G(n,ng) (cx(ng) + Iy(z(nk))) »

-0 = o _
T S Gng) (f(G,x()) + cx(i))
J=0,j#n}

née.J.

) = LTI
NG, e U +ent)
e x g () + )
T NA(41 — o7 o<n,§n71 % (cx () + Te(2(n)))
T NJ(Vl 72 % (cxng) + Le(a(ng)), ne
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Hence, for n # ny, k€ {1,..., p}, we have

) = LoDII= g
T X e UG+
e Lz T (Ua() + ()
RN T, 5 (g () + e

(1 — ¢)T+n+1

g (cz(ng) + I (z(ng)))

n+1<n, <7T—1
o0t M
1 M—N(1—-oT

f(n,2(n)) + cx(n))

—c n+1
+ % O<j<n§:1#m ﬁ (f(G.2(5)) + cx()))
N1 —¢)T
TM-N1—oT (f(n,z(n)) + cx(n))
— c)THn+1
+% n<j<T—1,j#n, ﬁ (F0,2()) + eald))

M(1—c¢)"* Z 1 (cx(nk) + Ix(x(ng)))

M-NI-oT 4 (-t
+% W;T_l ﬁ (cx(ni) + In(z(ny))
- -9 );xjffé)i}c)"
% s T (Ul + ext)
+% o g U20) + ea(i)
% Py T (calne) + Do)

—c T+n
+% Z ﬁ (cx(ng) + I(x(ng))) )

n<n,<7T-1

+f(n,z(n)) 4+ cx(n)
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= (L=0z(n) + f(n,z(n)) + cx(n)

= f(n,z(n)) +z(n).
So,
Az(n) = f(n,z(n)), n# ng.

Next, for n =ny, k€ {1,..., p}, we have

Az(ng) = z(np+1) —x(ng)

g(2(0), 2(T))(1 — ¢)™+t!

M—-N1-¢)T
— )t

N( _ C)T+nk+1
+

> g UGa) + )

M-N1-9T np+1<i<T—1,5#n
—c ng+1
NG, X, e () )
—c T+n,+1
+% ﬁ (cx(ny) + T(w(m)))

np+1<n;<7-1

—z(n)

~ (-0 (g(w(ommm o

M—N(1-cT
M(1—c)™* 1 o .
m 0<j<nkzl A (T—c)itt (F0,2(5)) + ex())
—c TH4ny
TNy X g UG )

np <G<T—1,5#n

+% > ﬁ(%(”th(w(m)))

0<n;<np—1
N(1 =)t tm 1
M

N g o) + (@)

N(1 —¢)T

T = N = o (@) + Tk@(m))) - 2(m)

= (1 -=czx(nk) + cx(ng) + I(x(ng)) — x(nk)

= T(x(ny)).
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Moreover,
_ 9(@(0),=(T))M
M) = S NaZor
MN(1—¢)T 1 . .
+m O<j<7; o T =yt (f (G, 2(5)) + cx(3))
— o\
+% 0<nkZ<:T71 ﬁ (cx(ng) + Ip(xz(ng))),
_ 9(x(0),%(T))N(1 —o)"
Ne(T) = == —Na=o7
—oT
+% Z ﬁ(f(jax(j))-kcx(j))
0<j<T—1,j#n;
—oT
+% O<H;T_l ﬁ (cx(ng) + In(z(nr))) -
Therefore
Mz(0) — Nx(T) = g(x(0),z(T)).
This completes the proof. ]

For x € C(J,R), define the operator

T-1
Fan) = Y Gd) (fa(i) + eali)

7=0,j#nk

+ > Gnong) (cx(me) + Ie(z(ni)) , n € J.
0<ne<T-—1

By Lemma 3.4, it follows that any fixed point 2 € C(J,R) of the operator F is a solution to the BVP

(1.1).

Lemma 3.5. Suppose that f € C(J xR), g € C(R x R) and I}, € C(R), k € {1,...,p}. Then F :
C(J,R) = C(J,R) is a continuous operator.

Proof: (a) Since G € C(J x J), f € (J xR), g € C(R xR) and I, € C(R), k € {1,...,p}, the operator
F maps C(J,R) into C(J,R).

(b) F is continuous. In fact, take {z;}eny C C(J,R) such that z; — =, as | — +oo in C(J,R). Fix
e > 0 arbitrarily. Then there is a 6 = §(¢) € N such that

[zi(n) —z(n)] < ¢,
[f(n, 1 (n)) = f(n,z(n))] < e,

Ik (21(n)) = I(z(n))| < e

foranyn € J, k€ {1,...,p}, and for any [ > ¢.
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We have

|Fay(n) — Fa(n)| = ‘g(xl(o)vxl(T))—g(x(O),x(T))

M—-N1-¢o)T

+ Z G(n, ) ((f (G, 2(5) = [, () + claa(d) — (5)))

J=0,j#nk

+ ) Gy (clai(ng) — z(nn)) + Tn(zi(nk)) = In(z(ni))))

0<ne<T-1
< 9@(0), (7)) — g(x(0), z(T))|
- M—-N1-¢)T
+ Z ) Gy2i() = FGz()] + ez (G) — 2(5)])
J=0,j#n
+ ) Gy (cau(ng) — z(ne)| + [Te(zi(n) — Te(2(nk))])
0<ne<T-1
g
S M_NI—oT
= M+ N
+ (e+ce)
]:;;nk M_N(I_of 7 ¢
+ Z % —]\/E[V—('—lji o7 (e+ce)
0<np<T—-1
1
= E(M “N(_oT
+2TM_AfV“(L1]iC)T (1+c)>, nel, 1>4

This completes the proof.

Lemma 3.6. Suppose that (H1) and (Hsy) hold. For x € C(J,R), ||z| < B, we have

Fz(n) < Bi, |AFz(n)| <2B;, ne€.J.

Proof: We have

M+ N
EEEESE———— Bpl BP4 B
+ > M—N(l—c)T( (1+ BP* + BP*) +cB)

M+N P1 Pa
+ ) M_N(l_c)T(D(l—i—B + BP*) + ¢B)
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D (1+ Br2 + BPs)

- M—-N1-¢)T
M+ N
2T ———+—— (D(1 + BP* + BP* B
+ M—N(l—c)T( (1+ + BP*) 4+ ¢B)
= B, ne.l
Next,
|[AFz(n)| = |Fz(n+1)— Fz(n)
< Fz(n+1)+ Fz(n)
< 2B;, ned
This completes the proof. O

3.2. Proof of the Main Result
Take € > 0 arbitrarily. Let E = C(J,R) be endowed with the norm ||z| = max |z(n)|, and

P = {ze€E:z(n)>0, neJ}
Q = Pyp={xe?:|z| <2B},
U = Pgp={xe?:|z|| <B}.
For = € E, define the operators
Tiz(n) = (1+e€)z(n),
Fiz(n) = —eFx(n), ned

Note that for any fixed point x € E of the operator 77 + F; we have that x € E and it is a solution of
the BVP (1.1).

1. For z,y € E, we have
_ _ 1
(7 =T0) " e = (I =T) "yl = ~Jl= =yl
ie., (I —Ty): E — E is Lipschitz invertible with constant i.

2. According to the Arzela-Ascoli compactness criteria, by Lemma 3.5 and Lemma 3.6, it follows that
Fy : U — F is a completely continuous operator. Therefore I} : U — E is a 0-set contraction.

3. Let t € [0,1] and x € U be arbitrarily chosen. Then

z=tFrxe F
and
z(n) < th
< tB
< B, nelJ,
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ie., z € Q. Next,

tFix(n) = —teFx(n)
= —ez(n)

= (I-Ty)z(n), ned
Thus, tF1(U) C (I —T1)(Q).

4. Note that
(I-T)"'0=0€ecU.

5. Assume that there are x € QU [ and X € [0, 1] such that
(I — Tl)x = )\FlfL‘

If A =0, then
O0=({I—-T)zr=—ex on J,

whereupon z(n) = 0, n € J. This is a contradiction because © € OU. Therefore A € (0,1]. Let
ny € J be such that x(n,) = B. Then

(I-Tyxz(n1) = —ex(ny)
= —eB
= —eAFz(ny),
whereupon
B = MAFz(n)
< AB;
< AB
< B,

i.e., B < B, which is a contradiction.

Consequently, from Proposition 2.3 and the existence property of the fixed point index, it follows that
the operator 77 + F} has a fixed point in U. Denote it by x. We have

0<z(n)< B, nedJ,
and z € E is a solution of the BVP (1.1).

4. Example

Let
1

D= 1010000

B=1, p=4, pi=p2=p3=ps=2, T =20,

and
1 1

al(n)zag(n)zag(n)=a4(n)=W, nec [0,20], blzbgzbgzw,
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and
1 100
N = 1, Cc = W, M =10 .
Then
3 100
THT0000 10°°Y +1 4
Bl _ 1010000 + 40 < ) < 1 _ B
10100 _ (1 B 101%)20 10100 _ (1 . 101%000)20 1010000
and the BVP
(z(n))?
Az(n) = 010000 (2 1 1) n € [0,20],
(x(n))”
Ax(nk) = W, ke {1,2,3,4},
2

1010000(1 4 2(20) + (2(20))2)

has a solution = € €(]0,20] NN, R) so that

0<z(n)<1l, ne{0,1,...,20}.
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