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NECESSARY AND SUFFICIENT CONDITIONS
FOR OSCILLATION OF SOLUTIONS OF A FIRST
ORDER FORCED NONLINEAR DIFFERENCE
EQUATION WITH SEVERAL DELAYS

ABSTRACT: In this paper necessary and sufficient conditions have
been obtained so that every solution of the Neutral Delay Differ-
ence Equation (NDDE)

k

Jj=1

k
oscillates or tends to zero as n — oo for different ranges of > p,.
j=1
This paper improves and generalizes some recent work [2, 6, 8].
The results of this paper hold for linear, sublinear and superlinear
equations and also for homogeneous equations, i.e. when f, = 0.
KEY WORDS: oscillation, non-oscillation, asymptotic behaviour,

neutral difference equations.

1. Introduction

In this paper, the authors have obtained necessary and sufficient conditions
so that every solution y = {y,} of the first order difference equation

k
(E) A Yn + ij Yn—m; + qn G (yn—r) = fn
j=1
k
oscillates or tends to zero as n — oo for various ranges of ) P;, where
j=1

each p; is a scalar, A is the forward difference operator Az, = Tp11 — Tp,
G € C(R, R), G is non-decreasing and x G(z) > 0 for z # 0, ¢, > 0, f, are
real numbers (n = 0,1,2,...), m; for j = 1,2,..., k and r are non negative
integers. We further assume the following conditions for its use in the sequel.
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(H1) There exists a sequence {F,} such that and lim F, =0
n—oo
and AF, = fn.
(H2) Let G satisfy Lipschitz condition in the intervals of the type
[a,b], 0 < a<b.
oo

(H3) > qn = 0.
n=0

The following ranges for p; (j =1, 2, ... k) are considered in this work.

k
(A1) —1< > p; <0, where each p; <0
=1

j
k
(A2) 0< > pj <1, where each p; >0
j=1
k

(A3) > pj > 1, where each p; >0 and p; > 1+ ) p; for some
i=1 i1
ie{1,2,3, ..., k)

k

(A4) > pj < —1, where each p; <0 and p; < =1+ ) p; for some
i=1 i#
ie{1,2,3, ..., k}

Our results also hold for the equation

k s
(1) Ay, + ij Yn—m; | + Z qfl G (yn—rj) = fn
j=1 j=1

under the assumption

00 k
@) > () ==
n=0 \ j=1

in place of (H3), where r; are nonnegative integers for j = 1,2,..., s, {q%}
are infinite sequences of positive real numbers for each j and other symbols
are as defined in (E).

In recent years many authors (see [6], [8], [9]) have taken active interest in
studying oscillatory behaviour of solutions of NDDEs. But in the literature
few results are available regarding the oscillation criteria for solutions of
neutral difference equations with several delays. In a recent paper [6] the
authors have obtained the oscillation criteria for the solutions of

(3) A (yn +pyn—m) +a¢ G (yn—r) = fn.
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One may easily verify that, the technique used in [6] also works if we attempt
to study the same problem for the equation

(4) AWn+DYn-m)+ > @G (Unr,) = fn.

J=1

under primary assumptions (2) in place of (Hs). But interestingly, the tech-
nique adopted in [6], fails, when one attempts to study the same problem for
(E). Thus the bottom line is if the several delay terms are taken under the
difference operator, then one may face the real difficulty. This motivated
the author for the present work. Further Lemma 2.1 was repeatedly used to
get the results in [6], which is the discrete analogue of Lemma 1.5.1 in [3].
The notes 1.8 given in [3, p.31] suggests to extend the Lemma 1.5.1 for
application to neutral equations with several delays. But it seems difficult
to extend the Lemmas as suggested in [3]. Hence the author became more
interested to study the present problem for (E).

We may view (E) as the discrete analogue of the neutral delay differential
equation

!/

k
(F) y(t) +ijy(t—fj) +4q) Gy(t — o)) = f(?)

about which not much is found in the literature. It is well known that osci-
llation behaviour of delay differential equation and their discrete analogues
can be quite different ([11]). In [10] Yu and Wang have discussed oscillation
of solutions of first order neutral difference equation

(5) A(yn_pyn—m)+Qnyn—k =0, n=0,1,2,..

for p =1 and p = —1. In [2], Georgiou et al have studied the oscillatory
and asymptotic behaviour of solutions of Eq.(5).

The results of this paper generalizes many work done for delay difference
equations and NDDEs because our G can be linear, sublinear or superlinear
and f, could be zero (see Corollary 2.3 and Remark 2).

Let ¢ = max (r,m1,ma,...,mg). By a solution of Eq.(E) on [0,00) we
mean a sequence {y,} of real numbers which is defined for n > —¢ and
which satisfies (E) (for n = 0,1,2,...). A solution {y,} of (E) on [0,00) is
said to be oscillatory if for every positive integer N > 0 there exists n > N
such that y, yn+1 < 0, otherwise, {y,} is said to be nonoscillatory.
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2. Main results

In all our results in this section though we do not mention exclusively, we
assume G € C(R, R), G is nondecreasing and = G(z) > 0 for x # 0.

k
Theorem 2.1. Suppose that (Hi) holds and that ) p; be in the range
j=1
(A1). Then every solution of (E) is oscillatory or tends to zero as n — 0o
if and only if (Hs) holds.

Proof. Let us first prove that (Hs) is sufficient. Suppose that (Hs) holds
and {y,} be a non-oscillatory solution of (E) for n > Ny. Setting

k
(6) Zn = Yn + ij Yn—m;
j=1
and
(7) Wy = 2n — Fpy

we obtain from (E)
(8) Awy, = —dn G (yn—r) .

If y, > 0 for n > Ny then Aw, < 0, which implies w,, > 0 or w, < 0 for
n > Nj > Ny + £. In both the cases we claim that {y,} is bounded. If not
then there exists a subsequence {y,,} such that n; — oo and y,, — oo as
i — oo and y,, = max{y, : N1 <n < n;}. We may choose n; large enough
such that n; — ¢ > N;. Hence

k k

W, :yni‘i‘zpjymfmj_Fm > 1+ij Yn; — Fh,
j=1 Jj=1

implies that w,, — oo as ¢ — oo by (H;), a contradiction because {wy,}
is non increasing. Hence our claim holds and as a consequence liminf y,,
n—oo

limsupy, and lim w, and exists. If liminfy, > 0, then y, > 8 > 0 for
n—oo

n—00 =00

n > No > Nj. Hence

(9) Z qn G(yn—r) > G(ﬁ) Z qn = O0
n=No+r n=No+r

and from (8) we obtain

M-1 M-1

Z an G (ynfr) = - Z Aw, = WNy+r — WM -
n=No+r n=No+r
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If we take limit M — oo, it follows that

[e o]

(10) > @G (Yar) <0,

n=No+r

a contradiction to (9). Thus liminfy, = 0. Since lim w, exists then from
n—oo n—oo

(Hi) and (7) it follows that there exists § € R such that lim z, = 6. If
0 > 0, then

k
0<8= lim z =liminf { gu+ > PjYo-m,
j=1

k
< hnnlgf Yn + limsup ij Yn—m;

k k
< lim sup p; Yyn—m, = Jiminf gy, . =0
< Zl I SUP P Yo, lej im inf g —m, = 0,
J= J=

a contradiction. If § < 0 then

k
020 = lim 2 =limsup |y + j;pj Yn—m,

k
> limsup y, + Uminf { Y pj yn-m,

k
> limsu Lm inf p; Yp—m.
= nﬂoopyn‘kz; Lm 111 Pj Yn—m,
J:

k
> (ﬁmSUP yn> 1+ p;
=1

n—oo

Hence limsup y, < 0 by (A1), which gives lim y, =0 . If y, < 0 for large
n—oo

n—oo
n, then we proceed as above and prove lim y, = 0. Thus the sufficiency
n—oo

part of the theorem is proved.
In order to prove that the condition (Hs) is necessary we assume that

oo
(11) an <00,
n=0
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and show that (E) admits a positive solution which does not tend to zero
as n — 00, when the limit exists. It is possible to choose an integer N > 0
such that for n > N,

o) k k
1 1
(12) G(l);qj <3 |1 +;pj for |F,| < ML +;pj

Let X = ¢ the set of all real bounded sequences z = {z,}, n > N. For
z € X, we define ||z|| = sup{|x,| : n > N}. Clearly X is a Banach space
with respect to the above norm. Let K = {z € X : z,, > 0forn > N}. For
xz,y € X, we define x < y if and only if y —x € K. Thus X is a partially
ordered Banach space.

Let
k

1
W={zeX: 1+) pj| <2a<1, n>=N

j=1

If 2° = {20} where 20 = % (1 + Z?:l pj) for n > N, then 2° € W and

n

2¥ = inf W. Further, let ¢ ¢ W* C W. Then
k
. 1
W* = meX:agwngﬁ,nZN,azl—O 1+lej and 0 <1
J:
If #* = {z}}, where =}, = 1 for n > N, then z* = sup W* and z* € W. For
y € W, define

(Ty)N+e N<n<N+/,
k 00
_ . . + G -
(Ty)n _ J;lp] Yn—m; Jé:n q; (y] r)

k
+F,+3 |1+ ij>, n>N+(.
=1

Hence for n > N,

k k k
1 1
(Ty)n < _;pj+5 1+j§_jlpj + = 1+j§_jlpj

k
1
= 2—3;%- <1

and

k k k
1 1 1
(Ty)n < =15 1+ pj tz 1+ p =10 1+
j=1 j=1 j=1
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by (12). Hence T': W — W. Further, for z,y € W with z < y, we have
Tx < Ty. Hence T has a fixed point in W by Knaster-Tarski fixed point
theorem (see [3, p.30]), which is the required positive solution of (E). Hence
the theorem is completely proved. |

Remark 1. (H;) < < 00.

Example 1. From Theorem 1. it follows that every non-oscillatory so-
lutions of

1 1 3 _3n43 1 e e? 3e
A (yn - §yn—1 - Syn—2> + (yn—l) =e T4 —— n+1 1+ — 3 + g - ?
tends to zero as n — oo. In particular y = {e™"} is such a solution of this

equation.

Example 2. The equation

3
—j 1 G(1
A yn+22 jyn—?)j +EG(yn—2) = 1’52)

J=1

has a positive solution y = {y,} where y,, = 1 for every n. Here ¢, = #

and f, = Gn(Ql ) satisfies the conditions of the theorem. This illustrates the
necessary part of Theorem 1.

k
Theorem 2.2. Let ) p; be in the range (Ag). Suppose that (Hy) holds.
j=1
Then (i). (Hs) holds implies every solution of (E) oscillates or tends to zero
as n — oo. (ii). Every solution of (E) oscillates or tends to zero as n — oo

such that (Hg) holds, implies (Hs) holds.

Proof. Let us prove (i). Suppose (Hs) holds and {y,} be an ultimately
positive solution of (E) for large n. Then setting z,, and w,, as in (6) and (7)
we get (8), which implies w,, > 0 or w,, < 0 for n > N;. We prove {y,} is

bounded and liminf as in the proof of Theorem 1. If w,, > 0 then lim w,
n—oo n—oo

exists. Hence from (H;) and (7) it follows that hm Zzn=0€ R. As z, > 0,
so § > 0. We claim § = 0, if not then § > 0, Wthh implies

0= lim z, = liminf yn+ngyn m;

n—o00 n—o00
7j=1

< liminf y,, + lim sup Z PJ Yn— mg)

n—o0 n—oo
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k k
< pjimsupy,m;, = | Y _pj | @,
i=1 j=1

n—oo

where o = limsup y,,. Hence we get

n—oo
0
(13) a>—— >0
> D;
j=1
Again
k
0 = limsup z, = limsup | y, + ij Yn—m;
n—oo n—oo

J=1

k
> i lim inf Y,
> limsupy, +limin j;pj Ynm,

k k
> 0t Y py tminf (pyyen,) 2 0+ Y p; (Iminfy, ) = o
=1 i=1

a contradiction due to the inequality (13). Hence we conclude 6 = 0 and

from z, > y,, it follows that limsup, ..y, < 0. Hence lim y, = 0.
n—oo

Further if w,, < 0 then either lim w, = —oo or lim w, = d < 0. But in
n—oo n—oo

both the cases lim z, = § < 0, which is a contradiction because z, > 0 for
n—oo

large n. The proof for the case y, < 0 for large n is similar. Hence (i) is
proved.

Next let us prove (ii). Suppose to the contrary that (11) holds. From
this and (H;), we can find a large positive integer N such that for n > N

00 1 k 1 k
L;qj<5 1—;201 and - [Fo| < o5 1—;101

where L = max{G(1), L1}, Ly is the Lipschitz constant of G in 75[(1 —

k k

lej),l]. Let X = ¢ and S={z € X : {5(1— lej) <z, <1,n>N},
Jj= j=

S is a complete metric space, where the metric is induced by the norm in
X. For y € S, define

,

(Ty)N-i-Zu NS”SN_{—Ev
k [e%)
= > PiYn-m; + > 4 G (yj—r)
(Ty)n = F A~

k
+Fn+é<1+42pj>, n>N+/.
j=1
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Hence for n > N,

k k k
1 1
(Ty)n < g 12])j)+10 1 ij +5 1+4Zp]
7j=1 7j=1 7j=1
k
= 3 1+ij <1.
7j=1
k 1 k 1 k
(Ty)n = =D pj+15 | 1-Dpi |+ [1+4> p;
j=1 j=1 j=1
k
1
= 15 (12w
7j=1
Hence T': S — S. Further for u,v € S
ITu=Tv| = sup{|(Tu) — (T)a| : n> N}

k k
1
< Epﬁg 1= pi| | llu—nvl|
J=1 Jj=1

This shows T is a contraction. Hence T' has a unique fixed point y = {y,}
in S, which is the required positive solution of (E) on [N + ¢, 00) by Banach
contraction principle. Hence the theorem is completely proved. |

Corollary 2.3. Theorem 2.1 and 2.2 are true when p; = 0 for every
j. Hence if (H1) and (Hs) holds then every solution of the delay difference
equation

(D) Ayn + qn G (yn—r) = fn
oscillates or tends to zero as n — 00.

k
Theorem 2.4. Let ) pj be in the range (A3z). Suppose that (Hy) holds.
j=1
Then

(i) (H3) holds implies that every solution of (E) oscillates or tends to
2€ro as n — 0o,

(i)  Fwvery solution of (E) oscillates or tends to zero as n — oo such that
(H2) holds implies (Hs) holds.
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Proof. Let us prove (i) Suppose that (H3) holds and y = {y,} be an
ultimately positive solution of (E). Then setting z, and w, as in (6) and
(7), we obtain (8), which implies wy, > 0 or w, < 0 for n > N;. Suppose
wy, > 0 for n > Nj which implies lim w, = 6 € R. Using (H;), we obtain

n—oo

lim z, = § > 0. We prove {y,} is bounded and liminfy, = 0 as in the
o

n—oo n—

proof of Theorem 1. Then

k
(14) 6= nh_>nolo Zn = linH_1>i£f Yn + ij Yn—m,;
7=1

<limsup | yn + ij Yn—m; | +Hminf p; yn_m,

=11 +ij lim sup y,,

i#1 el
and
k
(15) 6 = lim 2, =lmsup | y, + ij Yn—m,
J#1
k
. . L
> lim inf y, + lim sup Z;pg Yn—m,
‘]:

> L Sup p; Y, + minf y  pj yn—m,

n—oo .y
J#i

> pilimsupy, + ) liminf p; yn—m,

n—oo . .
J#i

> pi limsup yp,.

n—oo

From (14) and (15) we obtain

1+ ij limsup y, > p; limsup y,

. . n—oo n—oo
J#
which implies

1+ij —p; | limsup y, > 0.

J#i e
Hence by (A3), we obtain lim y, < 0. Thus we have lim y, =0. If w, <0
n—00 n—00
then lim w, = —occ or lim w, = ¢ < 0 exists. In both the cases z, < 0 for

n—oo n—oo
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large n, a contradiction. We can hold similar arguments for the case y, < 0
for large n. Hence (i) is proved.
Next let us prove (ii) and choose

O<a<pz-—1—2pj
J#i

and
k
a 1+ij
i=1
A > ! > 0.
(pi—l—ZpJ)
JFi
Set
Ata 1
H:(p) and h—? —(A+a) 1+ij —pila— )

J#i

we claim A > 0, otherwise

(1 + > pj>
i=1
~A+a) [1+) 9 | <pila—2) & A< ’
77 (pi—l— Zw)
J#
a contradiction. Hence h > 0. Further if H < h then

A+ a)
y2

< —(A+a) 1+ij —pila—N)

J#i

R~

e2pia<—(A+a) [1+D pi |,
J#i

a contradiction. Hence H > h > 0. We may complete the proof by procee-
ding as in the proof of Theorem 2. and with the following changes

o0
Lqu<g and ]Fn|<% for n> N,

Jj=n

where L = max{Ly,G(H)}, L is the Lipschitz constant of G in [h, H].
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Let X =¢Y and S={r € X:h<x, < H}. Fory € S, we define

00
*I%.yneri - p% Z Pj Yn—mj+m; + p% Z 4q; G (yjfr) X
J#i

Jj=n+m;

(Ty)n = x A4 LE, o for n> N+,
(Ty)N+e N<n<N+/{.
For y € S,
(o)
L > g (@t )
Jt+n+m; a
Ty),, < < =H,
T ) + @/ =
and
(Ty)p>——— | 2|+ 22
Di i pi 2
1
:? —(A+a) 1—|—ij +pi(A—a) p =h.
5 £

Hence T': S — S and for u,v € S

1 a
|Tu—Tv|| <pllu—v|, where 0<p=— 1+§+ij <1.
bi i
Hence by Banach contraction principle T" has a fixed point, which is the
required positive solution. |

Example 3. We may note that y, = €™ 4+ e~ " is an unbounded solution
of the equation

A(yn— 1+ e)yn—1)+ (e = Dyp—1 = (262 +e -2 e)e”, n>0.
Here p=—(14+¢€) < —1land ) f, < oc.

The above example is a source of motivation for the next theorem.

k
Theorem 5. Let ) p; be in the range (A4) and suppose that (Hy) holds.
j=1
Then (i) (Hs) holds implies every bounded solution of (E) oscillates or tends
to zero as n — oo and (ii) every bounded solution of (E) oscillates or tends

to zero as n — oo such that (Ha) holds implies (Hs) holds.
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Proof. Let if possible y = {y,} be an ultimately positive bounded
solution of (E) for n > N;. Then setting z, and w, as in (6) and (7) we
obtain (8), which implies w, > 0 or w, < 0 for n > Ny > Nj. Then
nh_)rgo w, = € R and by (H;) nlLH;o zp, = 0. We prove linniiogfyn = 0 as in

Theorem 2.1. Let limsupy, = (. If § > 0 then

n—oo

0 <6 = liminf yn+2pgyn m;

n—0o00
7j=1

<limsupy, + hm 1nf ij Yn—m;

n—oo
j =1

< ﬂ—i—hmlnf Di Yn—m,; + limsup Zp] Yn—m;

n—oo
J#i

< B+ pilimsup yp—m, +thsup Pj Yn—m; < (1+p;) 5.

n—oo
J#i

Hence 8 = 0 as p; < 1, which implies lim y, = 0. If § < 0 then we get
n—oo

k
(16) 0= nh_)rrgo 2y = hnnlgéf Un + Zp] Yn—m;
7=1
k
< limsu + hm 1nf
n_wop Yn ]le] Yn—m;
<(1+p) B+ pj liminf yp,—m; = (1+p;) B
J#i
and
k
(17) 0 = limsup 2z, > lim mfy + lim supr] Yn—m,
n—00 n— n—00 =

> lim sup p; Yn— m; +hm1nfzpj Yn— mJ = ij
n—00 j#i J#i

From (16) and (17) we obtain

+pz sz B=0.
J#
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Hence from (A4) we conclude 5 < 0. Then limy, ooy, = 0. Thus (i) is
proved. The proof of (ii) is similar to that of Theorem 2.4 (ii), hence is
omitted. [

Remark 2. In view of Remark 1 all the results in [6] follow as particular
cases of our results. It may be noted that the technique used in our results
is different from that of [6]. Also the work of this paper generalize some of
the results of [2], [8].

Remark 3. The condition imposed on p; in (A3) and (A4) are required for
both the necessary and sufficient part of the Theorem 2.4 and Theorem 2.5.

Note. One may easily find example to illustrate all other theorems as we
have done for Theorem 2.1.

3. Conclusion

In this section we mainly discuss some of the questions un answered in this
paper. If we assume that {y, } is unbounded in Theorem 2.5., then it appears

very hard to prove: either all solutions of (E) oscillate or tend to +0c0. Again
k
for the range where ) p; = £1, we do not have any result. We dont find
j=1
any such result in literature as well. It would also be interesting, if one drops
(H2) and still find a positive solution as in Theorems 2.2, 2.4, 2.5. One may
easily find that our results can be extended to neutral difference equations

with variable coefficients
A yn+zp%ynfm] +ZQ¥LG(yn7rJ) :fn
=1 j=1

under the primary assumption (2), to generalize the work in [9].
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