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Abstract

In this paper, we deals with the second order neutral functional difference equation of the form

A(r(n)A(x(n) —p(n)x(n = 1)) +q(n)f(x(n —0)) =0; n=>mny (*)

where {r(n)}, {p(n)} and {g(n)} are sequences of real numbers, T and ¢ are positive integers and f : R — R
is a real valued function. We determine sufficient conditions under which every solutions of (x) is either
oscillatory or tends to zero.
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1 Introduction

In this paper we deals with the second order neutral functional difference equation of the form

A (r(m)A(x(n) = p(n)x(n = 1)) +q(n)f(x(n —0)) =0; n>mng (1.1)

where A is the forward difference operator defined by Ax(n) = x(n+ 1) — x(n), T and ¢ are positive integers,
{r(n)}, {p(n)} and {q(n)} are sequences of real numbers, and f : R — R is a continuous function.
Throughout this paper we assume the following conditions to be hold:

(i) {g(n)} is a sequence of nonnegative real numbers and {q(n)} is not identically zero for sufficiently large
values of n;

(ii) {p(n)} is a sequence of nonnegative real numbers and there exist a constant p such that 0 < p(n) < p <
L

(iii) {r(n)} is a sequence of positive real numbers;
(iv) there exist a constant k such that @ >k >O0forallu # 0.
Let {x(n)} be a real sequences. We will also define a companion or associated sequence {z(n)} of it by
z(n) = x(n) = p(n)x(n—1), n=no. (12)

Let = max {7,c}. For any real sequence {¢(n)} defined in ny — 0 < n < ny — 1, the equation (1.1) has a
solution {x(n)} defined for n > ng and satisfying the initial condition x(n) = ¢(n) forng —6 <n <mng—1. A
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solution {x(n)} of equation (1.1) is oscillatory if it is neither eventually positive nor eventually negative and
nonoscillatory otherwise.

In this paper we establish sufficient conditions for the oscillation of solutions to (1.1) under the following
two cases:

=1
and
ad 1

Recently, there has been much interest in studying the oscillatory and asymptotic behaviour of difference
equations; see, for example, [3-10] and the references cited therein. For the general theory of difference
equations one can refer to [1,2].

In [7], sternal et al. established sufficient conditions for every bounded solutions of (1.1) is either oscillatory
are tends to zero as n — oo under the conditions (1.3) and

Rath et al. in [6] established sufficient conditions under which every solution of (1.1) is oscillatory are
tends to zero as n — .

In [5] we established sufficient conditions for oscillation of all solutions of the equation (1.1) where {p(n)}
is a nonnegative real sequence.

In this paper our aim is to determine sufficient conditions under which every solution of (1.1) is oscillatory
or tends to zero as n — oo. Our established results are discrete analogues of some well-known results due to
[8].

In the sequel, for our convenience, when we write a fractional inequality without mentioning its domain
of validity are assume that it holds for all sufficiently large values of n.

2 Some Useful Lemmas

In this section, we state and prove the following lemmas which are useful in proving our main results of
this paper.

Lemma 2.1. [3] Let {x(n)} be an eventually positive solutions of (1.1) and {z(n)} be its associated sequence defined
by (1.2). If {Az(n)} is eventually negative or limsup,,_, ., x(n) > 0, then z(n) > 0, eventually.

Lemma 2.2. Assume that (1.3) holds. Let {x(n)} be an eventually positive solution of (1.1) such that
limsup, . x(n) > 0. Then its associated sequence {z(n)} defined by (1.2) satisfies z(n) > 0,r(n)Az(n) > 0 and
A(r(n)Az(n)) < 0 eventually.

Proof. Assume that {x(n)} is an eventually positive solution of (1.1) such that limsup,_, ., x(n) > 0. Then it
follows from (1.1) that A(r(n)Az(n)) = —gq(n)x(c(n)) < 0. Consequently {r(n)Az(n)} is decreasing and thus
either Az(n) > 0 or Az(n) < 0, eventually. If we let Az(n) < 0, then by Lemma 2.1, z(n) > 0 eventually. Then
also r(n)Az(n) < —c < 0 and summing this from n; to n — 1, we have

n—1
1

< — R — .

z(n) < z(ny) cSZEnlr(s)% 0 s 1 — oo

This contradicts the positivity of {z(n)} and hence Az(n) > 0. Since limsup,, ., x(1n) > 0, by Lemma 2.1 we
have z(n) > 0 eventually and the proof is complete. O
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3 Main Results

In this section, we derive sufficient conditions for oscillation of all solutions of (1.1). For the sake of
convenience we use the following notations.

Q(n): = min{q(n),q(n - 1)}
(An(n)), = max{0,An(n)}

n—1 1
R = L6y

and
B = Lo

[ee)
n=ny

Theorem 3.1. Assume that (1.3) holds and o > T. Suppose that there exist a positive real valued sequence {1(n)}
such that

n—1 _ s 2
hl;ln_f;lp ; ki](S)Q(S) _ (1+P)7’(5 41;7()55(A77( ))+) — 0. (31)

Then every solution of (1.1) is either oscillatory or tends to zero.

Proof. Assume the contrary. Without loss of generality we may suppose that {x(n)} is an eventually positive
solution of (1.1) such that limsup,, ., x(n) > 0 and let {z(n)} be its associated sequence defined by (1.2).
Then there exists an integer n; > ng such that x(n) > 0, x(n —7) > 0, x(n — ) > 0 and z(n) > 0 for all
n > nq. Then from (1.1), we have

A(r(n)Az(n)) < —kq(n)x(n —0) <0, n>ny. (3.2)

This shows that {r(n)Az(n)} is a decreasing sequence. Then by Lemma 2.2, z(n) > 0 and Az(n) > 0,
eventually. Now from (3.2), we have

A(r(n)Az(n)) + pA(r(n — t)Az(n — 1)) + kg(n)x(n — o) + pkg(n — t)x(n — 7 —0) <O0.

A(r(n)Az(n)) + pA(r(n — 1)Az(n — 7)) + kQ(n)z(n — o) < 0. (3.3)
Define a sequence {u(n)} by A
() = () "TEE, 64

Clearly u(n) > 0. Taking difference on both sides of (3.4) and using the fact, from (3.2) that Az(n — o) >
r(n+1)Az(n+1)

, we have
r(n—o)

n(n) w (n+1)  un+1
Au(n) < (n) z(n—o0) _172(n+1) r(n—o) +11(n+1)A’7(n)

Ar(m)dz(n))  p(mud(n+1)  u(n+1)
< n(m) zin—0c) 2+ Dr(n—o) + nn+1) (B(m))+- (35)
Similarly we introduce another sequence {v(n)} defined by
o(n) =y DA D) (36)

z(n—0)
Then v(n) > 0. Taking difference on both sides of (3.6), by (3.2) and o > T, we see that

rin—t+1)Az(n—1t+1)

Az(n—0) > i —0)

7



370 A. Murugesan et al. / Conditions for Oscillation and Convergence...

and
A(r(n —t)Az(n — 1)) nn) v*(n+1) on+1)
Mol <)== =5y~ Pw+D) o) T gmr )"
A(r(n —1)Az(n — 1)) nn) o*(n+1)  on+1)
< 77(") Z(i’l—(T) - Wz(n+1) 1’(1’1 —(7') + 17(71+1) (Aﬂ(n))Jr (37)

From (3.5) and (3.7) we have

A(r(n)Az(n))
z(n — o)

A(r(n —T)Az(n — 1))

Au(n) + pAo(n) < n(n) z(n— o)

+ pn(n)

w(n+1) o(n+1)
+ pﬂ(n + 1) (Aﬂ(n))Jr

—p 2’7(") v*(n+1) (3.8)

n?2(n+1) r(n—o0)
In view of (3.3) and the above inequality, we have
u(n+1)(An(n))y _ n(mu*(n+1)

Au(n) + pAo(n) < —kQ(n)n(n) + n(n—+1) 2+ 1)r(n—o)

n(n)o*(n+1)

p(An(n))
T P172(1’l+1)7’(71—(7)

i+ 1) v(n+1)—

< —kip(n)Q(n) + (1+p)

Summing the above inequality from n; ton — 1, we get

n—1

mm+meMmHmm0—2[M@m@—

S=m

(1+p)r(s —a((An(n))+)?
4n(s)

which implies that

n—1 r(s — 2
s;nl kﬂ(S)Q(S) _ (1+P) (S 4’7025()(A77(S))+)

]SuW0+pMm)

which contradicts (3.1). This completes the proof. O

Choosing #7(n) = R(n — o + 1). By Theorem 3.1, we have the following results.

Corollary 3.2. Assume that (1.3) holds and o > . If

. = 1+
ll?joljp s:Zn;U kR(s —o+1)Q(s) — rE ;)R(spz il 00. (3.9)

Then every solution of (1.1) is either oscillatory or tends to zero.

Corollary 3.3. Assume that (1.3) holds and o > 1. If

liminf — nz—l R(s —o+1)Q(s) > Ltp (3.10)
n—eo InR(n—0) S 4k 7 '

then every solution of (1.1) is either oscillatory or tends to zero.



A. Murugesan et al. / Conditions for Oscillation and Convergence... 371

Proof. We can easily prove that (3.10) yields that there exists a constant € > 0 such that for all large n,

1 nl 1+p
- R(s — 1 F
InR(n—0) s;g (s—o+1)Qls) > k€
which follows that
= 1+p
Y R(s—o+1)Q(s) — <) InR(n—0) >elnR(n—o0),
e 4k
that is )
n— 1 _,_p
R(s —o+1)Q(s) — ] >elnR(n—o0)
S:Zn:o dkr(s —o)R(s — o +1)
1+
- % InR(ng — ). (3.11)
Now it is clear that (3.11) implies (3.9) and the assertion of Corollary 3.3 follows from Corollary 3.2. O

Corollary 3.4. Assume that (1.3) holds and o > . If

1+p

lim inf [Q(H)RZ(H—U-FUV(TI—(T)} T

n—oo

(3.12)

then every solution of (1.1) is either oscillatory or tends to zero.
Proof. It is easy to verify that (3.12) yields the existence of € > 0 such that for all large 7,

Qn)R*(n—o+1r(n—o) > 12_7;? +e.

Dividing the above inequality by R(n — ¢ + 1)r(n — o), we have

1+p €

QUIR( =0+ 1) = R o+ r(n —0) = R(u 0 + Dr(n —0)’

which implies that (3.9) holds. Therefore by Corollary 3.2, every solution of (1.1) is either oscillatory or tends
to zero. O

Next, choosing 7 (1) = n. By Theorem 3.1, we have the following result.

Corollary 3.5. Assume that (1.3) holds and o > 1. If

n—1
limsup Y. [st(S) _ 14 P} — o, (3.13)
n—oo s=ng 45

then every solution of (3.13) is either oscillatory or tends to zero.

[ee]
n=ny

Theorem 3.6. Assume that (1.4) holds and o > T. Suppose that there exists a positive real valued sequence {1(n)}
such that (3.1) holds and

n—1
lir;lj:jp S:Xn:(, [kQ(S)ﬁ(s +1)— 41’(5;5_'—&_1)} = o0. (3.14)

Then every solution of (1.1) is either oscillatory or tends to zero.

Proof. Assume the contrary. Without loss of generality we may suppose that {x(#)} is an eventually positive
solution of (1.1) such that limsup,,_, . x(n) > 0. Let {z(n) } be the sequence defined by (1.2). Then by Lemma
2.1, z(n) > 0, eventually. Then there exists an integer 17 > ng such that x(n) > 0, x(n —7) >0, x(n —0) > 0
and z(n) > 0, for all n > n;.

Clearly we can see that {r(n)Az(n)} is nonincreasing sequence eventually. Consequently, it is easy to
conclude that there exist two possible cases of sign of {Az(n)}, thatis, Az(n) > 0or Az(n) < 0forn > ny > ny.
If Az(n) > 0, then we are back to the case of Theorem 3.1, and we can get a contradiction to (3.1). If Az(n) < 0,
then we define the sequence {u(n)} by

u(n) = ———=%, n>ny. (3.15)
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Clearly u(n) < 0, Noting that {r(n)Az(n)} is nonincreasing, we have
r(s)Az(s) < r(n)Az(n), s>n > ny.

Dividing the above inequality by r(s) and summing from n to | — 1, we get
2(1) < z(n) +r(m)Az(n) ¥ —, 1=n>m

Letting | — oo in the above inequality, we have
0 <z(n)+r(n)Az(n)p(n), n > ny.

Therefore

From (3.15), we have

Similarly, we introduce another sequence {v(n)} by

r(n—1)Az(n — 1)
z(n) ’

v(n) = n > np.

Clearly ov(n) < 0. Noting that {r(n)Az(n)} is nonincreasing, we
r(n —1)Az(n — 1) > r(n)Az(n). Then v(n) > u(n). From (3.16), we obtain

—1<vovn)B(n) <0, n>ny.
Taking difference on both sides of (3.15), we have

rin n M21’l
s = D) _ 800)

Again, taking difference on both sides of (3.17), we obtain

A(r(n =T)Az(n — 1)) v*(n)
S T) )

From (3.19) and (3.20), we can obtain

A(r(n)Az(n)) (r(n —1)Az(n — 1)) uz( n) vz(n)
) P () () Pl

Au(n) + pAv(n) <

(3.16)

(3.17)

have

(3.18)

(3.19)

(3.20)

(3.21)

On the other hand, proceed as in the proof of Theorem 3.1, we have that (3.3) holds. Therefore by (3.3) and

(3.21), we get
w(n)  0*(n)

OO
Multiplying by B(n + 1) on (3.22) and summing from 7, to n — 1, we have

Au(n) + pAv(n) < —kQ(n) —

n—1
[B(n)u(n) — p(n2)u(n2)] — ) 1 u(s)AB(s) + p [B(n)v(n) — B(nz)v(nz)]
s=npy+
n—1 n—1 n—1 uZ(S)
—p Z 1v(s)A,B(S) +k Z Q(s)B(s+1) + Z o) B(s+1)
s=np+ s=ny S§=n3

+PZ ﬁ(s+1)<0

= O

(3.22)
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or w1
[B(m)u(n) — B(n2)u(n)] + ) l((s))+P[[3(n)v(n) Bnz)v(n2)]
s=npy+
5 Y Y e+ nf w(s)Bls +1)
s=np+1 1’(5) s=np+1 s=np+1 T(S)
. ”i 02(5)523+1) -
s=npy+1
or
=l Tu(s u%(s)B(s
Bt + pp(on)] + T |+ RS
s=np+
+p nZ_l [v((ss + vz(s)ﬁ(@)ﬂ)} +k ni Q(s)B(s +1)
s=np+1 s rs s=npy+1
< B(n2)u(nz) + pB(nz)v(nz)
or
n—1
Blryeto) + ppmo()] + T RQOB(s + 1)~ s
s=np+
< B(n2)u(nz) + pp(n2)o(nz).

By (3.16) and (3.18) we obtain a contradiction with (3.14). This completes the proof. O

Corollary 3.7. Assume that (1.4) holds and o > t. Furthermore assume that one of conditions (3.9), (3.10), (3.12) and
(3.13) holds, and one has (3.14). Then every solution of (1.1) is either oscillatory or tends to zero.

Theorem 3.8. Assume that (1.4) holds and o > . Suppose that there exists a positive real sequence {17(n)},_, such
that (3.1) holds, and
n—1
limsup Y B%(s+1)Q(s) = co. (3.23)

n—oo s=ng

Then every solution of (1.1) is either oscillatory or tends to zero.

Proof. Assume the contrary. Without loss of generality we may suppose that {x(n)} is an eventually positive
solution of (1.1) and let {z(n)} be its associated sequence defined by (1.2). Then by Lemma 2.1, z(n) > 0,
eventually. Then there exists an integer n; > ng such that x(n) > 0, x(n —7) > 0, x(n —0¢) > 0and z(n) > 0
for all n > nq. Also we see that {r(n)Az(n)} is nonincreasing eventually. Consequently, it is easy to see that
there exist two possible cases of the sign of {Az(n)}, thatis, Az(n) > 0 or Az(n) < 0 forn > ny > ny. If
Az(n) > 0, then we have back to the case of Theorem 3.1 and we can get a contradiction to (3.1). If Az(n) < 0,
then we define the sequences {u(n)} and {v(n)} as in Theorem 3.6. Then proceed as in the proof of Theorem
3.6, we obtain (3.16), (3.18) and (3.22).
Multiplying (3.22) by g2(n + 1) and summing from 1, to n — 1 yields,

2
B (n)u(n) — B*(n2)u(n) + 2 Zl Z;;jﬁig
s=npy+ S=np
2 S
+pB2(n)o(n) — pp2(n2)v(m) +2p 21<2 +p244£L:2
s=ny+ 5=y
+k ni B (s +1)Q(s) <0 (3.24)

S=Hp
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If follows from (1.4) and (3.16) that

o u(s)B(s+1) o |u(s)B(s)] o 1 o
L | S e S
" u?(s)pA(s + 1) ())& 1
L S L g L=

In view of (3.18), we get

s=np+1 T’(S) s=np+1 7’(5) s=np+1 7’(5)
2 v2(s)BA(s + 1) 2 v2(s)B(s) _ & 1
D R Ve SRR V5 B

From (3.24), we have

lim sup ’f B(s+1)Q(s) < oo,

n—oo  s=pn,

which is a contradiction with (3.23). This completes the proof. O

Corollary 3.9. Assume that (1.4) holds and o > 7. Suppose also that one of conditions (3.9), (3.10), (3.12) and (3.13)
holds and one has (3.23). Then every solution of (1.1) is either oscillatory or tends to zero.

In the following, we give some new oscillation results for (1.1) when o < 1.
Theorem 3.10. Assume that (1.3) holds and o < T. Moreover, suppose that there exists a positive real valued sequence

{n(n)},_,, such that

n—1 r(s —

Then every solution of (1.1) is either oscillatory or tends to zero.

Proof. Assume the contrary. Without loss of generality we may suppose that {x(n)} is an eventually positive
solution of (1.1) such that limsup,,_, x(1) > 0 and let {z(n)} be its associated sequence defined by (1.2).
Then by Lemma 2.2 z(n) > 0 and Az(n) > 0 eventually. Then there exists an integer n; > ng such that
x(n) >0,x(n—1) >0,x(n—0) > 0and z(n) > 0 for all n > ny. Similar to the proof of Theorem 3.1, there
exists an integer 1, > 17 such that (3.3) hold for n > n,. Define a sequence {u(n)} by

r(n)Az(n)
z(n—1)

u(n) =1(n)

Then u(n) > 0. Taking difference on both sides of (3.26), by (3.2), we get

, 2. (3.26)

r(n)Az(n)
Az(n—1) > Tn—1)
and
n(m)A(r(n)dz(n))  ymu(n+1)  u(n+
Au(n) < z(n — 1) B2n+1)r(in—1) nn+ )Aiy(n)
n(m)A(r(n)dz(n))  ymu*(n+1) u(n+1)
= z(n—1) B n?(n+1)r(n—1) + n(n+1) (A (n))+- (3.27)

Also we define an another sequence {v(n)} by

n—1)Az(n—1)
z(n— 1)

v(n) = q(n)r( , n>np. (3.28)

Note that o < 7. The rest of the proof is similar to that of the Theorem 3.1 and so is omitted. This completes
the proof. O
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Corollary 3.11. Assume that (1.3) holds and o < . If

n—1 1+ p
lim su kR(s —t+1)Q(s) — = o0, 3.29
Hmps;‘,o ( Q) 4r(s—T)R(s—1+1) (3.29)
then every solution of (1.1) is either oscillatory or tends to zero.
Corollary 3.12. Assume that (1.3) hold and o < 7. If
1 n—1 1 + p
liminf ——/— R(s — 1 — .
im in nR(1—7) s:Zn:O (s—7+1)Q(s) > T (3.30)
then every solution of (1.1) is oscillatory or tends to zero.
Proof. By Corollary 3.11, the proof is similar to that of Corollary 3.3, we omit the details. O
Corollary 3.13. Assume that (1.3) holds and o < . If
o 1+p
2
lggglf (Q(n)R (n—T—I—l)r(n—T)) > (3.31)
then every solution of (1.1) is either oscillatory or tends to zero.
Proof. By Corollary 3.11, the proof is similar to that of Corollary 3.4 and so is omitted. O
Next, choosing 7 (1) = n. From Theorem 3.8 we have the following result.
Corollary 3.14. Assume that (1.3) holds and o < . If
n—1
: r(s — 1)
limsu ksQ(s) — (1 + = 00, (3.32)
msup Y |ksQ(s) — (14+9)7

then every solution of (1.1) is either oscillatory or tends to zero.

Theorem 3.15. Assume that (1.4) hold and o < t. Further suppose that there exists a positive real valued sequence
{17(1’1)};0:”0 such that (3.25) holds. Suppose also that one of (3.14) and (3.23) holds. Then every solution of (1.1) is
either oscillatory or tends to zero.

Proof. Assume the contrary. Without loss of generality we may suppose that {x(n)} is an eventually positive
solution of (1.1) such that limsup,, . x(n) > 0 and let {z(n)} be its associated sequence defined by (1.2).
Then by Lemma 2.1, z(n) > 0, eventually. Then there exists an integer n; > ng such that x(n) > 0,
x(n—1) > 0,x(n—0) > 0and z(n) > 0 for all n > ny. In view of (3.2), {r(n)Az(n)} is nonincreasing
eventually. Consequently, it is easy to conclude that there exists two possible cases of the sign of {Az(n)}.
Thatis, Az(n) > 0 or Az(n) < 0 forn > ny > ny. If Az(n) > 0, then we are base to the case of Theorem 3.10. If
Az(n) < 0, then by the proof of Theorem 3.6 or Theorem 3.8, we can obtain a contradiction to (3.14) or (3.23)

respectively. The proof is complete. O

Corollary 3.16. Assume that (1.4) holds and o > T. Suppose that one of conditions (3.29), (3.30) and (3.32) holds, and
one has (3.14) or (3.23). Then every solution of (1.1) is either oscillatory or tends to zero.

4 Some Example

In this section we give some examples to illustrate our results.

Example 4.1. Consider the following second order neutral delay difference equation

Al(n +20)A(x(n) — p(n)x(n —7))] +

p— Uf(x(n —-0))=0, n=0,1,2,.. 4.1)
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where 0 < p(n) < p < 1, T and o are positive integers with a > 1,r(n) =n+20, q9n) =

f(x) = x(1+ x?). Take y(n) = n + o, we have k = 1, Q(n) = Now

7I+T

(1+p)r(s =) ((Ay(s)+)?
47 (s)

n—1
limsup ) [kn(s)Q(s) —

n—0o00  g—(

for A > 1%’7. Hence by Theorem 3.1, every solution of (1.1) is either oscillatory or tends to zero.

Example 4.2. Consider the following second order neutral delay difference equation

A
Al(n+1)A(x(n) — p(n)x(n—1))] + o ((x(n —o)(1+x*(n— (7))) =0,
n=12,..
where 0 < p(n) < p < 1, T and o are positive integers with o < T, r(n) = n+1, q(n) =
A
— n

Clearly, Q(n) Now
n—1
limsup ) {st(s) - <1Zp) r(SS_T)}

n—oo  g—1

n—1
= limsup Z [)\— (wﬂ
n—oo  g—1 4

= o

for A > 1+p . Hence by Corollary 3.14, every solution of (4.2) is either oscillatory or tends to zero.

Example 4.3. Consider the following second order neutral delay difference equation

Ale"A(x(n) — p(n)x(n —1))] +e*"x(n —2)(1+x2(n —2)) =0, n=0,1,..

where 0 < p(
Qn) = =2

)<p<lr7t and o are positive mtegers witho > 1,r(n) =e
,B(n+1) = FIE=E Clearly, Y370 -7y y < e Also

n—1
limsup Y B%(s +1)Q(s)

n—oo  g—(

-1
1
= limsup 2 25762572

n—o0  g—( 1)2
= o

Also,

liminf {Q(n)R2(n —oc+1)r(n— 0')}

n—oo

= liminf [ 2R%(n — 1)r(n — 2)}

n—oo

r 2
= liminf |2 el e 2
n—00 en1(e—1)

Fio,n _ 1\2
= liminf ue”_2
n—oo | (6—1)2
1
> 7+P
€

Then by Corollary 3.9, every solution of (1.1) is either oscillatory or tends to zero.

i’l-‘rlT’

A > 0and

(4.2)

%,/\>Oandk:1.

(4.3)

,q(n) = e2" and k = 1. We have,
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