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Abstract

In this paper we study the oscillatory behavior of third order neutral difference equation of the form
d
A(r(n)A%z(n)) + Z q(n,s)f(x(n+s—0))=0,n>ng >0, (0.1)

where z(n) = z(n) + Y.°_, p(n, s)z(n+ s — 7). We establish some sufficient conditions which ensure that every solution
of the equation (0.1) oscillates or converges to zero by using a generalized Ricaati transformation and Philos - type

technique. An example is given to illustrate the main result.
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1 Introduction

In this paper we consider the oscillatory behavior of third order neutral difference equation of the form

d
A(T(n)A2z(n)) + Z q(n,s)f(z(n+s—o0)=0,n€ Ny (1.1)

where
b

z(n) = z(n) + Zp(n7 s)x(n+s—1), (1.2)

A is the forward difference operator defined by Az(n) = z(n+ 1) — z(n), No = {ng, no+1, no+2, ...}, ng

is a nonnegative integer, and a, b, ¢, d € Ny subject to the following conditions:

o0 1
n=ng r(n) ~

(C1) {r(n)} is a positive real sequence with > 00;

(C2) {q(n,s)} and {p(n,s)} are nonnegative real sequences with 0 < p(n) = le’:a p(n,s) < P <1,
(C5) f:R — Ris a continuous function such that @ > L >0, for u#0.

By a solution of equation (1.1) we mean a real sequence {z(n)} and satisfying equation (1.1) for all n € Ny.
We consider only those solution {z(n)} of equation (1.1) which satisfy sup{|z(n)| : n > N} > 0 for all N € Np.
A solution of equation (1.1) is said to be oscillatory if it is neither eventually positive nor eventually negative
and nonoscillatory otherwise.

In recent years there is a great interest in studying the oscillatory behavior of third order difference equa-
tions, see for example [1-5, 7-14] and the references cited therein. Motivated by this observation, in this paper
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we obtain some sufficient conditions for the oscillation of all solution of equation (1.1).

In Section 2, we present some preliminary lemmas and in Section 3, we establish some sufficient conditions
which ensure that all solutions of equation (1.1) are either oscillatory or converges to zero. An example is given
to illustrate the main result.

2 Preliminary Lemmas

In this section, we present some lemmas which will be useful to prove our main results.

Lemma 2.1. Let {z(n)} be a positive solution of equation (1.1) and {z(n)} be defined as in (1.2). Then {z(n)}
satisfies only of the following two cases eventually

(I) z(n) >0, Az(n)>0, A%z(n)>0;
(IT) z(n) >0, Az(n) <0, A2?z(n)>0.
Proof. Assume that {z(n)} is a positive solution of equation (1.1). By definition of {z(n)} we have z(n) >
xz(n) > 0 for all n > ng. From the equation (1.1), we have

d

A(r(n)A%z(n)) = — Z q(n,s)f(z(n+s—o) <0.

S=cC

Thus 7(n)A?z(n) is a nonincreasing function and therefore eventually of one sign. So A?z(n) is either eventually
positive or eventually negative for n > ny > ng. If A2z(n) < 0, then there is constant M > 0 such that

r(n)A%z(n) < —M <0, n>n;.

Summing the last inequality from n; to n — 1, we obtain

n—1 1

Az(n) < Az(ny) — M Z )

S=nnq

Letting n — oo, then using condition (Cy), we have Az(n) — —oo, and therefore Az(n) < 0. Since A%z(n) < 0
and Az(n) < 0, we have z(n) < 0, which is a contradiction to our assumption. This proves that A%z(n) > 0
and we have only Case (I) or (IT) for {z(n)}. This completes the proof. O

Lemma 2.2. Let {z(n)} be a positive solution of equation (1.1), and let the corresponding function {z(n)}
satisfies the Case (IT) of Lemma 2.1. If

i i [@iiq(m)} = o0, (2.1)

then lim,_,oc (n) = lim, .« z(n) = 0.

Proof. Let {z(n)} be a positive solution of equation (1.1), and {z(n)} satisfies Case (IT) of Lemma 2.1. Then
there exists £ > 0 such that lim,,_,o z(n) = £. We shall prove that £ = 0. Assume that ¢ > 0, then we have
l+e< z(n) <{forall e>0andn>n; >mng. Choosing 0 < e < @. From (1.2), we have

b
z(n) = z(n)-— Zp(n, s)x(n+s—7)

b
> Epr(n,s)z(n+sz)

> (—P(l+e¢)
L —P(l+e)
= T e (L +€)
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where k = %. From the equation (1.1), we have

d

A(r(m)A%z(n)) = = q(n,s)f(z(n+s—0)
P
< - Z q(n,s)Lx(n+ s — o).

Now using (2.2), we obtain

d

A(r(n)A%z(n)) < —kL Z q(n,s)z(n+s— o).
Summing the last inequality from n to oo, we have
oo d
—r(n)A%z(n) < kLZZq (t+s—o)
t=n s=c
or
oo d
A?z(n) Z > alt
t n s=c
Summing again from n to co, we have
1 co d
—Az(n >kL€ZL(S Zth]}
t=s j=c

Summing the last inequality from n; to oo, we obtain

z(ny) > kLEni i [éiiq(tj)}

which contradicts condition (2.1). Thus ¢ = 0. Moreover, the inequality 0 < z(n) < z(n) implies that
lim,, . #(n) = 0. The proof is now complete. O

Lemma 2.3. Assume that y(n) > 0, Ay(n) >0, A%y(n) <0 for all n > ng. Then for each o € (0,1) there
exists a N € Ny such that
vn—0) _ ynt1)
n—o n—+

for all n > N. (2.3)

Proof. From the monotonicity property of {Ay(n)}, we have

yn+1)—y(n—o) Z Ay(s) < (o + 1)Ay(n — o)

or
y(n+1) 14 (o0 +1)Ay(n—o) (2.4)
yn—o y(n—o)
Also,
y(n—o) > y(n—o) —y(ng) = (n — o —no)Ay(n — o).
So, for each « € (0, 1), there is a N € Ny such that
y(n —o)
- > — > N. 2.
Ay(n—a)_a(n o), n> (2.5)

Combining (2.4) and (2.5), we obtain
yn+1) <14 (c+1) < an—ao+o+1

yln—o) ~ an—o) ~ aln—o)
" yn+1) _ (1)
yn—o) = aln—0)

This completes the proof. O
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Lemma 2.4. Assume that z(n) >0, Az(n) >0, A%z(n) >0, A32(n) <0 for alln > N. Then

z(n) n—N
Az(n) = 2

for all n > N. (2.6)

Proof. From the monotonicity property of {A2%z(n)}, we have
n—1
Az(n) = Az(N) + Z A?z(n) > (n — N)A%z(n).
s=N
Summing from N to n — 1, we obtain

z(n) > z(N)+ Z(s — N)A%z(s)
=2z(N)4+ (n—N)Az(n) —z(n+ 1) + z(N).

Hence z(n) > WAZ(TL), n > N. This completes the proof. O

3 Main Results

In this section, we obtain new oscillation criteria for the equation (1.1) by using the generalized Riccati
transformation and Philos type technique.

Theorem 3.1. Assume that condition (2.1) holds. If there exists a positive nondecreasing real sequence {p(n)}
such that

lim f Q) - 41@97(‘9))2} = 0 (3.1)

n—oo oy p(s + 1)7’(8)
where N
Q) = s () TR (5:2)
and .,
a(n) = L(1 - P) Y q(n.s), (3.3)

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

Proof. Assume that {x(n)} is a nonoscillatory solution of equation (1.1). Without loss of generality we may
assume that x(n) > 0, x(n+s—7) > 0 for n > ny > no € Ny and {z(n)} is defined as in (1.2). Then {z(n)}
satisfies two cases of Lemma 2.1.

Case(I). Let {z(n)} satisfies Case (I) of Lemma 2.1. From (1.2), we have

b

z(n) > z(n)-— Zp(n, s)z(n+s—1)

; =a
> (1 - Zp(nvs))z(n)
> (1= P)z(n). (3.4)

Using condition (C3) in equation (1.1), we have

d
A(r(n)A%z(n)) < =Y q(n,s)La(n+s - o). (3.5)

Now using (3.4) in inequality (3.5), we obtain

d
A(r(n)A%z(n)) < —L(1—P) Z q(n,s)z(n+s—o)

S=c
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< —qi(n)z(n+c—o).

Define A2
r(n)A%z(n
w(n) = p(n)(A)z(n)()’ n>mni.
Then w(n) > 0 for all n > n; and from (3.6), we have

@(n)znt+c—o)  Apn)

Awn) = —p(n) Az(n+1) p(n+ 1)w( +1)

A2%z(n)

—w(n+1) Ax(n)

qa(n)z(n+c—o) Ap(n)
B w?(n+1)
p(n+1)r(n)
By Lemma 2.3 with y(n) = Az(n), we have
L elr-o 1 for all n> N.

Az(n+1) = n+1 Az(n-—o)
Unsing (3.9) in (3.8), we obtain
an—o0)z(n+c—o) Ap(n)
n+1 Az(n—o) p(n+1)
B w?(n+1)
p(n+1)r(n)”

Aw(n) < —p(n)q(n)

w(n+1)

Now applying Lemma 2.4 in the last inequality, we obtain

Aw(n) < —pn)pm) 2P nte—o=N)

n+1 2
Ap(n) _ w(n+l)
o+ 0 T S )
< —Q(n) + A(n)w(n +1) — B(n)w’(n +1)
Q(n) < —Aw(n) + A(n)w(n + 1) — B(n)w?*(n + 1)
where Ap(n) )
_ Ap(n .
A= ey P ey

Now, using completing the square, we have

(A(n))?
1B(n) = Aw).

Q(n) —

Summing the last inequality from N to n — 1, we have

n—1 s 2
3 (@)~ 2P < () — ) < ().

s=N

Letting n — oo, we obtain a contradiction to (3.1).

If {z(n)} satisfies Case (II) of Lemma 2.1, then by condition (2.1) we have lim,,_,o z(n) = 0.

the proof.
Before stating the next theorem, we define functions h, H : Ny x Ny — R such that

(¢) H(n,n) =0 for n >ng > 0;

(3.8)

(3.9)

(3.10)

This completes
O
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(#9) H(n,s) >0 for n > s > ng;

(7it) AgH(n,s) = H(n,s+1) — H(n,s) <0 for n > s > ng and there exists a positive real sequence {p(n)}
such that

Ap(s) = —h(n,s n,s
AQH(n,s)+p(s+1)H(n,s)— h(n,s)\/H(n,s)

for n > s > ny.

Theorem 3.2. Assume that (2.1) holds. If there exists a positive real sequence {p(n)} such that

nan;o supm S_Zno [H(n, $)Q(s) — ip(s + 1)r(s)h*(n, s)} = 00, (3.11)

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

Proof. Assume that {x(n)} is a nonoscillatory solution of equation (1.1). Proceeding as the proof of Theorem
3.1, we have (3.10). Now multiplying the inequality (3.10) by H(n,s), then summing the resulting inequality
from no to n — 1 for all n > ny > ng, we have

i H(n,s)Q(s) < — 2 Aw(s)H (n, s)

S=n2 S=n2

3 (A()uls + 1) — BlshuR(s + 1) H(n, ).

S5=na2

By summation by parts, we obtain

2:1 H(n, s)Q(s)
< H(n,no)w(ng) + n;l w(s +1)AyH(n, s)
+ Z_n:l A(s)w(s +1)H(n,s) — Ti; B(s)w?(s + 1)H(n, s)
< H(n,na)w(ng) + nf [AQH(n,s) L Bels) H(n,s)} x

S=no

w(s+1) — i B(s)w?(s + 1)H(n, s). (3.12)

S=no
Using completing the square in the last inequality, we obtain

3 [ 9)Q(s) (s + ()20, )] < Hn,ma)w(no)

or
n—1

! 1
H(n,ns) Z [H(n, $)Q(s) - ZP(S +1)r(s)h*(n, S)] < w(ng).

S=nso

Letting n — oo, we obtain a contradiction to (3.1).
If {z(n)} satisfies Case (II) of Lemma 2.1, then by condition (2.1) we have lim,,_. x(n) = 0. This completes
the proof. ]

Corollary 3.1. If H(n,s) = (n—s)? for alln > s >0 and
n—1
lim sup— 3 [(n—)°Q(s) - ip(s F1)r(s)(n - )77 = oo, (3.13)

n—o0o n
S=ngo

for every B > 1, then every solution of equation (1.1) is oscillatory.
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B
Corollary 3.2. If H(n,s) = (log;%ll) foralln>s>0 and

n—1

lim sup(log(n + 1))_5% Z [(logn + 1)ﬁQ(s)

n— oo S+1

S=ngo

n—&—l)ﬁ*?]

- 4(571{1)2[)(8 + 1)r(s) (logS 1 = o0, (3.14)

for every B > 1, then every solution of equation (1.1) is oscillatory.
The proof of Corollary 3.1 and 3.2 follows from Theorem 3.2 and hence the details are omitted.

Theorem 3.3. Assume that all conditions of Theorem 3.2 are satisfied except condition (3.11). Also let

, o H(n,s)
s>no | | ——| < 1
0 <infs> "ngolnf (n,no)] 00 (3.15)
and
1 n—1
nlL»H;o supm Z p(s +1)r(s)h?(n, s) < oo (3.16)
S=nNgo

hold. If there exists a positive sequence {1(n)} such that

) n—1 1/1 n 2
nl;rr;() sup :Z M =00 (3.17)
and )
nlL»H;o sup% SZJ:\, {H(n, s)Q(s) — ip(s + 1)r(s)h*(n,s)| > (N), (3.18)

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

Proof. Proceeding as in the proof of Theorem 3.2, we obtain (3.12). Using completing the square in (3.12) and
rearranging we obtain

. 1 — h2(n, s)
Jim U () S;Z [H(n,S)Q(S) ~IB(s) } < w(ny)

— lim in
n—o00 fH(n, Tlg) s=ns 2 B(S

for n > no. It follow from (3.18) that

w(ng) = (ng) + lim inf

H(n,ns)

n—1 h 7 2

> [VAG B+ + ik
which means that,

w(ng) > ¢Y(n2) for n>N (3.19)
and .
. — h(n,s) 72
A ) ; VG B (s +1) + gm} <oe
Therefore
n—1
nlLH;o inf {m Z H(n,s)B(s)w?(s+ 1)
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n—1
+ m Z h(n,s)\/H(n,s)w(s+ 1)

S=no

N 1 1 — h?(n, s)
4 H(n,ns) B(s)

] <o

S=no

Then

lim mf{m i: H(n,s)B(s)w?(s + 1)

s=ns
n—1
+ m S;Q h(n,s)\/H(n,s)w(s + 1)} < oo. (3.20)
Define the functions
1 n—1 ,
U(n) = () S;Z H(n,s)B(s)w”(s+1)
n—1
Then, the inequality (3.20), implies that
lim inf[U(n) + V(n)] < . (3.21)

n—oo

The rest of the proof is similar to that of Theorem 2 of [6], and hence the details are omitted.
If {z(n)} satisfies Case (II) of Lemma 2.1, then by condition (2.1) we have lim,, .o z(n) = 0. This completes
the proof. O

Theorem 3.4. Assume that all conditions of Theorem 3.3 are satisfied except condition (3.16). Also let

. ‘ 1 n—1
nlgr;o mfm S;O H(n,s)Q(s) < oo (3.22)
and
Tim in fH(%N) ;V [H(n, $)Q(s) — ip(s +1)r(s)h3(n, 5)} > y(N) (3.23)

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

Proof. The proof is similar to that of Theorem 3.3 and hence the details are omitted. O

Now, let us define
H(n,s)=(n—s)" n>s>0,

where § > 1 is a constant. Then H(n,n) = 0, for n > 0 and H(n,s) > 0 for n > s > 0. Clearly AsH(n,s) <0
for n > s >0 and

h(n,s) =[(n—s)" —(n—s—1)%(n—s)"P? < g(n—s)P=2/2
for n > s > 0. We see that (3.15) holds,

. H(n,s) . (n—s)f
lim ———= = =1
Jim (o) Jim 3

Hence, by Theorems 3.3 and 3.4, we have the following two corollaries.
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Corollary 3.3. Let 8> 1 be a constant, and suppose that

n—1

1

nh_)rréo sup_ Z Bp(s + 1)r(s)(n — 5)° 72 < cc.
S=ngo

If there is a sequence {¢(n)} satisfying (3.17) and

i oy 3 (10 5)7Q(0) = pts + D) ] 2 v

then every solution of equation (1.1) is oscillatory or converges to zero.
Proof. The proof follows from Theorem 3.3 and hence the details are omitted.

Corollary 3.4. Let 8> 1 be a constant, and suppose that

n—1

lim mfn% Z (n —5)PQ(s) < oco.

If there is a sequence {¢(n)} satisfying (3.17) and

Jminf ot _ZN [0~ 51°Q(s) — 2 pls + Dr(s)n — 9)72] = w(a)

then every solution of equation (1.1) is oscillatory or converges to zero.
Proof. The proof follows from Theorem 3.4 and hence the details are omitted.

We conclude this paper with the following example.

4 An example

Consider the difference equation

A(nAQ(a:(n) +§:;x(n+s - 1))) —I—Z (4n—|— gs)x(n—ks —1)=0.

s=1 s=1

(3.24)

(3.25)

(3.26)

(3.27)

(4.1)

Here r(n) = n, p(n,s) = %, q(n,s) =4n + %s, c=7=1,a=1,b=2, c=1and d = 2. It is easy to see
that all conditions of Theorem 3.1 are satisfied. Hence every solution of equation (4.1) is oscillatory. In fact

{z,} = {(—=1)"} is one such oscillatory solution of equation (4.1).
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