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Abstract

The aim of this paper is to obtain some new oscillatory conditions for all solutions of
nonlinear difference equation with non-monotone or non-decreasing argument

Ax(n)+pn)f(x(t(n))=0 n=0,1,...,
where (p(n)) is a sequence of nonnegative real numbers and (T (n)) is a
non-monotone or non-decreasing sequence, f € C(R,R) and xf(x) > 0 for x #0.
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1 Introduction

Oscillation theory of difference equations has attracted many researchers. In recent years
there has been much research activity concerning the oscillation and nonoscillation of
solutions of delay difference equations. For these oscillatory and nonoscillatory results, we
refer, for instance, to [1-23]. As far as we can see, there is not yet a study in the literature
about the solutions of Eq. (1) to be oscillatory under the (7(#)) is a non-monotone or
non-decreasing sequence. So, in the present paper, our aim is to obtain new oscillatory
conditions for all solutions of Eq. (1). Consider the nonlinear difference equation with
general argument

Ax(n) +p(n)f(x(t(n))) =0, n=0,1,..., (1)

where (p(n)),>0 is a sequence of nonnegative real numbers and (7 (#)),>o is a sequence of
integers such that

t(n)<n-1 foralm>0 and lim t(n)=o00 (2)
and
feCRR) and xf(x)>0 forx+0. (3)
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A denotes the forward difference operator Ax(n) = x(n + 1) — x(n).
Define

r=- Ir{lzl(r)l t(n).
Clearly, r is a positive integer.

By a solution of the difference equation (1), we mean a sequence of real numbers
(%(n)),>_r which satisfies (1) for all n > 0.

A solution (x(n)),>_, of the difference equation (1) is called oscillatory, if the terms x(#)
of the sequence are neither eventually positive nor eventually negative. Otherwise, the
solution is said to be nonoscillatory.

If f(x) = x, then Eq. (1) takes the form

Ax(n) + p(n)x(t(n)) =0, n=0,1,.... (4)
In particular, if we take t(n) = n — ¢, where £ > 0, then Eq. (4) reduces to
Ax(n) + p(n)x(n - £) = 0. (5)

In 1989, Erbe and Zhang [8] proved that each one of the conditions

e ¢
hnrgg.}fp(n) > W 6)
and
n
lim sup Z p(H>1 (7)
n—0o0 j=n—£

is sufficient for all solutions of (5) to be oscillatory.
In the same year, 1989, Ladas, Philos and Sficas [12] established that all solutions of (5)
are oscillatory if

n-1
o1 ) s
i 20w ©
Clearly, condition (7) improves to (5).

In 1991, Philos [15] extended the oscillation criterion (8) to the general case of Eq. (4),
by establishing that, if the sequence (t(n)),>0 is increasing, then the condition

n-1 _ n-t(n)
lim inf|: ! Z p(j)j| > limsup (n — z(n)) 9)
(n)

n—>oo | 1 —t(n) s nooo (1 —T(n) + 1)+l

suffices for the oscillation of all solutions of Eq. (4).
In 1998, Zhang and Tian [20] found that if (z(#n)) is non-decreasing,

lim (n - r(n)) =00 (10)

n—00
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and

n-1

liminf Z pG) > %, (11)

Hn— 00
j=r(n)
then all solutions of Eq. (4) are oscillatory.
Later, in 1998, Zhang and Tian [21] found that if (z(n)) is non-decreasing or non-
monotone,

lim sup p(n) > 0 (12)
n—0oQ
and (10) holds, then all solutions of Eq. (4) are oscillatory.
In 2008, Chatzarakis, Koplatadze and Stavroulakis [3] proved that if (t(#)) is non-

decreasing or non-monotone /4(#) = maxo<s<, 7(s),

lim sup Z p()>1, (13)

n—-oo .
j=t(n)

then all solutions of Eq. (3) are oscillatory.
In 2008, Chatzarakis, Koplatadze and Stavroulakis [4] proved that if (t(#)) is non-

decreasing or non-monotone, /(1) = maxo<s<y, 7(S),

lim sup Z p(j) < 00 (14)

n—-oo .
j=t(n)

and (10) holds, then all solutions of Eq. (4) are oscillatory.
In 2006, Yan, Meng and Yan [18] found that if (z(n)) is non-decreasing,

n-1
lim inf ,2(:)19(]) >0 (15)
j=t(n

and
1 o
n e 1\ 7(j)+1
liminf Z p{) (”ﬁ) >1, (16)

j=<to) =)

then all solutions of Eq. (4) are oscillatory.
In 2016, Ocalan [16] proved that if (7 (#)) is non-decreasing or non-monotone, k(1) =
maXxo<s<, T(s) and (16) holds, then all solutions of Eq. (4) are oscillatory.

Set
_ n-t(n)+1
k() = (P2 1 Y (17)
n—1t(n)
Clearly

e<k(ny<4, n=>1. (18)
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Observe that it is easy to see that

n-1 n-1
> pikG)=e > pl)
j=t(n) j=t(n)
and therefore condition (16) is better than condition (11).
When the case 7(n) = n — £, where £ > 0, then Eq. (1) reduces to

Ax(n) +p(n)f(x(n - E)) =0, n=0,1,.... (19)
For Eq. (19), we can suggest references [11] and [17] for the reader.

2 Main results
In this section we investigated the oscillatory behavior of all solutions of Eq. (1). We
present new sufficient conditions for the oscillation of all solutions of Eq. (1) under the

assumption that the argument (7 (#)) is non-monotone or non-decreasing sequence. Set

h(n) = [nax 7(s). (20)
Clearly, (h(n)) is non-decreasing, and 7(n) < h(n) for all n > 0. We note that if (t(n)) is
non-decreasing, then we have t(n) = h(n) for all n > 0.

Assume that the f in Eq. (1) satisfies the following condition:

lim sup =M, 0<M<oo. (21)

x
x>0 f(x)
Theorem 1 Assume that (2), (3) and (21) hold. If (t(n)) is non-monotone or non-

decreasing, and

n-1 M
lim inf WOE - (22)

j=t(n)
then all solutions of Eq. (1) oscillate.

Proof Assume, for the sake of contradiction, that (x(#)) is an eventually positive solution
of (1). Then there exists n; > ng such that x(n),x(t (n)),x(h(n)) > 0 for all # > n;. Thus,

from Eq. (1) we have
Ax(n) = —p(n)f(x(r(n))) <0 foralln>mn.

Thus (x(n)) is non-increasing and has a limit k > 0 as n — 00. Now, we claim that k = 0.
Otherwise, k > 0. By (3), f(x) > 0 and then lim,,_, o f(x(#)) = f (k) > 0. So, summing up (1)

from n; to n— 1, we get

n-1

x(n) =x(m) = Y pG)f (x(z()))- (23)

j=m
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On the other hand, condition (22) implies that
o0
> plj) = oo. (24)
j=n1
In view of (23) and (24), we obtain for n — 00
[o¢]
k=2x(m) —f(k) > p(j) = —00
j=n1

This is a contradiction to the fact that k > 0. Therefore lim,_,» x(#) = 0. Now, suppose
M > 0. Then, in view of (21) we can choose n, > n; so large that

f(x(n)) > ﬁx(n) for n > ny. (25)

On the other hand, we know from [4, Lemma 1.5] (also see [16, Lemma 1]) that

n-1 n-1

11m1nf Z p§) = hm mf Z p(). (26)

/r(n) j=h(n)

Since h(n) > 7(n) and (x(n)) is non-increasing, by (1) and (25) we have

Ax(n) + ﬁp(m)x(h(n)) <0, n>un;. (27)

Also, from (22) and (26), it follows that there exists a constant ¢ > 0 such that

-1

M
Zp(} Z )>c>—, n>n3>ns. (28)
j=h(n) j=h(n)
So, from (28), there exists an integer n* € (h(n), n), for all n > n3 such that
Z j20) > — and Zp(;) .4 (29)
j=h(n)
Summing up (27) from h(n) to n* and using (x(#)) is non-increasing, then we have

x(n* + 1) —x(h(n)) + ﬁ Z p()x(h(j)) <0,

j=h(n)

or

x(n* +1) —x(h(n)) + —x Z p() <o0.
(n)

Thus, by (29), we have

() + 5 () 5 <O (30)
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Summing (27) from #* to n and using the same facts, we get

x(n+1) —x(n*) + ﬁ Zp(j)x(h(j)) <0.

j=n*

Thus, by (29), we have

—x(n*) + ﬁx(h(n));\—z <0. (31)

Combining the inequalities (30) and (31), we obtain

e

() > 2(hm) = > (o) <4—le)2

and hence we have

() < (4e)* forn > na.
x(n*)
Let
w= liming ") (32)

n—00 x(n*)

and because of 1 < w < (4e)2, w is finite.

Now dividing (1) with x(#) and then summing up from /(n) to n — 1, we obtain

n—1
Z Aa(c](]) S 00 f(x(z()i))) 0. (33)
j=h(n) j=h(n)

It is well known that

x(n) L Ax()
n( ) =250 ey

So, by (33) and (34), we have

x(n) f(x(f(l))) x(z()
( ) hz() PO— o) x(t() () =0

Since h(n) > 7(n) and (x(n)) is non-increasing, we get

1( n))) Z (])f(x(f(l)))x(h(](g)) (35)

Taking lower limits on both of (35) and using (21), (22) and (32), we obtain In(w) > <. But
this is impossible since In(x) < Z for all x > 0.
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Now, we consider the case where M = 0. In this case, it is clear that by (21), we have

X
Since 7= > 0, by (36), for sufficiently large integers, we get

Sfx)

X
—— <¢&

f(x)

, 37)

where ¢ > 0 is an arbitrary real number. Thus, since t(n) < h(n) and (k(n)) is non-

decreasing, by (1) and (37), we have
1
Ax(n) + —p(n)x(h(n)) <0, n>wn. (38)
I3

Summing up (38) from /4(n) to n, we obtain

x(n +1) —x(h(n)) + é > p(x(hG)) <o,

Jj=h(n)

and so, we get

—x(h(n)) + %x(h(n)) > pi) <o. (39)

j=h(n)

Thus, by (28) and (39), we can write

c
-<1
e

or
e>c.

This contradicts lim,_, J% = 0. The proof of the theorem is completed. d

Theorem 2 Assume that (2), (3), (24) and (21) hold with 0 < M < oo. If (t(n)) is non-

monotone, and

lim sup Z p() >6M, (40)

n—00 /:h(n)

where h(n) is defined by (20) and 6 > 1 is a constant, then all solutions of Eq. (1) oscillate.
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Proof Assume, for the sake of contradiction, that there exists a nonoscillatory solution
(x(n)) of (1). In view of (24), we know from the proof of Theorem 1 that lim,,_, o, x(n) = 0
for n > n;.

On the other hand, by (21) and for every 6 > 1, there exists a § > 0 such that

x
— <6M for |x| < 3.

Sfx) ~

Since x(n) — 0 as n — 00, we can find a n, such that 0 < x(n) < § for n > n,, which yields

) _ o
fx(nm) —

or equivalently

f(x(n)) > ﬁx(ﬂ) for n > n,. (41)

From Egs. (1) and (41), we get
Ax(n) + —— p(ma(z(m) <0
x(n +9Mpnxrn <0.
Since h(n) > 7(n) and (x(n)) is non-increasing, we obtain

Ax(n) + GLMp(n)x(h(n)) <0. (42)

Summing up (42) from /(n) to n, and using the fact that (/2(#n)) is non-decreasing

x(n+1) —x(h(n)) + %1&% p(x(h(j)) <0
or

~x(h(n)) + ﬁx(h(n))/zz;) () <0
This implies

—x(h(n)) [1 - ﬁ,_% p(j):| <0 forn>n,
and hence

Zn: i) < OM.

j=h(n)

Therefore, we obtain

lim sup Z pj) <OM.

" ekt

This is a contradiction to (40). The proof is completed. d
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Now, assume that f is non-decreasing function, then we have the following result.

Theorem 3 Assume that (2), (3), (24) and (21) hold with 0 < M < oo. Iff is non-decreasing,
(t(n)) is non-monotone and

lim sup Z p() > M, (43)

n—00 j=h(n)
where h(n) is defined by (20), then all solutions of Eq. (1) oscillate.

Proof Assume, for the sake of contradiction, that there exists a nonoscillatory solution
(x(n)) of (1). In view of (24), we know from the proof of Theorem 1 that lim,,_, o, x(n) = 0
for n > n;.

Since t(n) < h(n), (x(n)) is non-increasing and (4(n)), f are non-decreasing, for Eq. (1),
we have

Ax(n) + p(n)f (x(h(n))) < 0. (44)

Summing up (44) from h(n) to n, we get

x(n+ 1) — x(h(n)) + Z p(])f(x(h(]))) <0

j=h(n)

or

~x(h(m)) +f(x(h(n)) Y p(i) <0

j=h(n)
and so
fh(n) <~ .

~x(h(n)) [1 ~ D) ,-:h% p(])j| <0.

Therefore

fotm)
) 2P0 <1

and hence, we have

n
lim sup Z p(j) =M.

n—00 =)
This is a contradiction to (43). The proof is completed. O

Remark 1 We remark that if (t(n)) is non-decreasing, then we have t(n) = h(n) for all
n € N. Therefore, the condition (40) in Theorem 2 and the condition (43) in Theorem 3,
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respectively, reduce to

lim sup Z p()>0M, (45)
n—>00 =z (n)
and
n
lim sup Z p() > M. (46)
n—00 j=z(n)

Now, we present an example to show the significance of our results.

Example 1 Consider the nonlinear delay difference equation

Ax(n) + %x(r(n)) 1n(10 + |x(r(n)) |) =0, n=>0, (47)
where

n-1 if n € [3k,3k + 1],
t(n)={-3n+12k+3 ifne[3k+1,3k+2], keNo
5n—-12k-13 ifne[3k+2,3k+3],

By (20), we see that
n-1 if n € [3k,3k + 1],
h(n) = max 7(s) = { 3k ifne[3k+1,3k+26], keN.

5n—-12k-13 ifne[3k+2.6,3k + 3],

If we put p(n) = % and f(x) = xIn(10 + |x|). Then we have

X x 1
M =limsup —— = limsu =
ol f) T P XIn(10 + ) In(10)

and

n-1
1 M1
- L1 M ,
imin j;)p W= 2> % = elai0)

that is, all conditions of Theorem 1 are satisfied and therefore all solutions of (47) oscillate.
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