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Oscillation of third-order delay
difference equations with negative damping term

ABSTRACT. The aim of this paper is to investigate the oscillatory and
asymptotic behavior of solutions of a third-order delay difference equation. By
using comparison theorems, we deduce oscillation of the difference equation
from its relation to certain associated first-order delay difference equations or
inequalities. Examples are given to illustrate the main results.

1. Introduction. In this paper, we study the oscillatory behavior of solu-
tions of the third-order delay difference equation of the form

(1'1) Agyn - pnAynJrl + an(yn—ﬁ) =0, n=>ng

where {p,} and {q,} are real sequences, ng € Ny, and f is a real-valued
continuous function. Throughout this paper, we assume the following con-
ditions without further mention:
(Hy) {pn} is a nonnegative real sequence and {q,} is a positive real se-
quence for all n > ng;
(Hz) £ € N;
(Hz) wf(u) >0, f is nondecreasing for u # 0, and

—f(uv) > f(uww) > f(u)f(v) for wv > 0.
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By a solution of (1.1), we mean a nontrivial real sequence {y,}, defined for
all n > ng — ¢, and satisfying (1.1) for all n > ng. A nontrivial solution
{yn} of (1.1) is said to be oscillatory if it is neither eventually positive nor
eventually negative, and nonoscillatory otherwise. Any difference equation
is called nonoscillatory (oscillatory) if all its solutions are nonoscillatory
(oscillatory).

In recent years, there is a great interest in studying the oscillatory and
asymptotic behavior of solutions of several classes of third-order functional
difference equations, see [3]-[8], [10]-[13], [15]-[17] and the references cited
therein. In [5], [10], [12], [13], the authors considered the difference equation

(1'2) A(anA<bnAyn)) +pnAyn+1 + an(ynfe) =0, n>ng,

and established some new sufficient conditions for the oscillation and
asymptotic behavior of solutions of (1.2). Very recently, in [6], the au-
thors discussed the oscillatory and asymptotic behavior of solutions of the
equation

(1.3)  A(anAbn(Ayn)®)) + Pr(AYns1)® + @nf (yn-e) =0, n =mno.

In (1.2) and (1.3), the authors assumed the coefficient sequence of the damp-
ing term is positive, and therefore, in this paper, we investigate the oscil-
latory and asymptotic behavior of solutions of (1.1) by assuming the coef-
ficient of the damping term is negative. Thus the results obtained in this
paper are new and complement those in [5], [6], [10], [12], [13].

In Section 2, we present some preliminary results, and in Section 3, we
obtain some sufficient conditions for the oscillation of all solutions of (1.1).
Examples are provided in Section 4 in order to illustrate the importance of
the main results.

2. Preliminary Results. In this section, we present some preliminary
results, which are used to prove our main theorems. The main theorems,
presented in Section 3, relate the properties of solutions of third-order delay
difference equations of the form (1.1) to those of solutions of an auxiliary
second-order linear difference equation of the form

(2.1) A2z, — ppzner =0, n > ng.

The first result is based on an equivalent representation for the linear dif-
ference operator

(2'2) L(yn) = Agyn — PnAYnt1

in terms of a positive solution {z,} of (2.1). We prove that under the
assumption (H;), (2.1) is nonoscillatory.

Lemma 2.1. Let {p,} be a nonnegative real sequence for alln > ngy. Then
(2.1) is nonoscillatory.
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Proof. Equation (2.1) can be written as
Znto + 2n = (pn + 2)Zn+1y n > np,
and we have
1 < 1 >
S n = ng.
(Pn +2)(Pn+1+2) ~ 4
Hence by applying [2, Theorem 1.8.9], we see that (2.1) is nonoscillatory. O

Lemma 2.2. Assume that (2.1) has a positive solution {z,}. Then the
operator (2.2) can be represented as

A (i (B2)

Zn+1

L(yn) =

Proof. It is easy to see that
L(yn) = Agyn — PnAYnt1
_ Zn+1A3yn + (Azn)(Azyn) - (Azn)(A2yn) - (AQZn)(Ayn-&-l)

Zn+1
A (2nA%yn — (Azn)(Ayn))

Zn+1

NENED)

= )
Zn+1

completing the proof. O

Lemma 2.3. If{z,} is a positive solution of (2.1), then (1.1) can be written
in the form

(2.3) A <znzn+1A (Azyn>> + gnznt1f (Yn—e) = 0.

n

Proof. The proof follows from Lemma 2.2. O

For our discussion, it is convenient to have (2.3) in canonical form, that
is, we require in the sequel that

[ee]
(2.4) Z Zp = 00
n=ngo
and
> 1
(2.5) n:zno g

To prove our main results, we find conditions that guarantee the existence
of positive solutions of (2.1). The following result is a special case of the
discrete Kneser theorem (see [1]) dealing with the structure of nonoscillatory
solutions of (2.1).
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Lemma 2.4. Under the assumption (Hy), (2.1) has a principal (recessive)
solution {uy,} satisfying

up >0, Au, <0, A%u,>0, n>ng
and a nonprincipal (dominant) solution {v,} satisfying
vp >0, Av, >0, A?v,>0, n>ng.

Next, we study the behavior of solutions of (1.1) with the help of its
equivalent representation (2.3). In view of well-known results in [1], [2], we
have the following structure of nonoscillatory solutions of (1.1).

Lemma 2.5. Let {z,} be a positive solution of (2.1) satisfying (2.5). Then,
every positive solution {yn,} of (1.1) is inside one of the following two
classes:

(1) yn > 0, Ay, > 0, A (A—ffl) >0, A (znanA (Ayn)) <0;

Zn

(II) Yn >0, Ayn <0, A (%) >0, A (zn2n+1A (%)) < 0.

We conclude this section with the following notation. We say that (1.1)
has Property (B) provided all its nonoscillatory solutions {y,} satisfy the
condition

(2.6) YnAyp < 0.

3. Oscillation Results. In the sequel, it is tacitly assumed that the se-
quence {z,} is a solution of (2.1) and satisfies (2.5). We begin with the
following theorem.

Theorem 3.1. Let {z,} be a positive solution of (2.1) such that (2.4) and
(2.5) hold. If the first-order delay difference equation

n—~_0—1 s—1

(31) Az, + ann+1f ( Z Zs Z ! ) f(xn—ﬂ) =0, n>m

s=n1 t=n1

is oscillatory, then (1.1) has Property (B).

Proof. Let {y,} be a positive solution of (1.1) for all n > ny, where ny > ng
is some integer. It follows from Lemma 2.5 that {y,} belongs to either class
(I) or class (II) for all n > n;. We shall prove that {y,} belongs to class
(IT). For this, we assume that {y,} belongs to class (I). Define a sequence

{zn} by

1
Ty = ZnZn+14 <Ayn> , n>mng.
Zn
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Then {z,} is strictly decreasing, and we conclude

n—1 n—1
Ay, Ay 1 Ay
Zz > Z A( ng/ ) = Z [zsstA( Zy >]

s=ny s=nq ZsZs+1 s
n—1 1
>
ie.,
n—1 1
(3.2) Ayy > xp2 :
n n nsznl ZsRs+1
Summing (3.2) from n; to n — 1 yields
n—1 s—1 1
ynZZwSZ >an Y, % )
s=n1 t=n1 A2+l s=n1 t=n1 At2t+1
Hence
n—~—1 s—1

3.3 Yn—t = >x YA
( ) n— n— Sznl tz tht-i-].
Combining (3.3) with (2.3) and using (Hs), we obtain

n——0—1 s—1

—Az, = Zn+1£]nf(yn—€) > Zn+1‘]nf ( Z Z P 1> xn—f)-
_ +
s=n1 t=nq

Therefore, {x,} is a positive solution of the delay difference inequality

n—_{—1 s—1
Axn +Zn+1an ( Z Zs Z ) mn—f) <0.

2tz
s=n t=n1 tet+l

It follows from [17, Lemma 2.7] that (3.1) also has a positive solution, which
is a contradiction. Hence, {y,} belongs to class (II), and the first two
inequalities in class (II) imply Property (B) of (1.1). This completes the
proof. O

Applying known oscillation criteria to (3.1), we immediately obtain cri-
teria for Property (B) of (1.1), see for example [9], [14].

Corollary 3.2. Let {z,} be a positive solution of (2.1) satisfying (2.4) and

(2.5). Let f(u) = u. If
1 -1 ANGE
* ]z,;l ZjZj+1 (E + 1) ’

S—

(34)  liminf Z Gs2st1

l—
s=n—¥ t=n1

then (1.1) has Property (B).
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Corollary 3.3. Let {z,} be a positive solution of (2.1) satisfying (2.4) and
(2.5). Let f(u) = u®, where a € (0,1) is a quotient of odd positive integers.
If

00 n—~¢—1 s—1 a
(3.5) Z nZn+1 < Z Zs Z ) = 00,

ZtZ,
n=ni s=n1 t=n1 tet+1

then (1.1) has Property (B).

Corollary 3.4. Let {z,} be a positive solution of (2.1) satisfying (2.4) and
(2.5). Let f(u) = u®, where a > 1 is a quotient of odd positive integers. If
there exists \ > lo%a such that

n—~_{—1 s—1 1 «
56) %gfqnzw(z ns ) exp(~) > 0.
=ni

then (1.1) has Property (B).

Next, we are interested in finding criteria for the oscillation of all solutions
of (1.1). Note that, by Theorem 3.1, if (3.1) is oscillatory, then (1.1) has
Property (B). Therefore, it follows from Lemma 2.5 that by eliminating the
possibility for nonoscillatory solutions belonging to class (II), one obtains
sufficient conditions for the oscillation of all solutions of (1.1).

Theorem 3.5. Let {z,} be a positive solution of (2.1) such that (2.4) and
(2.5) hold. If there exists k € N with £ > 2k such that both (3.1) and

n+k 1 s+k
(37) Az, + an Tn—0+2k Z ZQtzt—H =0
s—n ZsZs+1

are oscillatory, then every solution of (1.1) is oscillatory.

Proof. Let {y,} be an eventually positive solution of (1.1). Then, by
Lemma 2.5, {y,} belongs to either class (I) or (II). From Theorem 3.1,
oscillation of (3.1) excludes the possibility of nonoscillatory solutions be-
longing to class (I). Therefore, {y,} belongs to class (II). Summation of
(2.3) from n to n + k yields

Ay n+k n+k
ann—i-lA( > n> quzs+1f ys Z) > f Yn— Z—i—k ZQSZS—H;
i.e.,
Ayn f(yn @-i-k
3.8 A z
( ) ( Zn > T ZpZn+l qu st

s=n
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Summing (3.8) from n to n + k, we obtain

n+k s+k

> f(Yn—er2k) Y ZQtZtJrl

sS=n
Again summing the last inequality from n to oo yields

Aynp

Zn

ZsZs+1

(3] u+k s+k
(3.9) Yn = Z zuf (Yu—r+2k) Z Z qtZt+1-
u=n S=U ZSZ +1

Let us denote by x,, the right-hand side of (3.9). Clearly, vy, > x,, > 0, and

one can easily see that {z,} is a positive solution of the delay difference
inequality

n+k s+k
Az + 2n f(Tn—er2k) Z Z qtze+1 < 0.
o=y, “8%st1

But by [17, Lemma 2.7], (3.7) also has a positive solution, which is a contra-
diction. Thus, we conclude that every solution of (1.1) is oscillatory. This
completes the proof. O

Again applying known oscillation criteria to both (3.1) and (3.7), we
obtain explicit conditions that ensure oscillation of all solutions of (1.1), see
for example [9], [14].

Corollary 3.6. Let {z,} be a positive solution of (2.1) such that (2.4) and
(2.5) hold. Let f(u) = u and assume there exists k € N with ¢ > 2k. If
(3.4) and

L |k 0 op L2+
(3.10)  liminf > Zszz ;qizj+1>(€—2k+l>

s=n—_(+2k t=s

hold, then every solution of (1.1) is oscillatory.

Corollary 3.7. Let {z,} be a positive solution of (2.1) such that (2.4) and
(2.5) hold. Let f(u) = u®, where a € (0,1) is a ratio of odd positive integers.
Assume that there exists k € N with £ > 2k. If (3.5) and

9] n+k s+k
(3:.11) 2w d oD =
ZsZs+1
n=ni s=n

hold, then every solution of (1.1) is oscillatory.

Corollary 3.8. Let {z,} be a positive solution of (2.1) such that (2.4) and
(2.5) hold. Let f(u) = u®, where o > 1 is a ratio of odd positive integers.
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Assume that there exists k € N such that £ > 2k. If (3.6) holds and if there
exists pn > gfgzofg such that

n+k s+k
3.12 lim inf z, exp(—e#") > 0,
(312) mint 2 (e 30 S

then every solution of (1.1) is oscillatory.

4. Examples. In this section, we present some examples in order to illus-
trate the main results.

Example 4.1. Consider the third-order delay difference equation

4.1 Ady, — ———A ——Yp—2 =0, eN.
Here,
2 3
= —0 = 0=2.
Pn n(n+2)’ =T
Now, (2.1) takes the form
2
(4.2) A%z, — =0, neN.

Since {p,} is positive, (4.2) is nonoscillatory and has a positive solution
{zn} = {1/n}, which satisfies (2.4) and (2.5). Also,

n—1 331t—1
it 3 R 2y LU+
J

n—1
T (s—3)(s—4)(2s—1)
=limf TEES)

s=n—2

Hence, (3.4) is satisfied. Therefore, by Corollary 3.2, (4.1) has Property (B).
Example 4.2. Consider the third-order delay difference equation

1/3
(4.3) A3y, — mAyn—H + (n+ 1)yn/ 3 =0, nel
Here,
=2 g=ntl, (=3 fu)=u®, a=.

pn—n(n+2)27 n =1 ) =9 u)=u-, 04—3-

Now, (2.1) takes the form
2

(44) AZZn — mzn+1 = O, n € N.

By Lemma 2.1, (4.4) is nonoscillatory and has a positive solution {z,} =
{™tL} ) which satisfies (2.4) and (2.5). By taking k = 1, we see that ¢ > 2k
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and (3.5) and (3.11) are satisfied. Hence, by Corollary 3.7, every solution
of (4.3) is oscillatory.

Example 4.3. Consider the third-order delay difference equation

2 4
45) APy, — — = Ay, — Ny u=0, N
(45) Y n(n + 2)2 Ynt1+ (8+n(n+2)2>y 4 ne

Here,

2 4
Y~ = —, (=14 = u.
n(n+2)27 Qn 8+ n(n+2)27 ’ f(u) u
Now, (2.1) takes the form (4.4), and it has a positive solution {z,} = {1},
which satisfies (2.4) and (2.5). By taking k = 1, we see that ¢ > 2k and
(3.4) and (3.10) are satisfied. Hence, by Corollary 3.6, every solution of
(4.5) is oscillatory. In fact, {y,} = {(—1)"} is one such solution of (4.5).

DPn =

We conclude this paper with the following remarks.

Remark 4.4. In this paper, we study the asymptotic and oscillatory be-
havior of solutions of third-order delay difference equations with negative
damping term. We transform (1.1) into an equation without damping term
and then obtain conditions for the oscillation of (1.1). We stress that, con-
trary to many known results in the literature leading to the conclusion that
all solutions are either oscillatory or tend to zero as n — oo, our results
guarantee oscillation of all solutions of (1.1).

Remark 4.5. Further note that, in all results, the explicit form of one
positive solution of (2.1) is needed. However, it is known that it is very
difficult to find the explicit form of solutions to a second-order difference
equation with variable coefficient. So it is interesting to obtain criteria for
the oscillation of (1.1) without involving the solution of (2.1).
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