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Abstract

In this paper, we consider the second-order nonlinear dynamic equation

x��(t) + f (t, xσ (t), xτ (t), xξ (t)) = 0,

on a time scale T. Our goal is to establish some new oscillation and nonoscillation
results for this equation. Here we assume that τ(t) ≤ t ≤ ξ(t) and τ, ξ : T → T,
and use the notation xτ (t) = x(τ(t)), xσ (t) = x(σ (t)) and xξ (t) = x(ξ(t)). We
apply results from the theory of lower and upper solutions for related dynamic
equations along with some additional estimates on the positive solutions.

AMS subject classification: 34K11, 39A10, 39A99.
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1. Introduction and Preliminary Results

In recent years, there has been an increasing interest in studying the oscillation and
nonoscillation of solutions of dynamic equations on a time scale (i.e., a closed subset
of the real line R). This has lead to many attempts to harmonize the oscillation theory
for the continuous and the discrete cases, to include them in one comprehensive theory,
and to extend the results to more general time scales. We refer the reader to the papers
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[1, 3–7, 9–16, 18, 19] and the references cited therein. To illustrate some of the results
we mention the work of Zhang and Shanliang [19] who considered the equation with a
delay

x��(t) + p(t)f (x(t − τ)) = 0, t ∈ T, (1.1)

where τ ∈ R and t − τ ∈ T, f : R → R is continuous and nondecreasing (f ′(u) >

k > 0), and uf (u) > 0 for u �= 0. By using comparison theorems they proved that the
oscillation of (1.1) is equivalent to the oscillation of the nonlinear dynamic equation

x��(t) + p(t)f (x(σ (t))) = 0, t ∈ T (1.2)

and established some sufficient conditions for oscillation by applying the results estab-
lished in [16] for (1.2).

Since we are interested in the oscillatory and asymptotic behavior of solutions near
infinity, we assume throughout this paper that our time scale is unbounded above. We
assume t0 ∈ T and it is convenient to assume t0 > 0. We define the time scale interval
[t0, ∞)T by [t0, ∞)T := [t0, ∞) ∩ T. Our main interest is to consider the general
nonlinear dynamic equation

x��(t) + f (t, xσ (t), xτ (t), xξ (t)) = 0, t ∈ [t0, ∞)T, (1.3)

where f = f (t, u, v, w) is continuous for t ∈ T, and for all u, v, w ∈ R. We shall
assume that τ(t) ≤ t ≤ σ(t) ≤ ξ(t) for all t ∈ T and that τ, ξ : T → T, are rd-
continuous functions. We assume also that τ satisfies lim

t→∞ τ(t) = ∞.

Our attention is restricted to those solutions x of (1.3) which exist on some half-line
[tx, ∞)T and satisfy sup{|x(t)| : t > t0} > 0 for any t0 ≥ tx. A solution x of (1.3) is said
to be oscillatory if it is neither eventually positive nor eventually negative, otherwise it is
nonoscillatory. The equation itself is called oscillatory if all its solutions are oscillatory.
The theory of time scales was introduced by Stefan Hilger in his Ph.D. Thesis in 1988
in order to unify continuous and discrete analysis (see [17]). Not only does this unify
the theories of differential equations and difference equations, but it also extends these
classical situations to cases “in between”– e.g., to the so-called q-difference equations.
Moreover, the theory can be applied to other different types of time scales. Since its
introduction, many authors have expounded on various aspects of this new theory, and
we refer specifically to the paper by Agarwal et al. [2] and the references cited therein. A
book on the subject of time scales by Bohner and Peterson [8] summarizes and organizes
much of time scale calculus.

We note that (1.3) in its general form includes several types of differential and dif-
ference equations with delay or advanced arguments or both. In addition, different
equations correspond to the choice of the time scale T. For example, when T = R,

we have σ(t) = t, µ(t) = 0, f �(t) = f ′(t),
∫ b

a

f (t)�t =
∫ b

a

f (t)dt, and so (1.3)

includes the nonlinear delay differential equation

x′′(t) + p(t)f (x(t), xτ (t), xξ (t)) = 0. (1.4)
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When T = Z, we have σ(t) = t + 1, µ(t) = 1, f �(t) = �f (t),

∫ b

a

f (t)�t =
b−1∑
t=a

f (t), and a special case of (1.3) is the nonlinear delay difference equation

�2x(t) + p(t)f (x(t + 1), xτ (t), xξ (t)) = 0, (1.5)

where � denotes the forward difference operator. When T =hZ, h > 0, we have

σ(t) = t + h, µ(t) = h, x�(t) = �hx(t) = (x(t + h) − x(t))/h,

∫ b

a

f (t)�t =
b−a−h

h∑
k=0

f (a + kh)h, and so a special case of (1.3) is the second-order delay difference

equation with constant step size

�2
h(r(t)�hx(t)) + p(t)f (x(t + h), xτ (t), xξ (t)) = 0. (1.6)

Finally, when T = {t : t = qk, k ∈ N0}, q > 1, we have σ(t) = qt, µ(t) = (q − 1)t,

x�(t) = �qx(t) = (x(q t) − x(t))/(q − 1) t,

∫ ∞

t0

f (t)�t =
∞∑

k=0

f (qk)µ(qk), and so

we obtain, as a special case, the second-order q-difference equation with variable step
size

�q(r(t)�
2
qx(t)) + p(t)f (x(qt), xτ (t), xξ (t)) = 0. (1.7)

Of course many more examples may be given, and we will illustrate some of these in the
examples in Section 3.

As observed above, equation (1.3) includes the delay and advanced argument cases.
Concerning the function f = f (t, u, v, w) we will always assume that f satisfies the
following condition (A):

f (t, u, v, w) = −f (t, −u, −v, −w)

and

f (t, u, v, w) > 0 if u, v, w > 0, t ∈ T.

In this paper we shall apply the method of upper and lower solutions as well as some
dynamic inequalities to obtain some new oscillation criteria for the delay and advanced
argument cases. In the continuous case (T = R) some results for the second order
nonlinear delay equation were obtained in [12]. We begin with the following.

Lemma 1.1. Let x ∈ C2
rd[t0, ∞) satisfy x(t) > 0, x�(t) > 0, x��(t) ≤ 0 for

t ≥ T ≥ t0. Then:
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(a) for each 0 < k < 1 there exists Tk ≥ T ≥ t0 such that

xτ (t) := x(τ(t)) ≥ kxσ (t)
τ (t)

σ (t)
, t ≥ Tk,

and

(b)

xξ (t) := x(ξ(t)) ≤ xσ (t)
ξ(t)

kσ (t)
, t ≥ Tk.

Proof. (a) For t > T ≥ t0 we have

x(σ (t)) − x(τ(t)) =
∫ σ(t)

τ (t)

x�(s)�s ≤ x�(τ(t))(σ (t) − τ(t))

and so
x(σ (t) ≤ x(τ(t)) + x�(τ(t))(σ (t) − τ(t)). (1.8)

Also we have

x(τ(t)) − x(T ) =
∫ τ(t)

T

x�(s)�s ≥ x�(τ(t))(τ (t) − T ) (1.9)

and hence
x(τ(t))

x�(τ(t))
≥ x(T )

x�(τ(t))
+ (τ (t) − T ) (1.10)

which implies

x�(τ(t))

x(τ (t))
≤ 1

(τ (t) − T ) + x(T )

x�(τ(t))

<
1

τ(t) − T
. (1.11)

Therefore, (1.8) and (1.11) imply

xσ (t)

x(τ (t))
≤ 1 + x�(τ(t))

x(τ (t))
(σ (t) − τ(t))

≤ 1 + σ(t) − τ(t)

τ (t) − T

= σ(t) − T

τ(t) − T
. (1.12)

Now given any 0 < k < 1, there exists Tk such that

σ(t) − T

τ(t) − T
<

1

k

σ(t)

τ (t))
, t ≥ Tk. (1.13)
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Consequently, we have from (1.12) and (1.13)

xτ (t) = x(τ(t)) ≥ kxσ (t)
τ (t)

σ (t)
, t ≥ TK

and this completes the proof of (a).
The proof of (b) is similar. We have for T < t ≤ σ(t) ≤ ξ(t)

x(ξ(t)) − x(σ (t)) =
∫ ξ(t)

σ (t)

y�(s)�s ≤ x�(σ(t))(ξ(t) − σ(t))

and so we have
x(ξ(t))

x(σ (t))
≤ 1 + x�(σ(t))

x(σ (t))
(ξ(t) − σ(t)). (1.14)

Also we have
x(σ (t)) ≥ x(T ) + x�(σ(t))(σ (t) − T )

so that

x(σ (t))

x�(σ (t))
≥ x(T )

x�(σ(t))
+ (σ (t) − T ) ≥ kσ(t), t ≥ Tk, 0 < k < 1.

Hence, from (1.14) we have

x(ξ(t))

x(σ (t))
≤ 1 + ξ(t) − σ(t)

kσ (t)
= (k − 1)σ (t) + ξ(t)

kσ (t)
≤ ξ(t)

kσ (t)
, t ≥ Tk.

This completes the proof of the lemma. �

We shall also need the following lemma which is often referred to as the Riccati
substitution technique.

Lemma 1.2. The linear equation

Lx ≡ x�� + q(t)xσ = 0

is nonoscillatory if and only if there is a function z satisfying the Riccati dynamic
inequality

z� + q(t) + S(z)(t) ≤ 0 (1.15)

with 1 + µ(t)z(t) > 0 for large t , where

S(z) := z2

1 + µ(t)z
.
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2. Main Results

We begin with the following result for the case when f (t, u, v, w) satisfies the following
condition (B):

• For each fixed t ∈ T and u, v > 0, f is nonincreasing in w and for fixed u, w > 0,
f is

• nondecreasing in v for v > 0 and for fixed v, w > 0 f is

• nondecreasing in u for u > 0.

We introduce the functions g and h defined by

g(t) := τ(t)

σ (t)
, h(t) := ξ(t)

σ (t)
. (2.1)

Our first result is the following.

Theorem 2.1. Assume conditions (A) and (B) hold. Then all bounded solutions of (1.3)
are oscillatory in case ∣∣∣∣

∫ ∞
tf

(
t, α, αkg(t),

α

k2
h(t)

)
�t

∣∣∣∣ = ∞, (2.2)

for all α �= 0 and some 0 < k < 1, where g and h are given in (2.1).

Proof. If not, let u be a bounded nonoscillatory solution which, in view of condition (A),
we may assume satisfies

u(t) > 0, u(τ (t)) > 0, t ≥ T1 ≥ t0. (2.3)

Consequently, u��(t) = −f (t, uσ (t), u(τ (t)), u(ξ(t))) < 0 for t ≥ T1 and so u�(t) is
decreasing for t ≥ T1. Consequently, u�(t) > 0 for t ≥ T1. Indeed, if u�(t1) ≤
0 for some t1 ≥ T1, then u�(t) ≤ 0 for all t ≥ t1. Now if u�(t1) < 0, then

u(t) − u(t1) =
∫ t

t1

u�(s)�s ≤ u�(t1)(t − t1) → −∞ as t → ∞, which is a con-

tradiction. Also, if u�(t1) = 0 then u�(t) ≡ 0 for t ≥ t1, and so u��(t) ≡ 0 =
f

(
t, uσ (t), u(τ (t)), u(ξ(t))

)
, which is again a contradiction. Hence, we conclude that

for all t ≥ t1
u(t) > 0, u�(t) > 0, u(τ (t)) > 0.

From Lemma 1.1, given 0 < k < 1, there exists Tk ≥ t1 such that u(τ(t)) ≥
kg(t)uσ (t) and u(ξ(t)) ≤ 1

k
h(t)uσ (t) for t ≥ Tk. By the monotonicity assumption

on f we have

0 = u��(t) + f (t, uσ (t), u(τ (t)), u(ξ(t)))

≥ u��(t) + f

(
t, uσ (t), kg(t)uσ (t),

1

k
h(t)uσ (t)

)
. (2.4)
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If we set F(t, uσ (t)) := f

(
t, uσ (t), kg(t)uσ (t),

1

k
h(t)uσ (t)

)
, then (2.4) shows that

β := u is an upper solution for the dynamic equation u�� + F(t, uσ (t)) = 0. Also, the
constant function α := u(t1) satisfies α��(t) + F(t, ασ (t)) > 0, and so α(t) is a lower
solution. Therefore, by [8, Theorem 6.54], if we choose a sequence tn → ∞, tn ∈ T,
then for each tn ∈ T, tn > t1, the BVP

y�� + F(t, uσ (t)) = 0, y(t1) = A = u(t1), y(σ 2(tn)) = B,

where u(t1) ≤ B ≤ u(σ 2(tn)), has a solution un with

u(t1) ≤ un(t) ≤ u(t), t1 ≤ t ≤ σ 2(tn).

By a standard diagonalization argument, we conclude that there is a subsequence of
{un(t)} which converges, uniformly on compact subsets of T, to a solution y of

y�� + F(t, yσ (t)) = 0

which satisfies 0 < u(t1) ≤ y(t) ≤ u(t) on [t1, ∞). It follows that y(t) > 0, y�(t) >

0 and y��(t) ≤ 0. Therefore, since y(t) is bounded, we have that lim
t→∞ y(t) := L > 0

exists. Integration for t1 < s < T implies

y�(T ) − y�(s) +
∫ T

s

F (r, yσ (r))�r = 0.

Letting T → ∞ we obtain

y�(s) ≥
∫ ∞

s

F (r, yσ (r))�r,

and so integrating again for t1 < t̃ < t , we obtain

y(t) − y(t̃) =
∫ t

t̃

y�(s)�s

≥
∫ t

t̃

∫ ∞

s

F (r, yσ (r))�r�s

=
∫ t

t̃

∫ r

t̃

F (r, yσ (r))�s�r +
∫ ∞

t

∫ t

t̃

F (r, yσ (r))�s�r

=
∫ t

t̃

(r − t̃ )F (r, yσ (r))�r +
∫ ∞

t

(t − t̃ )F (r, yσ (r))�r

≥
∫ t

t̃

(r − t̃ )F (r, yσ (r))�r. (2.5)

From (2.5) we have

y(t) ≥ y(t̃) +
∫ t

t̃

(r − t̃ )F (r, yσ (r))�r >

∫ t

t̃

(r − t̃ )F (r, yσ (r))�r.
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Since y(t) ≤ u(t) ≤ M for some M > 0, by letting t → ∞, it follows that

∫ ∞

t̃

(r − t̃ )F (r, yσ (r))�r < ∞,

which implies that
∫ ∞

t̃

rF (r, yσ (r)) < ∞. For the same 0 < k < 1 as in the first part

of the proof, we may assume that for t ≥ T̃k ≥ Tk we have y(t) ≥ kL. However, then
using the monotonicity of f we have

f

(
t, yσ (t), kg(t)yσ (t),

1

k
h(t)yσ (t)

)
≥ f

(
t, yσ (t), kg(t)yσ (t),

L

k
h(t)

)

≥ f

(
t, kL, k2Lg(t),

L

k
h(t)

)
.

Therefore, with α := kL it follows that
∫ ∞

T̃k

rf
(
r, α, kαg(r),

α

k2
h(r)

)
�r < ∞,

a contradiction to our assumption (2.2). This completes the proof. �

We next introduce the following condition (B̃) which replaces the nonincreasing
assumption for the function f in the w variable by assuming f is nondecreasing in w

for w > 0 and for fixed t ∈ T and u, v > 0.

• The function is said to satisfy condition (B̃) if for each fixed t ∈ T and u, v > 0,
f is

• nondecreasing in w and for fixed u, w > 0, f is

• nondecreasing in v for v > 0 and for fixed v, w > 0 f is

• nondecreasing in u for u > 0. Of course, if f is

• independent of w, then conditions (B) and (B̃) coincide.

Then we have the following result which gives conditions under which all solutions of
(1.3) are oscillatory:

Theorem 2.2. Assume conditions (A) and (B̃) hold. Then all solutions of (1.3) are
oscillatory in case ∣∣∣∣

∫ ∞
tf (t, α, αg(t), α) �t

∣∣∣∣ = ∞, (2.6)

for all α �= 0.
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Proof. The proof is similar to that of Theorem 2.1. Here we use the fact that if u is an
eventually positive solution of (1.3), then given 0 < k < 1 there exists Tk ≥ T1 so that
u(τ(t)) ≥ kg(t)uσ (t) and since u�(t) > 0 for t ≥ T , u(ξ(t)) ≥ uσ (t). Therefore, by
the monotonicity assumption from (B̃), it follows that

0 = u��(t) + f (t, uσ (t), u(τ (t)), u(ξ(t))

≥ u��(t) + f (t, uσ (t), kg(t)uσ (t), uσ (t)).

So if we set F̃ (t, uσ ) =: f (t, uσ , kg(t)uσ , uσ ) and α = u(T ) > 0, then the rest of the
proof is similar to that of Theorem 2.1. �

The next result may be regarded as a special case of Theorem 2.1.

Theorem 2.3. Assume f satisfies conditions (A) and (B) and suppose further that there
exists T ≥ t1 such that

inf{g(t) : t ≥ T } = m1 > 0 and sup{h(t) : t ≥ T } = m2 < ∞, (2.7)

where g and h are as defined in (2.1). Then all bounded solutions of (1.3) are oscillatory
in case ∣∣∣∣

∫ ∞
tf

(
t, α, kαm1,

αm2

k2

)
�t

∣∣∣∣ = ∞, (2.8)

for all α �= 0, and for some 0 < k < 1.

Proof. Theorem 2.1 and the monotonicity assumption on f along with (2.7) imply the
result. �

If we replace the assumption (B) by (B̃), then we may give a necessary and sufficient
condition for the existence of a bounded nonoscillatory solution. In this case, we only

need to assume the first part of (2.7) along with the assumption that
µ(t)

t
is bounded for

all large t (which is equivalent to
σ(t)

t
bounded).

Theorem 2.4. Assume f satisfies (A) and (B̃) and that
µ(t)

t
is bounded for all large t .

Assume further that
lim inf g(t) := m1 > 0. (2.9)

Then equation (1.3) has a bounded nonoscillatory solution if and only if

∣∣∣∣
∫ ∞

σ(t)f (t, α, α, α) �t

∣∣∣∣ < ∞, (2.10)

for some α �= 0.
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Proof. We note that since
µ(t)

t
is bounded for all large t , it follows that

∣∣∣∣
∫ ∞

σ(t)f (t, α, α, α) �t

∣∣∣∣ < ∞

iff ∣∣∣∣
∫ ∞

tf (t, α, α, α) �t

∣∣∣∣ < ∞.

Now Theorem 2.4 and the monotonicity assumption of f along with (2.9) show that
(2.10) is necessary for the existence of a bounded nonsocillatory solution. Conversely,
if (2.10) holds, assume to be specific that α > 0 and choose T ≥ t1 so that τ(t) ≥ t1 if
t ≥ T and such that ∫ ∞

T

σ (t)f (t, α, α, α)�t <
β

2
,

where 0 < β < α. Define y0(t) ≡ β for t ≥ t1 and

yn+1(t) =




β −
∫ ∞

T

(σ (s) − T )f (s, yσ
n (s), yn(τ (s)), yn(ξ(s)))�s, t < T ,

β −
∫ ∞

t

(σ (s) − t)f (s, yσ
n (s), yn(τ (s)), yn(ξ(s)))�s, t ≥ T .

Then, since t1 ≤ τ(t) ≤ t ≤ σ(t) ≤ ξ(t) for t ≥ T , it follows by induction that

β

2
≤ yn(t) ≤ β, t ≥ T and all n ≥ 0.

Since the sequences {yn(t)} and {y�
n (t)} are both uniformly bounded for t ≥ T , the

Ascoli–Arzela theorem along with a standard diagonalization argument yields a subse-
quence of {yn(t)} which converges uniformly on compact subintervals of [T , ∞) ∩ T to
a solution y of (1.3) satisfying β/2 ≤ y(t) ≤ β. This proves the theorem. �

It may be shown that the converse of Theorem 2.1 is not true without assumptions
like (2.7). (See [12, Remark 3.5]).

To extend Theorems 2.1 and 2.3 to unbounded solutions, we let φ(u) denote a con-
tinuous nondecreasing function of u satisfying uφ(u) > 0, u �= 0 with

∫ ±∞

±1

du

φ(u)
< ∞.

We will say that f (t, u, v, w) satisfies condition (H) provided there exists an 0 < α < 1
such that for any c �= 0 and for all t ≥ T

inf|u|≥c

f (t, u, αg(t)u, 1
α
h(t)u)

φ(u)
≥ k

∣∣∣∣f
(

t, c, αg(t)c,
1

α
h(t)c

)∣∣∣∣
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for some positive constant k.
We may now prove the following result:

Theorem 2.5. Assume f satisfies conditions (A), (B), and (H). Then all solutions of
(1.3) are oscillatory in case (2.2) holds for all α �= 0.

Proof. If (2.2) holds for all α �= 0, let u be a nonoscillatory solution of (1.3) with
u(t) > 0, u(τ (t)) > 0 for t ≥ T . As in the proof of Theorem 2.1, given 0 < α < 1
from condition (H) there exists Tα ≥ T such that

u�� + f

(
t, uσ (t), αg(t)uσ (t),

1

α
h(t)uσ (t)

)
≤ 0, t ≥ Tα. (2.11)

Hence we obtain a solution y of

y�� + f

(
t, yσ (t), αg(t)yσ (t),

1

α
h(t)yσ (t)

)
= 0 (2.12)

with 0 < u(Tα) ≤ y(t) ≤ u(t), t ≥ Tα. We next define

G(u) :=
∫ u

u0

ds

φ(s)
,

where u0 := y(Tα) > 0. Observe that G′(u) = 1/φ(u). By the Pötzsche chain rule,

(G(y(t))� =
(∫ 1

0

dh

φ(yh(t))

)
y�(t) ≥

(∫ 1

0

dh

φ(yσ (t)

)
y�(t) = y�(t)

φ(yσ (t))

since yh(t) := y(t) + hµ(t)y�(t) ≤ yσ (t) and φ is nondecreasing so that
1

φ(yh(t))
≥

1

φ(yσ (t))
. Consequently,

(G(y(t)))� ≥ y�(t)

φ(yσ (t))
. (2.13)

Furthermore, since y(t) > 0 and y�(t) is nonincreasing, lim
t→∞ y�(t) = L1 with 0 ≤

L1 < ∞. Now integrating (2.12) for t ≥ T̃ ≥ Tα gives

0 = y�(t) − y�(T̃ ) +
∫ t

T̃

f

(
s, yσ (s), αg(s)yσ (s),

1

α
h(s)yσ (s)

)
�s

and letting t → ∞ in the above, we obtain

y�(T̃ ) = L1 +
∫ ∞

T̃

f

(
s, yσ (s), αg(s)yσ (s),

1

α
h(s)yσ (s)

)
�s

≥
∫ ∞

T̃

f

(
s, yσ (s), αg(s)yσ (s),

1

α
h(s)yσ (s)

)
�s

>

∫ t

T̃

f

(
s, yσ (s), αg(s)yσ (s),

1

α
h(s)yσ (s)

)
�s.
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Now multiplying by
(
φ(yσ (T̃ ))

)−1
, we obtain

y�(T̃ )

φ(yσ (T̃ ))
≥ 1

φ(yσ (T̃ ))

∫ t

T̃

f

(
s, yσ (s), αg(s)yσ (s),

1

α
h(s)yσ (s)

)
�s

≥
∫ t

T̃

f (s, yσ (s), αg(s)yσ (s), 1
α
h(s)yσ (s))

φ(yσ (s))
�s

≥
∫ t

T̃

kf

(
s, c, αg(s)c,

1

α
h(s)c

)
�s (2.14)

for sufficiently large T̃ (by condition (H)) where c := u(Tα) > 0. Observe that since
y�(t) > 0, we have lim

t→∞ y(t) = L2 with 0 ≤ L2 ≤ ∞ and so

lim
t→∞ G(y(t)) = lim

t→∞

∫ y(t)

u0

du

φ(u)
=

∫ L2

u0

du

φ(u)
:= L < ∞. (2.15)

We have therefore as t → ∞
∫ ∞

Tα

(G(y(s)))��s = L − G(y(Tα)) < ∞.

We integrate (2.14) for t ≥ T̃ and use (2.13) to obtain

∫ t

T̃

(G(y(s)))��s ≥
∫ t

T̃

y�(s)

φ(yσ (s))
�s

≥
∫ t

T̃

∫ s

T̃

kf

(
r, c, αg(r)c,

1

α
h(r)c

)
�r�s

= k

∫ t

T̃

(s − T̃ )f

(
s, c, αg(s)c,

1

α
h(s)c

)
�s. (2.16)

However, the left side of (2.16) is bounded as t → ∞ whereas the right side is un-
bounded by assumption (2.2). This contradiction shows that all solutions of (1.3) are
oscillatory. �

We may also prove an analog of Theorem 2.5 by replacing condition (B) by (B̃) and
condition (H) by (H̃), which we state as follows: We say that f satisfies condition (H̃)
provided there exists an 0 < α < 1 such that for any c �= 0 and for all t ≥ T

inf|u|≥c

f (t, u, αg(t)u, u)

φ(u)
≥ k|f (t, c, αg(t)c, c)|
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for some positive constant k, where φ(u) denotes a continuous nondecreasing function
of u satisfying uφ(u) > 0, u �= 0 with

∫ ±∞

±1

du

φ(u)
< ∞.

We then may establish the following result.

Theorem 2.6. Assume f satisfies conditions (A), (B̃), and (H̃). Then all solutions of
(1.3) are oscillatory in case (2.6) holds for all α �= 0.

We omit the proof since it is similar to the proof of Theorem 2.5.

3. Examples

We would like to illustrate some of the results above by means of several examples. We
first consider the linear case when the equation contains an advanced argument.

Example 3.1. Consider the linear functional dynamic equation

y�� + p(t)yσ (t) + q(t)yτ (t) + r(t)yξ (t) = 0, (3.1)

where p(t), q(t), r(t) > 0, t ≥ t0. If we set

Q(t) := p(t) + q(t)
τ (t)

σ (t)
+ r(t), (3.2)

then (3.1) is oscillatory in case

y�� + λQ(t)yσ = 0 (3.3)

is oscillatory for some 0 < λ < 1. To see this, suppose that u is a nonoscillatory solution
of (3.1) with u(t) > 0, uτ (t) > 0, t ≥ T . Then by Lemma 1.1, for λ < k < 1 there is
a Tk ≥ T such that

u��(t) +
(

p(t) + kq(t)
τ (t)

σ (t)
+ r(t)

)
uσ (t) ≤ 0, t ≥ Tk. (3.4)

Then with z(t) := u�(t)

u(t)
, we see that z(t) satisfies the Riccati dynamic inequality (1.15)

with q(t) replaced by p(t) + kq(t)
τ (t)

σ (t)
+ r(t). By Lemma 1.2, this means that the

equation

y�� +
(

p(t) + kq(t)
τ (t)

σ (t)
+ r(t)

)
yσ (t) = 0 (3.5)
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is nonoscillatory and so by the Sturm comparison theorem, (3.3) is also nonoscillatory.
This contradiction shows that (3.1) is oscillatory. If we apply a specific oscillation
criterion, we conclude that (3.1) is oscillatory if

lim inf t

∫ ∞

t

(
p(s) + q(s)

τ (s)

σ (s)
+ r(s)

)
�s >

1

4

(see [15, Example 3.4]).

Example 3.2. Let f (t, u, v, w) := p(t)uγ1 + q(t)vγ2 , where γ1, γ2 > 0 and are the
quotients of odd positive integers. We assume also that p(t), q(t) > 0 for all large t and

are rd-continuous. Clearly condition (A) holds so that with g(t) = τ(t)

σ (t)
we conclude

from Theorem 2.1 that all bounded solutions of

y�� + p(t)(yσ (t))γ1 + q(t)(yτ (t))γ2 = 0 (3.6)

are oscillatory if ∫ ∞
t
(
p(t) + q(t)(g(t))γ2

)
�t = ∞. (3.7)

If γ1, γ2 > 1, then with φ(u) = uγ , where 1 < γ < min{γ1, γ2}, it is not difficult
to show that f (t, u, v) = p(t)uγ1 + q(t)vγ2 satisfies condition (H). Therefore, from
Theorem 2.5, we conclude that all solutions of (3.6) are oscillatory provided

∫ ∞
t
(
p(t)αγ1 + q(t)(αg(t))γ2

)
�t = ∞ (3.8)

for all α �= 0. Moreover, (3.8) holds for all α �= 0 if and only if
∫ ∞

tp(t)�t +
∫ ∞

tq(t)(g(t))γ2�t = ∞. (3.9)

Conversely, if lim inf g(t) := m1 > 0, then (3.9) is necessary for all solutions of (3.6)
to be oscillatory.

We next give an illustration of the situation when f involves an advanced argument.

Example 3.3. Suppose that

f (t, u, v, w) := p(t)uγ1 + q(t)vγ2

1 + r(t)w2
,

where r(t) ≥ 0 is rd-continuous and γ1, γ2, p(t), q(t) > 0. From Theorem 2.1, we
conclude that all bounded solutions of

y�� + p(t)(yσ (t))γ1 + q(t)(yτ (t))γ2

1 + r(t)(yξ (t))2
= 0 (3.10)
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are oscillatory in case
∫ ∞ t (p(t)αγ1 + q(t)(αg(t))γ2)

α2 + r(t)(h(t))2
�t = ∞ (3.11)

for all α �= 0. Moreover, (3.10) has a bounded nonoscillatory solution iff
∫ ∞

tf (t, α, α, α)�t < ∞

for some α �= 0.

The results in the last two examples may be regarded as extensions of some oscillation
criteria due to Atkinson [5].
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