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Abstract. The oscillatory behavior of the solutions of a Volterra type equation
with delay is investigated. Sufficient conditions on the kernel are given which guarantee
that the oscillatory character of the forcing term is inherited by the solutions.

1. Introduction and preliminaries. In this paper we investigate when the oscillatory
character of the forcing term f of the Volterra integral equation with delays of the form

t

(1.1) x(t)=f(t)—J K(t, s, xy)ds , t>0
V]

is inherited by the solutions.

As we can see from [2], [6], [27] and the references cited therein, the equations
of the type (1.1) arise, for example, in certain applications to impulsive theory. It has
also been a very interesting subject to study how the behavior (e.g., boundedness,
convergence, periodicity, asymptotic periodicity, slow (or almost slow) varyingness) of
the forcing term f produces the same property of the solutions of a Volterra integral
equation under certain conditions on the kernel K (cf. [8], [9], [12], [13], [15], [16],
[17], [18], [19]). Therefore it is natural to investigate how oscillation of the forcing
term f can be inherited by the solutions of (1.1). Our aim here is to establish conditions
on the nonlinear (in general) kernel K under which if the function f is oscillatory,
strongly, quickly, moderately or slowly oscillatory, then every solution of (1.1) is
oscillatory, strongly, quickly, moderately or slowly oscillatory, respectively.

Before giving the definitions of various types of oscillations mentioned above, we
have to present some preliminaries needed in the sequel.

Let C:=C([—r,0], R) denote the Banach space of all continuous functions
mapping the interval [ —r, 0] into R endowed with the sup-norm | - ||. For any function
x: R—R and teR™, we define x, by x,(0):=x(t+0), 0e[—r, 0].

The following assumptions will be used throughout this chapter without any further
mention.

(A, f:R*—Ris continuous.

(A,) K maps the set {(¢,s):0<s5<1,t>0}x C into R.

(A;) The function @+ K(t,s, @) is continuous, and maps bounded sets into
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bounded sets. Moreover for each bounded subset B< C the function s+ sup,.p K(, 5, 9)
is measurable in s for fixed .

(A,) The function ¢+ K{(t, s, @) is continuous for each fixed (s, @).

(A5) For all (t, s) the following holds:

(1.2) K(t,s, )=>0 if >0 and K{(t,s ¢)<0 if ¢<0.

By a solution of (1.1) with initial function ¢ € C, we mean a function x which is
continuous on [0, + o), satisfies (1.1) and @(0)= f(0) and x(s)=¢(s) hold, where
se[—r, 0].

For existence, uniqueness and continuous dependence of solutions of (1.1), we refer
to the papers [3], [4], [6] and for some other related results we refer to [1], [2], [3],

[4], [14], [20], [27], [28].

We use the following definitions of oscillations.
A function x is said to be oscillatory if for any ¢, >0

inf x(1) <0 <sup x(7) .

t>t t>t

A function x is said to be strongly oscillatory if

lim inf x(#) <0 <lim sup x(¢) .
t—>+ t=>+ o

A function x is said to be quickly oscillatory if there exists a sequence of points
{t,} such that

x(t,)=0, n=1,2,3,...

and

tyy1>t,, lim f,=+o0 and lim (¢,,.,—12,)=0.
n—>+ oo n—+ oo

The phenomenon of quick oscillations can be simulated by a bouncing ball under
the force of gravity. Each bounce will be progressively shorter until the ball comes to
rest (cf. [5], [22], [25]).

The following two definitions can be found in [23], [24].

A function x is said to be moderately oscillatory if there exists a sequence of points
{t,} such that

x(t,)=0, n=1,2,3,...

and

tyy1>t,, lim f,=+0 and sup{t,,;—1t,n=1,2,3,...}<+o00.

n—+ oo

A function x is said to be slowly oscillatory if for any large positive numbers 7T,
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M, there exist two consecutive zeros ¢, and ¢, of x(z), 1,>1,>T,such thatt,—t, > M.
The following notion is an example of slow oscillation. The trajectory of a point,
moving with a constant velocity v along the path p: (x, y), where

x(1)=e"@cosO(1), y(t)=e"sinf(r), and e(t)=1n<1+\;—i>,
2

has a projection

1
J2
through (0, 0) on the unit circle x2+y2=1. Then the functions P and Q are slowly
oscillatory.

From the above definitions it is clear that if x is quickly oscillatory, then it is
moderately oscillatory. Also if x is slowly oscillatory, then it is not moderately oscillatory.
For example, sin,/ ¢ is slowly oscillatory, sin? is moderately oscillatory and sin¢? is
quickly oscillatory.

New we define the following classes of functions.

e S, is the class of all continuous functions f: R* i~ R for which there exists an
7 >0 such that for any £¢>0 there exists a 7> 0 such that for every > T there exist two
points s, and s, in the interval [0, ¢] with the property that

f@+s)<—n and f(t+s,)>7.

e S, is the class of all continuous functions f: R* — R for which there exist
positive numbers #, {, T such that for every > T there exist two points s, and s, in
the interval [0, {] such that

f@+s)<—n and f(t+s,)>7.

e S, is the class of all continuous and strongly oscillatory functions f: R* —R
for which there exists an #>0 and for any real numbers p>0 and 7T>0 there exists a
t> T such that

(P(0), Q1)) =

(cos 8(2), sin 0(2))

| f@+1)|>1, for all z€[0, p].

From the above definitions we observe that f'e S, (resp. S,, resp. S;) implies that
S/ is continuous, strongly and quickly (resp. moderately, resp. slowly) oscillatory.

However, the converse is not always true. For example, the function
e'sint, te[(2n)*n, 2n+1)*n)

f(t):z{e—tsint, te[(2n+l)2n, (2n+2)27t)

n=0,1,2,..., is continuous, strongly and moderately oscillatory. However f¢S,,.
Similarly, one can easily find functions which are continuous, strongly and slowly (resp.
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quickly) oscillatory but they do not belong to S; (resp. S,).

Lemma 1.1. S,c8, and S;#S,, S,nS;= (the empty set) and S, US; is the
class of all strongly oscillatory continuous functions.

The following result is also obvious by the definitions of S,, S, and S;.

LEMMA 1.2. If x belongs to the set S, (resp. S, resp. S), then any shifting function
x, along ce R of x belongs to the set S, (resp. S,, resp. Sj).

A function x is said to be eventually positive (resp. nonnegative) if there is a large
T>0 such that x(¢)>0 (resp. >0) for t>T. A function x is said to be eventually
negative (resp. nonpositive) if x(¢) <0 (resp. <0) for t>T.

2. Oscillation and asymptotic behavior. As we know, oscillation criteria for
functional differential equations can be obtained by using asymptotic results on the
solutions of functional differential inequalities (cf. [10], [11], [26]). We study the
oscillatory behavior of the solutions of (1.1) through the asymptotic results on the
solutions of the following two Volterra integral inequalities

2.1 x(t)zf(t)—-[tK(t, s, x.)ds , >0,
0

2.2) ‘ x()<f(t)— -[t K(t, s, x)ds , t>0.
0

For the sake of convenience, we define a quantity L(k, T, b), which depends on
two positive constants k, T and a function b, as follows:

T
(2.3) L(k, T, b):=1lim supj sup |b(2)|| K(t, s, )|ds ,
)

t—+ o 0 @eB(0,k

where b:[0, +0)>R is a measurable and eventually positive function and
B, k):={peC, |l <k}.

THEOREM 2.1. (i) Assume that

(24) lim sup b(¢) £ (£) > L(k, T, b)

t— + o

for every real number k>0 and every large number T>0. Then (2.1) has no eventually
nonpositive solutions.
(i) Assume that

2.5 lim inf b(¢) f(t) < — L(k, T, b)

for every real number k>0 and every large number T>0. Then (2.2) has no eventually
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nonnegative solutions.
(iii) Assume that both (2.4) and (2.5) are satisfied for every real number k>0 and
every large number T>0. Then every solution of (1.1) is oscillatory.

Proof. First consider Case (i). Assume, for the sake of contradiction, that x is
an eventually nonpositive solution of (2.1). Then there exists a sufficiently large number
T such that x(£)<0, t>T. Since the function b is eventually positive, there exists a
number 7, > T such that

b(t)>0, t>T, .
So we have
(2.6) b(t)x(1)<0, t>T, .
For this number T, there exists a positive real number k such that
2.7 |x(0)|<k, for 0e[—r,0] and se[0,T,+r].
By (2.1), (1.2) and (2.6), we have

0> b(t)x(t) = b(t) f(t)—ftb(t)K(t, s, x.)ds
0

Ty+r t

=b(t)f(1)— B(t)K(t, s, x,)ds — J b(1)K(t, 5, x,)ds

0 Ty+r

>b(t)f(t)— Tlﬂb(t)K(t, s, x.)ds , t>T +r.

0

In view of (2.7), the last inequality yields

Ty+r

b(t)f(t)Sf sup |b(2)|| K(t, s, @)|ds, t>T +r.
B(0,k)

0 Qe s

Taking limit superior on both sides of this inequality, we have
Ty+r

lim sup b(2) f(¢) <lim sup j sup |b(¢)|| K(t, s, @)|ds .
t—+ oo t—+ @eB(0,k)

0o

Also, in view of (2.3) and (2.6), we obtain

lim sup b(¢) f (1)< L(k, T, +1,b),
t—+ o

which contradicts (2.4). The proof of (i) is complete.
Case (ii) can be proved similarly.
Case (iii) is a combination of Case (i) and Case (ii).

COROLLARY 2.1. Assume that
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T
limf sup | K(t,s, ¢)|ds=0

t>+o0 Jgo @€eB(0,k)

for every k>0 and every large number T>0, and that f is strongly oscillatory. Then
every solution of (1.1) is oscillatory.

Proor. Herewehave L(k, T, b)=0, where b is a positive constant, and f is strongly
oscillatory. Therefore both conditions (2.4) and (2.5) are satisfied and so the result in
Theorem 2.1 (iii) holds.

ExampPLE 2.1. For the integral equation

t t S2
x(t)= cost—j x(s—m)ds , >0,
t+m o l+Tm

all conditions of Corollary 2.1 are satisfied. Therefore all solutions of this equation
oscillate. For example

sin ¢

x(1)= ,
t+m

is an oscillatory solution.

COROLLARY 2.2. Assume that (2.4) and (2.5) hold for any large T>0 and some
k>0. Then every solution x of (1.1) with | x(t)| <k, t>0, is oscillatory.

Proor. Take such a solution x of (1.1). If x is not oscillatory, then there exists
a sufficiently large 7>0 such that either x(¢z)>0 or x(¢) <0 for all > T. First let us
consider the case x(¢)>0, ¢> T. Since the function b is eventually positive, there exists
a T, > T such that b(z)>0 for t>T,. So we have b(¢)x(¢) >0, for t>T,.

By (1.1), and taking (1.2) into account, we have

Ty+r Ty+r

B(1)K(L, s, xs)dssj |b(t) || K2, 5, )| ds

0

—b()f (1)< —J

0o

Ty+r
SJ |b(t)| sup |K(t,s, ¢)lds.
@eB(0,k)

0

Taking limit superior of both sides of this inequality, we obtain
lim sup (—b(2) f(t))= —lim inf b(¢) f(t) < L(k, T, +r1,b) .
t—+ o0 t—=+ o

In view of (2.5), we have a contradiction.
For the case where x(¢) <0 eventually, we can follow the same way.

ExampLE 2.2. Consider the following equation
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x(t)=f(t)—J'te_‘x(s—7t)ds, t>0,
0

where

1 1 1
1):=cost+—+ e fsin|lt—— ).
f@) 5 > ( 4>

It is easy to check that (2.4) and (2.5) hold for b=1, k=1 and any large 7> 0. Indeed,

t—=+ oo

.. 1 .
Lk, T, )=k(1—e~T), liminf f(:)= 5 lim supf(t):% .
t—>+ oo
Thus, any solution x, with the condition | x(¢)| <1, t>0, is oscillatory. For example,
x(t)=cost, t> —m, is an oscillatory solution of this equation.

As we can see from Corollary 2.2 and Example 2.2, the oscillation of solutions of
(2.1) can be affected by k and T in the quantity L(k, T, b). The following theorem gives
us some results when the quantity L(k, T, b) does not depend on k and T.

THEOREM 2.2. Assume that the quantity L(k, T, b), say L(b), does not depend on k
and T.

() I

(2.8) lim sup b(¢) f(¢) > L(b) ,

then every solution x of (2.1) satisfies lim sup,., , ,, b(¢)x(t)>0;
(i) If
lim infb(2) f (1) < — L(b) ,
t—+ o0

then every solution of (2.2) satisfies lim inf, , , ., b(¢)x(t)<0;

@) If
2.9) min {lim sup b(2)f(¢), —lim infb(t)f(t)} >L(b),
then every solution of (1.1) is oscillatory;

(iv) If
(2.10) —lim inf b(¢) f(¢) >lim sup b(t) f(t) > L(b) ,

then every nonoscillatory solution x of (1.1) satisfies lim sup,_, , ., b(t)x(¢)=0;

v If
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lim sup b(¢) f(¢) > —lim inf b(¢) f(£) > L(b) ,
t— + o t—+ o0

then every nonoscillatory solution x of (1.1) satisfies lim inf,_, , , b(¢)x(¢)=0.

Proor. (i) For the sake of contradiction, assume that x is a solution of (2.1)
such that

lim sup b(2)x(1) <0 .

t—=+ o
Then there exists a sufficiently large 7>0 such that
b()>0, x(1)<0,

for t>T. From (2.1), in view of (1.2) and the last inequalities, we obtain
T+r
b()x(t)=b(t)f(t)— j b(t)K(t, s, x,)ds , t>T+r.
0

Suppose k is a bound of x(0), for 6e[ —r, 0] and s€[0, T+r]. Then the last inequality
yields

T+r
b()x(1)=b(1) f(1)— J sup | b(1) || K(z, s, @) |ds .
o ©eBOkK
Taking limit superior on both sides of this inequality, we have

0>lim supb(t)x(t)>11m sup b(t) f(¢t)—1lim sup J‘T“ sup |b(t)|| K(t, s, @)|ds
)

t—+ o0 t— + o0 0 @eB(0

=lim sup b(¢)f(t)— L(b) ,
t— + o0
which contradicts (2.8). The proof of (i) is complete.
Case (ii) can be proved similarly.
Case (iii) is an immediate consequence of Case (iii) of Theorem 2.1.

For Case (iv), from (2.10) we see that (2.8) holds. Thus every solution x of (2.1)
has the property that

(2.11) lim sup b(¢)x(¢) >0 .
t=+

On the other hand, (2.10) implies (2.5), so every solution x of (2.2) satisfies

(2.12) lim sup b(¢)x() <0 .

t— +

Take a nonoscillatory solution x of (1.1); then x satisfies (2.1) and (2.2) and therefore
from (2.11) and (2.12), we get lim sup,_, ;. , b(¢)x(¢)=0.
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Case (v) can be proved as Case (iv).
The proof of the theorem is complete.

Now assume that K(t, s, @) satisfies the following conditions.
There exists a function a(+, *): R* x R* — R™, such that a(t, s)=0 for
t<s and for every large number T>0, a(t, *)e LP[0, T] and for every
positive number £ there exists a function m,(-)e A such that
@.13) iti ber k th i functi (-)e L0, T] such th
|K(t, 5, 9) | < a(t, 5)-my(s)
for all e B(0, k). Here 1/p+1/g=1, 1<p<+ o0, 1 <g< + 0.
THEOREM 2.3. Assume that (2.13) holds and
T
(2.14) lim sup f a®(t, s)ds=0.

t—= + o0 0
(i) 1

t—+ oo

lim sup f(1)>0 (resp. liminf f(r)<0),
t—=+ oo

then (2.1) ((2.2)) has no eventually nonpositive (resp. nonnegative) solutions.
(i) If f is strongly oscillatory then every solution of (1.1) is oscillatory.

(i) If

lim sup f(¢)>0>lim inf f(¢) (resp. lim sup f(¢)>0=>lim inf f(¢)),
t=+ o -+

t—*+ o t—> + o t

then for every nonoscillatory solution x of (1.1), we have

lim sup x(1)=0 (resp. lim inf x(¢)=0) .
t=+ o

t=>+ o

ProoF. Let b(¢)=1. Then from (2.3), using (2.13) and the Holder inequality, we
obtain

T
Lk, T, 1):=lim sup J sup |K(t,s, ¢)|ds

t—=+ o0 o ®€B(0,k)

T
<lim sup f a(t, s)ym,(s)ds

t—= + o 0

T 1/p T 1/q
<lim sup < f a*(t, s)ds) < f mﬁ(s)ds) .
t— + o 0 0

In view of  (2.14), we obtain L(k, T, 1)=0 for every k>0 and T>0. Observe now that
(i) follows from Case (i) (resp. Case (ii)) of Theorem 2.1; (ii) follows from Case (iii) of
Theorem 2.2 and (iii) follows from Case (iv) (resp. Case (v)) of Theorem 2.2.
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In order to investigate how the strong oscillation of the forcing term f affects the
strong oscillation of the solutions of (1.1), we make the following assumptions.

There exists a function a: R* x R* — R*, such that a(t, s)=0 for t<s
and for every ¢>0 there exists a 6 >0 with the property that

|K(t, 5, &) |<e-alt, 5)

(2.15) holds for all constant functions ¢ with | €| <6, t>s>T, and for some
u>0,

t
p(): =J b(t)a(t, s)ds<u, t>T,,
To

where T is a sufficiently large real number.

THEOREM 2.4. Assume that (2.9) and (2.15) hold. Assume further that K(-, -, @)
depends only on @(—r), namely,

(2.16) K(t9 S, (P) . =K(t7 S, (P(_r))

and that

2.17) liminfb(t)=:8>0.
t—+ o0

Then for every solution x of (1.1), the function b+ x is strongly oscillatory.

Proor. We have to prove that for every solution x of (1.1), it holds

lim inf b(r)x(t) < 0 <lim sup b(¢)x(¢) .
t— + oo t—+ oo

From Case (iii) of Theorem 2.2, it follows that x is oscillatory. By (2.17), we see that
the function b-x is also oscillatory. Therefore we have

lim inf b(¢)x(#) <0 <lim sup b(¢)x(z) .

t= + o0 t—+

For the sake of contradiction, suppose that x is a solution of (1.1) such that

(2.18) lim sup b(¢)x(¢)=0 .

t— +
Since x is oscillatory, the following two sets
E*(t, T):={seR: T<s<t, x(s)>0},
E~(t, T):={seR: T<s<t, x(s)<0},

are nonempty for 7T and ¢— T sufficiently large. It is clear that for T'and ¢ — T sufficiently
large it holds
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E*t, T)VVE (t, T)=[T,t), E*GTnE G T)=C.

From (2.9), there exists a number N >0 such that

lim sup b(¢) f(t) — L(B)> N .

Take an £>0 such that ¢ < N/u (see (2.15)); then, by (2.15), there exists a 6 >0 such that
(2.19) | K(t, s, &) |<e-alt, s) for |¢&|<d, t=s=Ty>T.

On the other hand, for such a 6 >0, from (2.17) and (2.18), there exists a sufficiently
large number T, > T, such that

b(t)>0, =>T,, 0<x(s)<d, on E*(t,T,).
Therefore

| K(t, s, x(s—r1)|<e-alt, s), for seE*(t, Ty+r).
Now from (1.1), in view of (1.2) and (2.16), we obtain

t

b()x(t)=b(t)f(t)— | b()K(t, s, x(s—r))ds

Jo

T, +r t

=b(t)f(t)— b(t)K(t, s, x(s—r))ds— j b(t)K(t, s, x(s—r))ds

Jo Ty+r

FTy+r

=b(t)f(t)— b(t)K(t, 5, x(s—r))ds — j b(t)K(t, s, x(s—r))ds

0 E*(@t,Ty+r)

— J b(t)K(t, s, x(s—r))ds
E-(t,Ty+r)

>b(t)f(t)— " +rb(t)K(t, s, x(s—r))ds

0
~j b(1)K(t, s, x(s—r))ds , for t>T,+r.
E+(t,T1+r)

Since x(s—r) is bounded for se[0, T +r], there exists a number k>0 such that
[x(s—r)|<k for se[0,T,+r].
By using (2.19) and (2.15), from the last inequality, we have

Ty+r t

b()x(1) = b(1) f (1) — sup, |b() | K2, 5, &) |ds —e& j b(t)a(t, s)ds

0 | Ti+r
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Ty+r

> b(1) f(1)— f Sup 16011 K(t 5, ) ds —ep.
So we have, by (2.18), that

Tyi+r
0=1im sup b(¢)x(z) > hm sup b()f(t)— hm sup J sup |b(2)|| K(t,s, &) |ds—e-u
1&l<k

t=+ o 0

=limsupb(¢)f(t)—L(b)—e-u>N—¢e-pu,
t—+ o0
which contradicts the choice of ¢. Therefore lim sup,_, , ., b(¢)x(¢)>0.
In a similar way, we can prove that lim inf,_, , ., b(¢)x(¢) <O.
The proof is complete.

REMARK 2.1. In Theorem 2.4, assume that L(1)=0 and that the forcing function
[ is strongly oscillatory. Then every solution of (1.1) is strongly oscillatory. For example,
all conditions of Theorem 2.4 are satisfied for the integral equation

t

x(t)=sin 1+ 28! —I U xs—mds, r20.
1+1¢ o 141

Thus all solutions of this equation are strongly oscillatory. For example, x(¢)=sin ¢ is

a strongly oscillatory solution. Note, however, that in Example 2.1, there are solutions

which are not strongly oscillatory, though the forcing term f is strongly oscillatory.

This is due to the fact that the function p(-) in (2.15) is not bounded. Indeed.

t 2 t3__ T 3
p(t)=J s ds= (To) —>+o00, as t—>+00.
1o T+! 3(n+1)

THEOREM 2.5. Suppose that (2.13) holds where we now assume that my(-)e
LT[0, + o). If

t
(2.20) lim j a®(t,s)ds=0

t>+w Jo

then for any bounded solution x of (1.1), we have

[llm inf x(¢), lim sup x(t):| [lim inf £(¢), lim sup f (t):| .

t— + o t=>+ o

Proor. Take a bounded solution x of (1.1) and let § be a number in the interval
[lim inf,_, . . f(¢), lim sup,_, , , f(¢)]. For the sake of contradiction, assume that either

o<liminfx(t), or &>limsupx(r).

t—+o >+

This is equivalent to saying that there exist positive numbers T and # such that
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either x(t)>d+n or x(t)<dé—n for >T.

Let us consider the first case. In view of boundedness of x and (2.13), by (1.1), we have

5+11<x(t)$f(t)+< jra”(t, s)ds>1/p< ft mz(s)ds)l/q ,
0 0

for t> T, where k is a bound of x on [0, + o0). Taking (2.20) into account, we have

d+n<lim 1nfx(t)<11m inf f(1)<6,

t—+ o t= + o

a contradiction. In a similar way, we can see that x(¢) <d—n does not hold for t>T
and the proof is complete.

Note that if all conditions in Theorem 2.5 hold and f is strongly oscillatory, then
x is strongly oscillatory. Indeed,

lim inf x(¢) <lim inf f()<0 and lim sup x(¢)> hm sup f()>0.

t=+ow t—=+ o0 t—=>+ o

Observe that the results in Theorems 2.1, 2.2, 2.4 and 2.5 are valid when the delay
r is zero. So it is interesting to look for conditions which involve the delay r.
Define a set € as follows:

0

t—+ o

0 -
C:= {qo eC,; o<liminf j K(t, s+r, o(s))ds<lim supf K(t, s+r, o(s))ds< Q} ,
~r t— + o

-r

where o= L(1)+lim inf,, , o f(¢), 0= —L(1)+lim sup,., . , f(?).
It is obvious that @ e € implies

0
(2.21) L(1)<min {lim sup f(t)—lim sup f K(t, s+r, @(s))ds,
t—+ o t— + o0 —r
]
—lim inf £(¢) +11m inf J‘ K(t,s+r, (p(s))ds} .
t=+ o —r

THEOREM 2.6. Assume that (2.15) and (2.16) hold. Then every solution of (1.1) with
initial function @ e C is strongly oscillatory.

ProoF. We observe that, in view of (2.16), the equation (1.1) can be written as
a Volterra integral equation of the form

(1.1), x(t)=F(t)—J\!K1(t,s+r, x(s))ds , t>0,

where
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K1(t,S+r,€):={K(t’s+r’€)’ for se[0,7—r],

0, for sel[t—r, 1],

and

0
F(t):=f(@1) —f K(t, s+, p(s))ds .

Suppose that x is a solution of (1.1) with initial function @ € C. It is clear that the
function K,(t, s+r, £) satisfies (2.15) and (2.16). Also F(¢) satisfies (2.9) for b(z)=1.
Indeed,

lim sup F(t)— L(1)=lim su [f(t)—J~0 K(t, s+, go(s))ds—L(l):|

t—+ oo t=>+ oo

0
>lim sup f(¢)— L(1)—lim supf K(t, s+r, o(s))ds
t—+ o0 t— + oo —r

(4]
=p—lim sup Jv K(t, s+r, o(s))ds>0,

t—>+ o0

and

t—=+ o0

(]
1im+inf F(t)+ L(1)<o—lim inf I K(t, s+r, p(s))ds<0.
t—+ oo

So (2.9) is satisfied for (1.1); and therefore, by Theorem 2.4, x is strongly oscillatory.

REMARK 2.2. Observe that for b=1 and for r=0 or

0
lim J K(t,s+r, p(s))ds=0,

t—=>+ oo

the condition (2.21) is equivalent to (2.9). However if

o
lim f K(t,s+r, o(s))ds={+#0,

t>+o J_,

then (2.21) is different from (2.9). Therefore, in some cases solutions of (1.1) may be
strongly oscillatory though f is not strongly oscillatory.

Now the question is when the set C is nonempty. In [29, p. 66] the existence of
solutions of the following Fredholm integral equation

(1]
J A(t, s+1r)o(s)ds=g(t)

was studied under certain conditions on the functions 4 and g. Thus, it suffices to
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assume that

o <lim infg(s) <lim sup g(¢)<e .

t—~++ t=>+oo

We can also give an answer to this question as follows.
If <0<y, set

—0

Q
lim sup j | A(t, s)|ds lim infj | A(t, s) |ds
+ 0 t—>+ o0 0

£:=min
t— + oo

Then B(0, &)< C. Indeed,

0 r
lim supf A(t, s+1r)o(s)ds < || @]l lim sup J | A(t, s)|ds<o,
—r t— + o0 0

t—+

and

t=+

0 r
lim inf f A(t, s+r)p(s)ds > — ||| im inff | A(t,s)|ds>0 .
t— + o0 0

If0<o<g or c<p<0 and A(t, s)>0 for all ¢, s, then we suppose that

¢ - lim sup j A(t, s)ds < g - lim inf J A(t, s)ds .

t—= + o0 0 t— + o 0

Define a subset C of C, as follows

[
-<p(s)< ¢

lim inf f A(t, s)ds lim supj A(t, s)ds

t= + oo 0 t—>+ 0

C:=lpeC,

,se[—r,0]

Then it is easy to see that € is a nonempty subset of C.

THEOREM 2.7. Assume that (2.13) holds.

(i) If
, S(@) _
(2.22) 111111 +sgjp = =+,
(J ar(t, s)ds)
0

then (2.1) has no eventually nonpositive solutions.

(i) If
2.23) liminf___ ) -,

t—+ o T ip
<J ar(t, s)ds)
0
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then (2.2) has no eventually nonnegative solutions.
(iii) If both (2.22) and (2.23) hold, then every solution of (1.1) is oscillatory.

ProOF. First consider Case (i). Assume, for the sake of contradiction, that x is
an eventually nonpositive solution of (2.1). Then, there exists a sufficiently large T such
that

x(1)<0, t>T.

From (2.1), in view of (1.2), we obtain

T+r

(2.24) 02x(t)2f(t)—fT+rK(t, s, xstZf(t)—N(J‘ a’(t, s)ds)l/p , t>T+r,
0

[

T+r 1/q
N: =<f mﬂ(t)ds) .
0

Now, from (2.22), it is clear that there exists a sequence {¢,} such that lim,_, , ,, #,= + o0,
and

where

f(t'l)

lim sup /) = lim =+00.

-+ o T 1/p n—+ o T 1/p
( f a’(t, s)ds> ( J ar(,, s)ds)
0 1]

This is equivalent to saying that for any large number M >0, there is an n, >0 such that

T 1/p
(2.25) f(t")2M<_[ ar(t,, s)ds> , for n>n,.

0
Choose M so that M> N and n, so that z,>T+r for n>n,. Combining (2.24) and
(2.25), we have

T 1/p
a®(t,, s)ds) >0, for n>n,,

(2.26) 0=>x(t,)=>(M— N)< f
0
which is a contradiction. So we have completed the proof for (i).
Case (ii) can be proved similarly.
Case (iii) is an immediate consequence of Case (i) and Case (ii).

REMARK 2.3. Note that in Theorem 2.7, the function f has to be oscillatory.
Otherwise (2.22) and (2.23) cannot be true. However in some cases, the function f may
not be strongly oscillatory. An example is presented in the following remark.

REMARK 2.4. Observe that Theorem 1 in [20] is a special case of Theorem 2.6
(iii). Indeed, in [20], the stronger conditions
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lim sup f(¢)=lim inf f(t)= 4+ 0 ,
t=+ o0 t—+ oo

are required. Our conditions (2.22) and (2.23) are satisfied by the assumptions in [20].
However the converse is not true. For example, for the integral equation

t
1
x(t)=f(l)—j —+7v7x(s—n)ds, >0,
o (14+0)
where
sin ¢ cost—1
= + ,
@) I+t+n  (1+412)?
we have

lim sup f(¢)=lim inf £(¢)=0.
t— + t—=+wo

Namely, the conditions of Theorem 1 in [20] are not satisfied. However, the conditions
(2.22) and (2.23) are satisfied. Therefore, all solutions of this equation oscillate. For
example,

sin¢
x(t)=———,
@) 1+t+m
is an oscillatory solution.
The following result can be obtained from the proof of Theorem 2.7.
COROLLARY 2.3.  Assume that (2.13) holds and |my(*)|| Lago, + ) < N, where N is
a positive number which does not depend on k. If

lim sup 0 >N, lim inf 40,

>+ T p t-+w T ip
( j ar(t, s)ds) < J ar(t, s)ds>
(1] o)

then every solution of (1.1) is oscillatory.

<-—N,

2. 3. Quick, moderate and slow oscillations. In this section sufficient conditions
are established under which the solutions of (1.1) belong to the set S,, S,, or S,, re-
spectively, when the forcing term f belongs to the set S,, S,, or S,, respectively.

THEOREM 3.1. Assume that all conditions in Theorem 2.5 are satisfied. Then the
following statements hold.

(i) If f€S,, then every bounded solution of (1.1) belongs to S,

(ii) If feS,, then every bounded solution of (1.1) belongs to S,,.

(i) If feS,, then every bounded solution of (1.1) belongs to S;.
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Proor. In Section 1, we have seen that if feS,uS,,uS;, then f is strongly oscil-
latory. Also by Theorem 2.5, we know that every bounded solution of (1.1) is strongly
oscillatory.

Now consider Case (i). Take a bounded solution x of (1.1); by (1.1), we have

[ x(@)— f(2)] s(f ar(t, s)ds)l/p< f m“(t)ds>1/q s
0 0

and in view of (2.20), we obtain

3.1) im |x(¢)— f(¢)|=0.

t—=+ o0

On the other hand, since f €S, there exists an #>0, and for any ¢: 0 <e<n/2, there
exists a 7> 0 such that for every ¢ > T there exist two points s, and s, in [0, £] satisfying

3.2) f@+s)<—n and f(t+s,)>n.
Also for this ¢, by (3.1), there exists a sufficiently large number 7, > T such that
(3.3) [x()— f()|<e, for >T,.

From (3.2) and (3.3), we see that
x(t+s)<f(t+s)+te<—n+e< —% s
and
x(t+sz)>f(t+s2)—£>n—s>%.
Therefore, x€S,.

Consider Case (ii). Since f € S,,, there exist positive numbers #, {, T and for every
t> T there exist two points s,, 5, €[0, {] such that

(34 f+s)<-n, f@+s)>n.
Take an ¢ such that 0 <e</2, from (3.1), there exists a 7, > T such that
3.5) [x()—f()|<e, for t>T,.

From (3.4) and (3.5), we see that
x(t+s1)<f(t+s1)+s<—n+e<—%, for >T,,
and

x(t+s2)>f(t+s2)—£>n—s>—z—, for >T,.
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Therefore xe S,,.

For Case (iii), since f €S, there exists a positive number # and for any large T
and large M, there exist two points y, and y, such that

y1>9,>T, Y=y >M

and
(3.6) Lf@O1>n  for 1e(yy,y2).
Take an ¢: 0<e<n/2. From (3.1), there exists a T, > T such that

| x(t)— f(H)]<e, for t>T,.
Without loss of generality we may assume that y; >y,> T1§ Then we have
(3.7 x> f()|—e, for 1e(yy,vs)-
Then (3.6) and (3.7) yield

IX(I)|>17—8>%, for te(y;,72).

This means that x e S;. The proof is complete.

ExampLE 3.1. For the Volterra integral equation

Eol+s
X(t)—f(t)"j0 (1+t)3X(s—n)ds, >0,
where
F(1):=sin. /z+n+ﬁ+i6; [(10y/ ¢ —2¢3%)cos /1 +(6t—10)sin /1],

all conditions of Theorem 3.1 are satisfied. Indeed, p=1, g= + o0, |m(*)||L-=k and

t t t+1t22
Ja(t,@ds:j TS gs= T2 o as oo,
o o (1+10) (1+1)3

We observe that f € S; and therefore every bounded solution belongs to S;. For example,
x(t)=sin,/t+x is a bounded solution and belongs to S..

ExampLE 3.2. Consider the Volterra integral equation

1 t S2
x(1)= cost—f x(s—m)ds,  t>0.
t+m o M1

We see that f is strongly oscillatory and moderately oscillatory. In fact, feS,,. It is
easy to check that
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sin ¢
t+n’

x(t)=

is a moderately oscillatory solution but not strongly oscillatory. So x¢ S,,. As a matter
of fact, the condition (2.20) in Theorem 3.1 is false, since

t t s2
lim J a(t, s)ds= lim ds=+ 0.

t=>+w Jqo t—+ o0 01'6-{—[

Theorem 3.1 gives information about bounded solutions only. In order to have
information for oscillation of all solutions we restrict ourselves to the following equation

t
3.8) x(t)=f(t)—f K(t, s, x(s—r))ds , t>0.
(1]
Here assume the following:
3.9 f:[0, +00)—R is bounded;
K(t, s, £) is measurable in s, continuous in ¢t and (e R, 0<s<t and,
(3.10) | K(t, s, )| <B(t)L(s, | £]), where B: R*—R*, L: R* xR*+—R™* are
continuous and B is bounded;
3.11) 0<L(s, u)— L(s, v) < M(s, v)(u—v), u>v>0, where M\: R* xR* —»R" is
continuous;
+ 00 + o
(3.12) J L(u+r, &)ds< + o0 and j M@u+r,€)ds<+o, hold for all
0 0

E:|&|<N, where N is a positive constant.
The following lemma is borrowed from [7, p. 6].

LemMA 3.1. Let A, B: [a, )—R*,L: [a, ) x R*+— R™ be continuous and sup-
pose L satisfies (3.11). Then every nonnegative continuous solution x of the integral
inequality

x(t)<A(t)+ B() Jt L(s, x(s))ds , tela, f)
satisfies
x(1)<A(t)+ B(t) J t L(u, A(u)) exp( J! M(s, A(s))B(s)ds) du , for te[o, p).
THEOREM 3.2. Assume that (3.9)3.12) hold and lim,_, , , B(t)=0. Then every
solution of (3.8) is bounded. Furthermore we have the following:

(i) If f€S,, then every solution of (3.8) belongs to S,.
(ii) If f€S,, then every solution of (3.8) belongs to S,,.
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(iii) If f€S,, then every solution of (3.8) belongs to S,.

ProoF. First we prove that every solution of (3.8) is bounded. From (3.8), we have
t
[x(0) | Slf(t)l+J | K(t, s, x(s—r)) |ds ,
0

and in view of (3.9)«3.11), we have

/] t—

Ix(t)ISm+bJ L(s+r, ||qo||)ds+bj rL(s+r,|x(s)|)ds

0

-r

0 t
sm+bj L(s+r, llzpll)ds+bj L(s+r, | x(s))ds ,

-r 0

for >0, where ¢ is the initial function of x. By Lemma 3.1, we have

t t
[ x(t)|<A+b j Lu+r, A)exp(b f M(s+r, A)ds)du , for t>0,
0 u
where A=m+b [ L(s+r, |¢l)ds.
In view of (3.12), we see that every solution is bounded.
On the other hand, by (3.8), we obtain

,Ix(t)—f(t)lsB(t)J'tL(s,5)ds, >0,

0

where £ >0 is a bound of x(¢). Taking (3.12) into account and in view of the assumption

lim B()=0,

t— + o

we have
lim |x(#)— f(¢)]=0.

Now we can follow a procedure analogous to that for the proof of Theorem 3.1, and
prove the statements (i), (ii) and (iii).
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