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1. Preliminaries

This article deals with oscillatory and asymptotic properties of the solutions
of differential equations with deviating arguments. The study is concentrated
to differential equations of ‘‘fundamental” forms, since, in view of a comparison
principle introduced by Staikos and Sficas [20, 21, 22], the results obtained can
be extended for differential equations of more general forms in such a manner
that is rather technical. More precisely, it is enough to treat here the n-th order
differential equation with deviating arguments

1) xM(8) + a()e(x[o(D)],..., x[0,(D]) =0, t =1,
where the functions a, ¢, ¢; (j=1,..., m) are continuous and
lim,,,0(t)=c0 (j=1,.,m).

Most of the results here are concerned with the case where the function g is of
constant sign. Then the equation (1) can be written in the form :

1y xM(DI(a) + |a®)|p(x[o1(D)],..., x[04(D]) =0, t 2 ¢,
where
+1, if a=0,
I(a) = {
-1, if ag0,

is the so called sign index of the function a. For technical reasons, it is then
more convenient to work with the differential inequalities

D% x(M()I(a) + |a@®)|e(x[o,(D)],..., x[0,(D]) =0, t 21,
and '
018 x(M()I(a) + la®)lp(x[o,(D)],..., x[0,,(D]) =0, t =1,

associated to the equation (1)'.
The function ¢, or equivalently, the differential equation (1) and the dif-
ferential inequalities (1) and (1) are said to be:
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(A,) strongly sublinear to the right if ¢ is positive and increasing on
R?, R, =(0, o), and such that

dy :
—_— < 0,
S+0 (p(y3a y)

(A,) strongly sublinear to the left if ¢ is negative and increasing on RZ,
R_=(— o0, 0), and such that

dy
— << 00,
S—o O(¥seer ¥)

(A;) strongly sublinear if it'is strongly sublinear to the both right and left,

and similarly,
(B,) strongly superlinear to the right if ¢ is positive and increasing on
R7? and such that

[ ] dy
— < 0;
S O(Yseees )

(B,) strongly superlinear to the left if ¢ is negative and increasing on R™
and such that

— dy

—— < ©;
S IR

(B3) strongly superlinear if it is strongly superlinear to the both right and

left.
The pattern for the definitions above is the simple ordinary differential

equation

xM + a(t)x* =0,

where the exponent o is the ratio of odd natural numbers. Obviously, it is
strongly sublinear for 0<a <1 and strongly superlinear for «>1. This ordinary
equation has been treated by Licko and Svec [12] and its oscillatory and asymp-
totic behavior is well established. As far as we know, the terms sublinear and
superlinear differential equations have first been introduced by Coffman and
Wong [1]. Our definitions, though not identical to theirs, essentially follow the
same spirit and justification.

It is noteworthy to list here some consequences of the above definitions:

(@) If the function ¢ is strongly sublinear to the right, then

lim,,..+o y_l(p(y’-“’ y) = 0.

Indeed, for any y>0 we have
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y dz 1 _ y
(2) 25}’/2 (P(za"-a Z) g 2 (y/2) (p(y’"'s y) (p(y:"'a y)

where obviously

. y dz

I g S
y=+0 y/2 (P(z,..., Z) }

(b) If the function ¢ is strongly sublinear to the left, then

limy_._o y_l(P()’,---, y) = 00.

Indeed, for any y <0 we have

_ 5 (2 dz _ _ 1 _ y
@) 2Sy oG, = AR (¥ y)  0(3ses )

where obviously

. v/2 dz
llm —->— g —_—
y=0 y oz

yeurs Z) =0.

(c) If the function ¢ is strongly superlinear to the right, then

limy, y~'9(y,..., y) = .

This follows from (2), since now we have

lim, .o S’ dz__ _,

v/2 (D(Z,..., Z)
(d) If the function ¢ is strongly superlinear to the left, then
lim,, oy '@(y,..., y) = oo..

This follows from (3), since we have

. v/2 dz
im0 § Gy =0
Tue KIGURADZE FIRST LEMMA. Let u be a positive and k-times differ-
entiable function on an interval [A, o) with its k-th derivative u®*) nonpositive
and not identically zero on any interval of the form [B, o).
Then there exist a t,= A and an integer 4,0 ¢=<k—1, with k+ ¢ odd and
such that

ud>0 on [t, ©) (j=0,.., %)

and, provided that 6 <k—1,
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(- D*uD >0 on [t,0) (j=¢+1,.,k-1).

THE KIGURADZE SECOND LEMMA. Let u be a positive and k-times differ-
entiable function on an interval [A, o) with its k-th derivative u®) nonnegative
and not identically zero on any interval of the form [B, ).

Then for some t,2 A either (i) or (ii) holds: . .

(i) For every j=0,..., k-1

u >0 on [t, ).
(ii) There exists an integer £, 0S4 <k—2, with k+ ¢ even and such that
u>0 on [t, o) (j=0,..,4)
and v
(= D"uD >0 on [t,0) (j=£+1,.,k-1).

THE KIGURADZE THIRD LEMMA. Let u be a positive and k-times differ-
entiable function on an interval [A, o) with its k-th derivative u®) of constant
sign and not identically zero on any interval of the form [B, ).

We set

M, =[1/2 —|s — 1/2]]% 12 Y (k — D).

If ' ’
u®* = Du®)t) <0 for all large t,
then for every 0, 0<0<1, we have
@) u(01) = Mgt~ 1ju*~1(8)| for all large t
and when, in addition lim,_, , u(t)#0, then
®)] u(®) = OM, ,t*"uk=1(1)|  for all large t.
Moreover, if u is increasing, the last inequality holds also for =1.

REMARK 1.1. The Kiguradze first and second lemmas are versions of
results that appeared in Kiguradze [5, 6]. They are stated here in a form suit-
able for our purposes. The Kiguradze third lemma has also partly appeared in
Kiguradze [5, 6] where the inequality (4) is proved for a certain value of 6. In-
equality (5) appeared in Sficas [16]. The version presented here is due to
Grammatikopoulos, Sficas and Staikos [3].

In the next sections we make use of Theorems 1.1 and 1.2 below which have
been given by Staikos in [19].

THROREM 1.1. Let the function a be of constant sign and let the differential
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inequality (1) [respectively the inequality (1)3] subject to the conditions:
(C)) The function ¢ is defined at least on the set

{yeR™: (Vi)y;,>0 or (Viy, <0}
and has the following sign property:

(Vt = 1,.., m)yi > 0= (p(yla---a ym) >0
and

Vi=1,..,m)y; < 0= 0(y15..., Ym) <O.
(C) (" mt1awiar = .

Then for all eventually nonnegative [respectively nonpositive] and bounded
solutions x of the inequality (1) [respectively of (1)>] we have

6) lim,,  x) =0 monotonically (j=0,...,n—1).

Moreover, nonoscillatory such solutions occur only when a is nonnegative
and n is odd, or a nonpositive and n even.

THEOREBM 1.2. Consider the differential equation (1) subject to the con-
dition (C,).
" If the function a is of constant sign, then the condition

©) [ otiawiar < o

is a necessary and sufficient condition in order that the equation (1) have a
solution x so that the lim,_, ., x(t) exists in R—{0}.

We need further the following basic asymptotic result. For other related
to it as well as for various generalizations in this line we refer to Philos, Sficas
and Staikos [13].

THBOREM 1.3. Consider the differential equation (1) subject to the con-
ditions (C,) and:..
(C,) For some constant u#0,

(" 10l lotot140) .. wo-@ld <.co.

If the function o is increasing, then there exists a solution x of the equation
(1) so that the lim,_, ., x(*~1)(%) exists in R—{0}.
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2. The case of sublinearity

First of all, we are interested in some results concerning the differential
inequalities (1) and (1)>. The oscillatory and asymptotic behavior of the
equation (1) follows then easily. For our purposes, we introduce here the func-
tions 7; (j=1,..., m) defined by

™ () = min {t, 5,(f)} .

THEOREM 2.1. Let the function a be of constant sign and let ¢ have on RT
the exponential property

(8) (0(}’1_21,---, ymzm) ; KCD(YD_---, ym)(P(zl""’ zm)’

where K is a positive constant.
If the differential inequality (1) is strongly sublinear to the right and

©) [0 O o = o,

then:

(i) For nonnegative a, every eventually nonnegative solution x of the
inequality (1) satisfies (6).

(ii) For nonpositive a, every eventually nonnegative solution x of the
inequality (1) satisfies (6) or

) lim,, , x)(t) = 00 monotonically (j =0,...,n — 1).

Moreover, for such nonoscillatory solutions x, (6) occurs only when n is
odd in case (i), while in case (ii) it occurs only when n is even.

Proor. By (8), for y>0 we have
Ko(y,eeos (¥t y™) S 0(1,..0, 1)
But, because of the sublinearity of the function ¢,
lim,,, yo(y~i,..., yH=1lim, 40z '0(z,...,2) = ©
and consequently for all large y, |
K@Wsees ) £ KO(Pyees Yoy y71) £ 0(L,.c, Dy

Therefore, since lim,., ,, t(f)=00 (j=1,..., m) and ¢ is increasing on R7?, by (7),
we have that for all large ¢

Ko (@, t ') £ Ko(t L, t771) < (L., Dev=t
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Thus, condition (C;) implies (C,).
Now, we consider the differential inequality

(10) z™(®Ol(a) + la()Y(z[o4(D],..., z[s,(H]) = O,
where

OV 15-e5 Vs if (y4,eee, Yy €dom e and (Vj)y; 20
‘/’(yl"-" ym) =

—(p(—y19~--’ —ym)’ if (_yla"'s —'Ym)Edom(p and (Vj)y_, éo-

Since, under the assumptions of the theorem, condition (C,) is satisfied, we can
apply Theorem 1.1 for the inequality (10) to obtain that every eventually non-
negative and bounded solution x of the differential inequality (1), satisfies the
conclusion of the theorem.

It remains to prove the theorem for the unbounded solutions. To this end,
let us consider an unbounded solution x of the inequality (1), which without
loss of generality is supposed nonnegative on the whole interval [¢,, ©0). More-
over, because of lim,, ,, 7}(f)=00, let T, T =t,, be chosen sufficiently large so that
for j=1,....m

7,(t) Z max {t,, 0} forevery t=T.
From (1)< and the positivity of ¢ on R7 we obtain
(11) xM()I(a) £0 forevery t=T

and therefore all derivatives x()) (j=0,..., n—1) are eventually monotone. Thus,
because of the unboundedness of x, lim,_,,, x(f)=oc0 and hence, without loss of
generality, we suppose that n>1 and

(12) x#) >0 and x'({)=0 forevery t=T.

Moreover, x(»=1)(t) is not identically zero for all large t. Indeed, we obviously
have

o(x{a(D))) = p(x[e(D],..., x[6,()]) > 0 for all large ¢
and consequently, in the opposite case, from (1)x we get
la(®)] = 0 for all large t,

a contradiction to the condition (Cs).
Now, let t,, .= T, be assigned to the function x as in the Kiguradze first or

second lemma applied for k=n and let us suppose that lim,., x""1(f)=0.
Then, by (11), we must have :

(13) x(=D()I(a) >0 forevery t=1,.°
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Therefore, we can apply the Kiguradze third lemma for u=x and k=n to obtain
x(t) 2 M, ,t7x(=1(1)|  for all large ¢.
From (11) and (13), we get that |x("~1]| is decreasing and hence, by lim,_, ., 7(t)
=00, (7) and (13),
x[1()] 2 M, 7m0~ 1(Ox~(OI(a) for every t2t,,
where t; =t, is sufficiently large and j=1,..., m. Thus, by using (1)g, (7), (12),
the increasing character of ¢ and its exponential property (8), for t>¢; we have
xM(D)I(a) = — la@®le(x{a(1))) = — la(O]e(x{=()))

S = la@®)|e(M 571 (Ox = (DI(a),..., Myt (Ox" (1) [(a))

£ — Kla@®le(@i ()., T ()M 2xD(DI(a),..., My ;2x~D(D)](a)),
ie.

| ™)1
la@®)e(z3~1(8),..., 57 1() < — ’11? (P(Ml/zx("-l)(t);(a),(-t-)-,(21/2x("—1)(1)1(a)) .

Hence, by integration,

® - _ 1 My 2x (=1 (t1)I(a) dy
t 1@,y @) dt = S — < ©
[ 1alo (1@ @) de S g o<,

a contradiction to condition (Cs).
We have thus proved that the lim,_, , x("~1)(¢), which obviously exists in the
extended real line R*, must be nonzero. Therefore and since x is positive

(14) x(=1)()>0 forevery t2=t,.

For nonpositive a, by Taylor’s formula and (11), we get

2 2x(t)+ Z -1 4ot Z2E) gy

and hence there exists a positive constant p such that
(15) x(t) = pt"~t  for all large t.

For nonnegative a, by (11) and (14), we can apply the Kiguradze third lemma for
u=x and k=n to obtain
X() Z My, x=D(#)|  for all large ¢
and consequently (15), since lim,., ;, [x(*~1)(¢)| > 0.
Since lim, , , 7;(t)= o0, (15) gives

x[t(8)] 2 prj7 () forevery t=t,,
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where t, 21, is sufficiently large and j=1,..., m. Thus by (7), (12), the increasing
character of ¢ and (8), from the inequality (1) we obtain that for every t>1,

xM(®)I(a) = — la@lp(x{a(1))) £ — la(®]e(x<t(1)>)

= la@®)lo(uzt=}(®);..., utp (1)
— Ko(p,..., ) la@®lo(z11(®),..., T (1)) -

IIAHIA

Therefore, by integration,

I(a) lim,_, , x(*~1)(¢)

S H@X(t) = Ko(rrs )] 1a(I@(T 0, 77 D)
and hence, by condition (Cs),
(16) lim,_, , x("~1)(f) = — I(a)c0.

But, because of (14), this is the case where a is nonpositive. Hence, (9) is easily
derived from (16).

THROREM 2.2. Let the function a be of constant sign and let ¢ have on R™
the exponential property

(17) - (P('—ylzl’"-; _ymzm) ; K(P(yla'“’ ym)(p(zl""9 zm)’

where K is a positive constant.

If the differential inequality (1)} is strongly sublinear to the left and
€ (T1a0le(=er 0, — ) = = o,

then:

(i) For nonnegative a, every eventually nonpositive solution x of the
inequality (1)} satisfies (6).

(ii) For nonpositive a, every eventually nonpositive solutton x of the in-
equality (1) satisfies (6) or

(18) lim,, , xU)(t) = — 0 monotonically (j =0,...,n —1).

Moreover, for such nonosczllatory solutions x, (6) occurs only when n is
odd in case (i), while in case (ii) it occurs only when n is even.

Proor. The substitution z=—x transforms the inequality (1); ‘into an
inequality of the form (1) satisfying the assumptions of Theorem 2.1. Indeed,
the transformed inequality is ‘
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z(OI(a) + |a@®)|d(z[o1(D)],..., z[0,(D]) = O,

where ¢(yy,..., V)= —0(—Y1,..., —y). Thus, since ¢ is strongly sublinear to
the right, the theorem follows immediately from Theorem 2.1.

Since the solutions of the equation (1) are the solutions common to both
differential inequalities (1)< and (1)}, we get immediately the following corollary.

COROLLARY 2.1. Let the function a be of constant sign and let ¢ have on
R and R™ the exponential properties (8) and (17) respectively.

If the equation (1) is strongly sublinear, then under conditions (Cs) and
(Cs) we have:

(i) For a nonnegative and n even, every solution of (1) is oscillatory.

(ii) For a nonnegative and n odd, every solution x of (1) is oscillatory or
satisfies (6).

(iii) For a nonpositive and n even, every solution x of (1) is oscillatory or
satisfies one of (6), (9) and (18).

(iv) For a nonpositive and n odd, every solution x of (1) is oscillatory or
satisfies one of (9) and (18).

We now turn our attention to a particular class of differential equations of
the form (1), which includes the ordinary, retarded equations and some other of
advanced or mixed type. This class is characterized by the condition

(Cy) For every j=1,...,m,

lim sup,., , t™10(t) < .

Under this condition and for any strongly sublinear function ¢ having on R?
and R™ the exponential properties (8) and (17) respectively, one can prove that
conditions (Cs) and (C) are respectively equivalent to the following ones:

() [ 1aio@r1®)..., a3 @)t = oo
and

€ (T ale(=o1 )., o)t = — co.

Actually, we have the following ‘if and only if”* corollary.

CoOROLLARY 2.2.. Let the functions a and ¢ be as in Corollary 2.1 and let
condition (C,) be satisfied.

If the equation (1) is strongly sublinear, then both conditions (Cg) and (C,)
constitute a necessary and sufficient condition in order to have the conclusion

of Corollary 2.1.
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Proor. The necessity follows immediately from Theorem 1.3. For the
sufficiency, as stated above, we have to prove the equivalence of conditions (Cs)
and (Cy) to (Cg) and (C,) respectively. But, because of the exponential properties
(8), (17) and the increasing character of ¢, it is enough to prove that there exists
a positive constant M such that for j=1,..., m

(19) Mo (t) £ t(t) < o,(t) for all large t.

To this end, we observe that the right part of (19) is obvious by (7). The left one

follows from condition (C,), since, by (7) again, for all large t with 7,(t)#0 we
have

1, if o;()=t

;) o), if o,()<¢t.

The equivalence of conditions (Cs) and (Cg) to (Cg) and (C,), in general,
ceases to hold when condition (C,) fails. So, condition (C,) can not be removed
from the above corollary. This is illustrated by the following four exarhples of
advanced differential equations. These equations fail to satisfy condition (C,).
However, they satisfy the rest of the assumptions of Corollary 2.2 including
conditions (Cg) and (C,).

ExampLE 2.1. The equation
x"(O) + (1/4) 72x13(%) =0, t21

has the nonoscillatory solution x(f)=t!/2, a contradiction to conclusion (i) of
Corollary 2.1.

ExampLE 2.2. The equation
x"(t) + 6(t12 + 16)~13x13(16) =0, t =1

has the solution x(t)=1+¢"! for which lim,,, x(f)=1, a contradiction to con-
clusion (ii) of Corollary 2.1.

ExampLE 2.3. The equation
x"() — (9/16) t™4x13(t3) =0, t=1
has the solution x(f)=13/2 for which we have
os) for j=0,1
lim,_, , x(¢) =
: 0 for j=2,3,

a contradiction to conclusion (iii) of Corollary 2.1.
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ExampLE 2.4. The equation
x"(t) — (3/8) t3x3(13) =0, t=1
has the solution x(t)=1t/2 for which we have

© for j=0
lim,., , xY)(f) =
0 for j=1,2,

a contradiction to conclusion (iv) of Corollary 2.1.

ReMARK 2.1. It would be desirable to study the sublinear case without
the condition of the exponential properties (8) and (17). From the arguments
presented in this section though, it is apparent that the role of these conditions
is essential to our method. Perhaps another method would turn out to be more
successful and the ensuing results would be of significant importance. This is
said in view of the fact that in the superlinear case which follows in the next
section no such condition is imposed. We hasten to add that as far as we know
the sublinear equations that appeared in the bibliography satisfy the above men-
tioned exponential properties. So, one usually encounters sublinear differential
equations of the form (1) with the continuous function ¢ defined by

OV 1seees Ym) = |¥1]%1-++|ypl® sgn y4

at least on the set {y e R™: (Vi)y;>0 or (Vi)y;<0}. The simplest case when
m=1, i.e. ¢(y)=|y|* sgn y drew much attention in the bibliography.

REMARK 2.2. The results of this section concerning the sublinear case are
presented in a form which is essentially new. Parts of Theorems 2.1 and 2.2 are
covered by Kusano [8, Theorem 3.2]. Also the results of Kusano and Onose
[9, 10] concerning special cases of higher order dlfferennal equations are very
close to ours.

3. The case of superlinearity

We treat this case by starting again with the differential inequalities (1)
and (1);.

THEOREM 3.1.  Let the function a be of constant sign and let © be a con-
tinuously differentiable function on [to, o) with- nonnegatwe derivative,
lim,., , 7(t)=00 and such that

(20) 7(t) £ min {t, o,(t),..., 0,,(t)} for every tZ=t,.

If the differential inequality (1) is strongly superlinear to the right and
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: -]
(C10) S o=1(3) la(h)|dt = oo,
then the conclusion of Theorem 2.1 holds.

Proor. Obviously, by (20), condition (C,,) implies (C,) and hence, as in
the proof of Theorem 2.1, it is enough to prove the theorem for the unbounded
solutions only. So, let us consider an unbounded solution x of the inequality
(1), which without loss of generality is supposed nonnegative on the whole
interval [t,, ). Also, due to lim,, , 7(t)=oc0, we choose a sufficiently large T,
T =1,, so that

() = max {t,, 0} forevery t=T.
As in the proof of Theorem 2.1, we also derive (11) and (12), i.e.
‘ xMW@®I(a) £0 foreveryt=T
and .
x()>0 and x'()) =0 forevery t=T.

Finally, x(*~1)(?) is not identically zero for all large t, since, because of condition
(C,,), the same holds true for a(f).

Now, let t,, t. =T, be assigned to the function x as in the Kiguradze first or
second lemma applied for k=n and let us suppose

21 x=1)()I(a) >0 forevery t=t,.
By setting
- — x(n- ! " 2(s5)7'(s)
@ 0= x| S Py &

we obtain from inequality (1)

@) 20 2 aOICLo O xTon®] || T T s

"_ "2(8)7'(¢)
— x(=1($)I(a) ¢(x[:(,)],_,: x[t@®)])

But, because of (20), the increasing character of ¢ and the fact that lim,_, ., 7(f)
=00, we have

@4 |a@®)loGlo,d;m .. x[amomg; (p(x[:("s")’]‘j?f,'(;gt(s)]) ds

( [ 1(’)]1-"3 [m(t)]) ‘ n= !
SO o) o ML

tx
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2100 || 2@ (5)ds = Ly o 01a@) (1~ =

n—1
2 Ko i(1) [a(n)|

for some constant K >0 and for all large t. On the other hand, since lim,_, ., 7(#)
=00, from the Kiguradze third lemma applied for u=x’, 6=1/2 and k=n-1,
it follows that

x'[x(1)/2] 2 M, 2T 3(t) x(~D[(8)]| for all large ¢.

Since, by (11) and (21), [x(~V| is decreasing on [t,, o) and because of (20) we
have

x'[1(1)/2] = Myt (1) [x(*~1)(¢)| for all large t.
Using this inequality, by (21) and the increasing character of ¢, we get
(25) x= DO I(a) 27 (@) o (x[(@)],..., x[z()])
= " 2@)|x" V(@) 7' @)/ e (x[t(®)],-.., x[z(®)])
=2x'[x(@)/21[x(®0)/2] [M, )20 (x[(®)/2],..., x[(2)/2])

for all large t. From (23), (24) and (25), it follows that for some ¢, >¢, and every
t=t,

Z'(t) 2 Ko7 1(1) [a(0)| = 2x' [2(2) /2] [ (1) /2]’ | My, (x[2(8) /2], x[2(2)/2])

Thus, by integration, we have

t _ 2 x[t(1)/2] dy
z(?) 2 t+KS = 1(s)|a(s)|ds — S —_—
® 2 2() t (8)la(s)! Mz )steenyizy @(3seens ¥)
where lim,_, , x[t(f)/2] =o0. Since
© dy
—_— < 00,
S O(Vseees ¥)

by condition (C,,), we obtain lim,_, ., z(f)= 0o, which contradicts the nonpositivity
of z derived from (12), (21) and (22). This means that (21) fails.
We have thus proved that

(26) x*=1)(OI(a) <0 forevery t=t,.

By virtue of the Kiguradze first lemma, this is the case where a is nonpositive and
consequently, by (11) and (26) we have

xM#) =0 and x™() >0 forevery t=t¢,.
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Thus, by Taylor’s formula, we obtain

x(t) 2 x(t) + = (t") ¢t—-t)+ -+ ——’z;__l)gt)‘,) (-t 1

for any t=t, and consequently that there exists a constant L>0 with
" x(t) = Li»~1  for all large ¢.
Hence, because of lim,., ., 7(f)= oo,
x[t()] = L=~(t) for all large ¢.

But ¢ is increasing on R? and lim,_, ., y~! ¢(»,..., y)=00. Therefore, for some
t,=t, and every t=t,

e(x[e(®)],..., x[x(D]) 2 o(Le""*(D),..., Lz"~1(#) 2 L"7(D).

From inequality (1)< and because of the increasing character of ¢ for t=1, we
obtain

xM(8) 2 la@®le(x[o1(D)],..., x[en()D 2 la®l@(x[2(D)],..., x[=(D])
Z L '(0) |a()l -
Finally, by integration,

x=1(f) = x(=1(1,) + Lgt 1(s) |a(s)|ds

and hence, by condition (C,,), lim,_, , x(*D(t)=0c0. This easily implies that the
solution x satisfies (9).

THROREM 3.2. Let the functions a and t be as in Theorem 3.1.

If the differential inequality (1); is strongly superlinear to the left and
satisfies condition (C,,), i.e.

Sw‘c"‘l(t)la(t)ldt -
then the conclusion of Theorem 2.2 holds.

Proor. It is enough to verify all assumptions of Theorem 3.1 for the
differential inequality below, obtained from the inequality (1), by the trans-
formation z= —Xx,

zM(0I(a) + |a()|P(zLo:1(D)];..., z[0,(D]) = O,

where the function § is defined by the formula
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@(ylr"’ ym) = - (p(_yl,“-: _Ym)'

The following corollary concerning the equation (1), is immediately obtained
from the above Theorems 3.1 and 3.2.

COROLLARY 3.1. Let the functions a and t be as in Theorem 3.1.
If the equation (1) is strongly superlinear and satisfies condition (C,,), i.e.

[*e-1@lawiar = 0,

then:

(i) For a nonnegative and n even, every solution of (1) is oscillatary.

(ii) For a nonnegative and n odd, every solution x of (1) is oscillatory or
satisfies (6).

(iii) For a nonpositive and n even, every solution x of (1) is oscillatory or
satisfies one of (6), (9) and (18).

(iv) For a nonpositive and n odd, every solution x of (1) is oscillatory or
satisfies one of (9) and (18).

Differential equations of the form (1) subject to the condition
(Cy1) Foreveryj=1,...m

lim inf, ., " 1a;(#) >0

include obviously the ordinary, advanced equations and some other ones of
retarded or mixed type. For such differential equations we can take 7(f)=ct,
where

¢ = min {1, 27! lim inf, ,, ! 6,(2),..., 27! lim inf, ., " 10,(?)}

and therefore, condition (C,,) specializes then to the condition (C,), i.e.
g“’ =ta@)ldt = oo .

COROLLARY 3.2. Let the function a be of constant sign and let condition
(C,,) be satisfied.

If the equation (1) is strongly superlinear, then the condition (C,) is a
necessary and sufficient condition in order to have the conclusion of Corollary
3.1.

Proor. The sufficiency of the condition (C,) is obvious by Corollary 3.1.
Its necessity follows from Theorem 1.2.

Finally, we remark that condition (C,), though necessary to have the con-
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clusion of Corollary 3.1, it is not always sufficient when (C,,) fails. This follows
immediately by the examples 3.1-3.4 below, where for each case the conclusion of
Corollary 3.1 fails.

ExampLE 3.1. For the retarded differential equation
x"() + (15/16) t74x3(11/3) =0, t=1
condition (C,) is satisfied while (C,,) fails. This equation has the nonoscillatory
solution x(t)=1t!/2, a contradiction to conclusion (i) of Corollary 3.1.
ExaMPLE 3.2. For the retarded differential equation
x"() + (10/27) t75/2x7/5(11/12) = 0, t =1
condition (C,) is satisfied while (C,,) fails. This equation has the solution
x(t)=15/3 for which lim,_, ,, x(t)= 00, a contradiction to conclusion (ii) of Corol-
lary 3.1.
ExampLE 3.3. For the retarded differential equation
x"(t) — (40/81) t77/2x7/5(t1/12) =0, t=1

condition (C,) is satisfied while (C,,) fails. This equation has the solution
x(t)=1%/3 for which we have

os) for j=0,1
lim,., ,, x/)(t) =
0 fqr j=23,

a contradiction to conclusion (iii) of Corollary 3.1.

ExAMPLE 3.4. For the retarded differential equation
x"() — (3/8) 73x3(t1/3) =0, t=>1

condition (C,) is also satisfied while (C;,) fails. This equation has the solution
x(t)=11/2 for which we have
0 for j=0

lim,_, , x)(?) = [
0 for j=1,2,

a contradiction to conclusion (iv) of Corollary 3.1.

REMARK 3.1. The results of this section concerning the superlinear case
are of high degree of generality. The version presented here is essentially based
on Grammatikopoulos, Sficas and Staikos [3]. Theorems 3.1, 3.2 and their
Corollary 3.1 are originated in the papers of Kartsatos [4], Ryder and Wend [14]
and Sficas and Staikos [17]. For closely related results we refer to Kusano [8],
Kusano and Onose [11] and Sficas and Staikos [18].
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4. Some applications-The mixed case

The oscillatory and asymptotic results on differential inequalities obtained
previously in sections 2 and 3 permit a further generalization which unify Corol-
laries 2.1 and 3.1, i.e. sublinear and superlinear cases. More precisely, the
differential equation under consideration is of the form

@7 x(@) + a;(De1(x[a,1(D],--., X[01m,(D]) + a2()@2(x[021(D)];..., X[02,(D)])
= h(t; x{go(t)),..., xXN"Dgy_(1))), t = to,

where all functions involved are continuous and moreover ¢, has on R?t and
R™: respectively the exponential properties

(pl(xlyl""’ xmlyml) g K(pl(xl""’ xm,)(pl(yl)"" yml)
and
= @(=X(YViseerr =X Vmy) = KO 1(Xp5eets X )O1(V1seees Vimy)

for some positive constant K.

CoROLLARY 4.1. Let the functions a,, a, be of constant sign with I(a,)
=1(a,) and let h have the following sign property:

(Ciz) Foreveryt, Yoseees YN-15
(VDyoi > 0 = I(a)h(t; yo,..., yn-1) £ 0,
(Vi)yoi < 0 == 1(a)h(t; yo,---» yn-1) 2 0.
Moreover, let the functions t; (j=1,..., m,),
7,(t) = min {¢t, o, (D)}

and let T be a continuously differentiable function on [t,, ) with nonnegative
derivative, lim,_, , ©(t)= 00 and such that

7(t) < min {t, 6,,(t),..., 02,,,(t)} for every t=t,.
If @, is strongly sublinear and ¢, strongly superlinear, then, under condition
(Ci3) S Lla; (Ol @675 1(2),..., ot X)) + T~ 1 (Dla(#)|]dt = 0, 6 = 1,

the equation (27) satisfies the following:
(i) For a,, a, nonnegative and n even, every solution is oscillatory.
(ii) For a,, a, nonnegative and n odd, every solution x is oscillatory or
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satisfies (6).

(iii) For a,, a, nonpositive and n even, every solution x is oscillatory or
satisfies one of (6), (9) and (18).

(iv) For a,, a, nonpositive and n odd, every solution x is oscillatory or
satisfies one of (9) and (18). :

Proor. Because of condition (C,,) and the sign properties of the sublinear
function ¢, and the superlinear one ¢,, the nonnegative solutions of the equation
(27) are also solutions of both inequalities

(28) xM()(ay) + |a;(Dle(x[01,(D)];...; x[01m()]) =0
and
(29) xM(BOI(ay) + |a()le(x[021(D)],---s X[02m,(D]) < 0.

Similarly, the nonpositive solutions of the equation (27) are also solutions of both
inequalities

(30) xM()I(a,) + Ial(t)l¢1(x[011(t)]?.~-, x[01m(O]) 20
and
(31) x(M(OI(ay) + |a(Dl@a(x[21(D)],--.; X[F2m,(D)]) 2 0.

Since condition (C,3) implies

[ la0lou6e10), .., Sui 0D = 00, 6= 21

or

gﬁﬂmmwm=w

we can apply respectively Theorems 2.1 and 2.2 for the sublinear inequalities (28)
and (30), or Theorems 3.1 and 3.2 for the superlinear inequalities (29) and (31)
in order to obtain the conclusion of the corollary.

Now, we confine ourselves to dealing with a typical example of a differential
equation of the form (27), namely the equation

(32) xM(8) + a,() |x|*[o,(1)] sgn x[o4(1)]
+ a(?) |x|*2[o,()] sgn x[0,()] = 0, 2= ¢,
where O<a, <1<a,.

COROLLARY 4.2. Let the functions a,, a, be of constant sign with I(a,)
=I(a,) and let 6,, 6, be such that
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(Cis) limsup,,ot10,() < 0 and liminf, .t 10,(z) > 0.

Then, the condition
(€12) [* Da@lo=n@ + riayar =

is sufficient in order that the equation (32) satisfy the conclusion of Corollary

4.1. Moreover, condition (C,s) is also necessary in the extreme cases where
either a; =0 or a,=0.

Proor. Because of the second part of condition (C,,), we can apply Corol-
lary 4.1 for the equation (32) by taking t(f)=ct, where c is an appropriate positive
constant. So, condition (C, ;) specializes then to

[ Llayimin ¢, o, + r-tlayvlldt = oo,

which in turn, by virtue of the first part of condition (C,,), is equivalent to the
condition (C,5). Thus the sufficiency of (C, 5) follows immediately from Corollary

4.1.
In the extreme cases where either a, =0 or a,=0, condition (C,s) takes

respectively the form
S” rlaydldt = 0 or 3‘” =Dai(r) |a,(D)ldt = .

Hence, by applying Corollary 3.2 or 2.2, we get also the necessity of condition
(C,5) for the two considered cases.

ReEMARK 4.1. As far as we know, it is an open question whether condition
(C,s) is also necessary for the strict mixed case. For the particular case where
n=2 and a,, a, are nonnegative, Gollwitzer [2] claims that the necessity always
holds true. His claim is based on the assertion that, when condition (C, ) fails,
then there exists a solution x with lim,_, , x(f)=1. But we can illustrate that this
assertion fails to be true even in the case of ordinary differential equations. In-
deed, for the sublinear differential equation

(33) X)) + 72351 =0, t21

condition (C,s) fails. On the other hand, we have
Sw 1t 2dt = Sw t1dt =

and hence, by Theorem 1.1, equation (33) has no bounded nonoscillatory solution.
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REMARK 4.2. The results of this section are indicative of the significance
of the approach used in the previous sections 2 and 3. The strictly mixed
sublinear-superlinear case is not encountered in the bibliography. The special
case of the equation (32) has been recently studied by Koplatadze and Chanturia
[7]. Also, for the extreme cases of (32) and in connection with higher order

differential equations we mention the work of Sevelo and Vareh [15]. Similarly,
a considerable amount of work has been done for second order equations to which
the so called Emden-Fowler equation can be reduced. For a survey and an
extensive bibliography we refer to the article of Wong [23].

ACKNOWLEDGMENT. The author wishes to thank the referee for his
helpful suggestions.

References

[1] C.V.Coffman and J.S. W. Wong, Oscillation and nonoscillation theorems for second
order ordinary differential equations, Funkcial. Ekvac. 15 (1972), 119-130.

[2] H.E. Gollwitzer, On nonlinear oscillations for a second order delay equation, J. Math.
Anal. Appl. 26 (1969), 385-389.

[3] M.K. Grammatikopoulos, Y. G. Sficas and V. A. Staikos, Oscillatory properties of
strongly superlinear differential equations with deviating arguments, J. Math. Anal. Appl.
67 (1979), 171-187.

[4] A.G. Kartsatos, On oscillation of solutions of even order nonlinear differential equa-
tions, J. Differential Equations 6 (1969), 232-237.

[5] I T.Kiguradze, On the oscillation of solutions of the equation
(Russian), Mat. Sb. 65 (1964), 172-187.

[6] I T.Kiguradze, The problem of oscillation of solutions of nonlinear differential equations
(Russian), Differencial’nye Uravnenija 1 (1965), 995-1006.

[7] R.G. Koplatadze and T. A. Chanturia, On oscillatory properties of differential equations
with a deviating argument (Russian), Tbilisi State Univ. Press, 1977.

[8] T.Kusano, Oscillatory behavior of solutions of higher order retarded differential equa-
tions, Proceedings of Carathéodory International Symposium (Athens, September 3-7,
1973), The Greek Mathematical Society, pp. 370-389.

[9] T.Kusano and H. Onose, Nonlinear oscillation of a sublinear delay equation of arbi-
trary order, Proc. Amer. Math. Soc. 40 (1973), 219-224.

[10] T. Kusano and H. Onose, Oscillatory and asymptotic behavior of sublinear retarded
differential equations, Hiroshima Math. J. 4 (1974), 343-355.

[11] T. Kusano and H. Onose, Oscillations of functional differential equations with retarded
argument, J. Differential Equations 15 (1974), 269-277.

[12] I Licko and M. Svec, Le caractére oscillatoire de solutions de I’ équation y™ +f (x)y=
=0, n>1, Czechoslovak Math. J. 13 (1963), 481—491.

[13] Ch. G. Philos, Y. G. Sficas and V. A. Staikos, Some results on the asymptotic behavior
of nonoscillatory solutions of differential equations with deviating arguments, (to appear).

[14] G.H. Ryder and D. V. V. Wend, Oscillation of solutions of certain ordinary differential
equations of nth order, Proc. Amer. Math. Soc. 25 (1970), 463-469.

[15] V.M. Sevelo and N. N. Vareh, On the behavior of solutions of differential equations

d™u

Zim Talu|"sgnu=0



516

(16]
171
(18]
[19]
[20]
211

[22]

[23]

V. A. STAIKOS

with delay (Russian), Ukrain. Mat. Z.24 (1972), 807-813.

Y. G. Sficas, On oscillation and asymptotic behavior of a certain class of differential
equations with retarded argument, Utilitas Math. 3 (1973), 239-249.

Y. G. Sficas and V. A. Staikos, Oscillations of retarded differential equations, Proc.
Camb. Phil. Soc. 75 (1974), 95-101.

Y. G. Sficas and V. A. Staikos, Oscillations of differential equations with retardations,
Hiroshima Math. J. 4 (1974), 1-8.

V. A. Staikos, Asymptotic behavior and oscillation of bounded solutions of differential
equations with deviating arguments (Russian), Ukrain. Mat. Z. 31 (1979), 705-716.

V. A. Staikos and Y. G. Sficas, Oscillatory and asymptotic behavior of functional
differential equations, J. Differential Equations 12 (1972), 426-436.

V. A. Staikos and Y. G. Sficas, Oscillatory and asymptotic properties of differential
equations with retarded arguments, - Applicable Anal. 5 (1975), 141-148.

V. A. Staikos and Y. G. Sficas, Some results on oscillatory and asymptotic behavior of
differential equations with deviating arguments, Proceeding of Carathéodory Inter-
national Symposium (Athens, September 3-7, 1973), The Greek Mathematical Society,
pp. 546-553.

J.S. W. Wong, On generalized Emden-Fowler equation, SIAM Review 17 (1975),
339-360.

Department of Mathematics,
University of Ioannina,
Ioannina, Greece





