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We investigate oscillatory properties of the perturbed half-linear Euler differential equation. We show that the results of the recent
paper by O. Dosly and H. Funkova (2012) remain to hold when constants in perturbation terms are replaced by periodic functions.

1. Introduction

We investigate the influence of perturbations of the Euler
half-linear second-order differential equation:

! ! y_p _
(@(x' 1)) + SO =0 o
O (x):= |x["x, p>1, te(0,00)),

with the so-called

((p-1)/p)f L on oscillatory behavior of this equation. Recall
that the constant y, is called critical since (1) with y instead
of Vp 18 oscillatory if and only if y > Vps see [1]. Hence, (1)
is a typical example of the so-called conditionally oscillatory
half-linear differential equation.

Equation (1) is a special case of the general half-linear
differential equation (sometimes called differential equation
with the one-dimensional p-Laplacian):

critical oscillation constant y, =

(re(x)) +cm @) =0, ()

with the continuous functions r > 0 and c. It is well-
known, see [2], that the linear oscillation theory (the classical
Sturm-Liouville second-order linear differential equation is
the special case p = 2 in (2)) extends almost verbatim to (2).
In particular, the equation

(re)o(x)) +Ac® @ (x) =0 (3)

is said to be conditionally oscillatory if there exists A, > 0 such
that (3) is oscillatory for A > A, and nonoscillatory for A <
Ao; see [3]. From this point of view, (1) can be regarded as a
good comparative equation in the sense that if 7(t) = 1 in
(2), the first natural test of (non)oscillation of this equation
is to compare the potential ¢ with the function ypt_p . More
precisely, (2) with r(t) = 1 is oscillatory provided that

litrgiO%f e @) > Yp (4)
and nonoscillatory if

lim sup tPc (¢) < Vs (5)
t — 00
see, for example, [4, Section 1.4.3].

A natural question is what happens when lim, _, . t7c(t)
= ¥, This led recently to the investigation of various pertur-
bations of (1). As a first step, the attention was focused on
the half-linear Riemann-Weber differential equation and its
perturbations:

"y Yp c :B
(q) (x )) i t_P+]Z{tPL0g% (t)

D (x) =0. (6)
Here, the notation

3
Log, (t) = Hlogkt, log,t =log,_, (logt), -
j=1 7

log,t = logt



is used. It was shown in [5] (see also [6]) that the crucial role
in (6) is played by the constant tp = (1/2)((p - 1)/p)p_1. In
particular, if n = 1 in (6), that is, this equation reduces to the
so-called Riemann-Weber half-linear differential equation,
then this equation is oscillatory if B; > y, and nonoscillatory
in the opposite case. In general, if B; =y, for j = 1,...,n-1,
then (6) is oscillatory if and only if 8, > y,.

One of the typical problems in the qualitative theory of
various differential equations is to study what happens when
constants in an equation are replaced by periodic functions.
Our investigation follows this line and it is mainly motivated
by the papers [7-15]. In [14, 15], linear second-order differ-
ential equations with periodic coefficients were considered
which with using a transformation of dependent variable can
be transformed into the equation of the following form:

[( ”] -0, ®)
g

with a-periodic functions r, ¢, d. It was shown that (8)
behaves essentially in the same way as the classical Riemann-
Weber equation where the functions ', ¢, d are replaced by
their mean values

(r (t) x’)’

?:lj L) dt, E:—J c(t)dt
o
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More precisely, (8) is nonoscillatory if c¥ < 1/4 and

oscillatory if ¢ 7 > 1/4. In the limiting case c7 = 1/4, (8) is
nonoscillatory if dr < 1/4 and oscillatory if dr > 1/4.

This result was extended in [13], where a perturbation was
also allowed in the term involving derivative. More precisely,
first, the differential equation

n “] , L n ﬁ] ~
[<1+;Log§(t)>x:| ! |i4t2 +;t2Log§(t)]x_o

(10)

was considered. It was shown (Theorem 2.1 and Corollary
2.3 in [13] with suitably chosen functions p, q,, p;> and ¢,
in those statements) that if there exists k € {1,...,n}, such
that[g’j —a;/4=1/4 forj=1,...,k—1and B — o /4#1/4,
then (10) is oscillatory if 8, — /4 > 1/4 and nonoscillatory if
B-aj4 < 1/4. Ifﬁj —ocj/4 =1/4forall j = 1,...,n, then (10)
is nonoscillatory. Then, using an averaging argument, it was
shown in [13] that the above result remains essentially to hold
when the constants «, 3;, j = 1,...,n,in (10) are replaced by
periodic functions. The role of constants is taken in this result
by the mean values of periodic functions o j(t), B j(t).

As a next step, the effort was concentrated to extend the
previous linear results to half-linear equations. In [12], the
equation

(ryo(x)) + %@ (x) =0, (1)
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with «a-periodic 7, ¢, was considered. Similarly to the linear
case, it was shown that (11) is oscillatory provided thatc 77" >

: ——p-1
¥, and nonoscillatory when ¢ P < Vpr

_ 1 [24 1_q _ 1 [24
r=—j r () dt, c=—J c(t)dt, (12)
@ Jo @ Jo
q = p/(p —1) being the conjugate exponent of p; the limiting
case ¢ = ¥, remained undecided in [12]. This problem
was resolved in the later paper [8]; we will mention this result
later in our paper.
Here, we deal with perturbations of the Euler half-
linear differential equation in full generality. We consider the
following equation:

C % (t) I_P(D ] ’
r(t) + ;—LO% ) (x )

c(®) B (1) ~
+[ v ZtPL 20 ®(x) =0

aj ﬁj, r(t) > 0. One of the
reasons why we consider the coefficient of ®(x') in the power
1 - p is that then this equation can be written as the first order

system
oo (t)
I _ ¢ J (D—l ,
x (T()+;L0g§(t)> (u)

=—— t (o}
u " <c( ) +JZ{Log§ (t)) (x)

and perturbation terms in both equations of this system have
essentially the same form.

Our main statement is based on the result of [11], where
the case when r(t) = 1, c(t) = Vp» and aj, [5’1 are constants
was considered. An explicit formula for the relationship
between constants «;, 3; which implies (non)oscillation of
(13) was found. This result is recalled in the next section. In
our paper, we show, similarly to the above mentioned papers,
that constants «;, 3, can be replaced by periodic functions
and the resulting oscillation formula is essentially the same
as that one in [11]; only constants are replaced by mean values
of periodic functions appearing in perturbation terms.

(13)

with T-periodic functions 1, c,

(14)

2. Preliminaries

We start this section with a slight modification of [11,
Theorem 4.1] which characterizes oscillatory properties of the
following equation:

[@éﬁ;m)""@«vl

Y & B
+[t_P+Z—tPL Z(t)] (x) =

!

(15)
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Proposition 1. Suppose that there exists k € {1,...,n} such

that

1/p-1\""!
ﬂj+(P—1)Yp i = Hp /"p=§<7) > 16)

(ifk = 1) and P+ (p — 1)y, 04 # p,,. Then, (15) is oscillatory if
Bi + (p— Dy > pp, and nonoscillatory if By + (p— 1)y,0q <
Hp

Note that Proposition 1is proved in [11] for the half-linear
differential equation where the term by ®(x") has no power,
taking the form (1 + Y -1 a;Log; ; 2(t)). However, using the
following binomial expansion:

1-p
n o n
1 ! =1+(1-p
<+;L%yﬂ> # (ZL%Aﬂ>an

O (log_4t) as t — 00,

it is not difficult to see that Theorem 4.1 of [11] can be refor-
mulated as stated in Proposition 1.

Next, we recall the concept of half-linear trigonometric
functions, see [2] or [4, Section 1.3]. Consider the following
special equation of the form (2):

(@(x)) +(p-D@ @) =0. (18)

We denote the solution of this equation satisfying the initial
condition x(0) = 0, x'(0) = 1 by sin,f, and its derivative

(sm t)" =: cos, t. The functions sin cos,, are 27,, -periodic,
= 2m/(p sin(n/p)), and satlsfyt e Pythagorean identity:

. p p
|smpt| + |cospt' = teR. (19)
Every solution of (18) is of the form x(t) = Csinp(t+cp), where
C, ¢ are real constants; that is, it is bounded together with
its derivative and periodic with the period 27,,. The function

b
u = O(cos,,t) is a solution of the following reciprocal equation
to (18):

P

)t w =0,

(07 () +(p

@*w=mﬁ%,q=#%,

(20)

which is an equation of the same form as (18), so the functions
uand u' are also bounded.

Let x be a nontrivial solution of (2) and consider the
modified half-linear Priifer transformation:

x(t)=p) sin, ¢ t), r! ) x' (t) = —cosp(p (t).

(21)

Then, the angular variable ¢ satisfies the following differential
equation:

1 -
¢ = 7 [rl 1(t) |cosp(p'p
(22)

P
~® (cos @) sin,p + tpc_(tl) |sinpgo|p] ,

see [8].

The proof of our main result relies on the following aver-
aging lemma, which can be found in [8]; see also [13, Section
5] and [15, Proposition 2].

Lemma 2. Let ¢ be a solution of the following equation:

!

Q= % [a ) 'cosp<p|P—CD (cosp(p) sin, + b (t) |sinp(p|P] ,
(23)

with bounded functions a(t) and b(t), a(t) > 0, and let T > 0.
Denote the following:

t+T
wn;%L ¢ (s) ds. (24)

Then, 0 is a solution of the following equation:

o' = % [A (1) |cosP9|p -0 (cospe) sin,0 + B (t) |sinp9|P]

1
+O(t—z)’

(25)
with
1 (T 1 (T
At) = T L a (1) dr, B(t) = T L b(r)dr, (26)
and @(t) — 0(t) = o(1) ast — oo.

The term O(t %) in (25) can be written as (compare (19))
(Icos, 01 + |sinp9|P)O(t_2); hence (25) can be rewritten into
the form considered later on

0 = % [(A ) +0 (t_l)) |cosP0|p -0 (cosPO) sinPG o
(B )+ O |sm 9| ]
3. Main Result

The formulation of Lemma 2 from the previous section shows
why we consider the perturbations of Euler equation (1) in the
form as appears in (13) and, in particular, why we consider
the term by ®(x') with the power 1 — p. With this power
(since (1 — p) (1 — q) = 1), the function A in (26) is just
the mean value over the interval [t,t + T] of the function

r(t) + Yy (o () /Log; (1)).

Theorem3. Letr,canda;, B, j = 1,...,n, be T-periodic con-
tinuous functions, r(t) > 0, and denote by 7, ¢, &;, f;, j =

1,...,n, their mean values over the period T.



(i) I]‘EFP._I. > Vp then (13) is oscillatory, and i < <y,
then it is nonoscillatory.

(ii) LetcrP! = Yy If there exists k € {1,...,
B]'FJF1 + (P - 1) )’paj?71 = HUp>

(ifk = 1) and B + (p — 1)y, &7
is oscillatory if

n} such that
ji=1..,k=1, (28)

R Up» then (13)

B+ (p- 1)y >, (29)

and nonoscillatory if
B+ (p - 1)y < (30)

Proof. First of all, let us note that the statement (i) is given
for completeness; it is proved in [12]. The statement (ii) for
n =1, a; = 0, is the main result of [8]. It remains to prove the
statement (ii) in full generality.

Let x be a nontrivial solution of (13) and let ¢ be its Priifer
angle; that is, the solution x of (13) and its quasiderivative are
given by the following formulas:

x(t) = p(t)sinyg (1),

w0\, 0 Sl
<r(t)+]_zlw> X =TCOSP(/)(t).

Then, ¢(t) = 0 (mod rrp) if and only if x(¢) = 0 and

o 0-" (r(t) S iit)>| o5,

n oc(t)
< +;L°gj<f>>

at these points (see (33)). Hence, (13) is oscillatory if and
only if ¢(t) is unbounded as t — 00, and this happens, by
Lemma 2, if and only if its mean value over the interval
[t,t+T)0(t) = (1/T) f:+T @(s)ds is unbounded.

The function ¢ is a solution of the following differential
equation:

, ) .
Q== [ <r ) + Z % 2 (t) > 'cosp(p|‘o -0 (cospgo) sin, ¢

(32)

(33)
that is, in differential equation (25) we have (cf. (26))
1 t+T nooo. (s)
Al) = —I rs)+ Y —2 ds
T ) ( j_ZlLogi (s)
(34)

I U B
B(t)_(p—l)TJ <() Z 2(s)>
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(1/T)
J()T f(s)ds its mean value over the period; then integration by
parts yields

Let f be a continuous T-periodic function and f =

1 t+T f(S)
T J; Log? (s) *

t+T

1 N
Saree |, fondu

t

1 t+T 1 !
T .[t ( Log? (s))

~ o7 1 1
~ Log’ () Log; (t+T)  Log; (t)

1 t+T 1 ! s
T Jt |i< Log; (s)) L f(u)du] ds.

Since the function f is bounded, there exists a constant K > 0
such that

L f(u) du] ds (35)

|

<K, fort<s<t+T, (36)

J;S f(s)ds

and hence we can estimate the last term in the previous com-
putation as follows:

t+T 1 ! s
[ () [y

<K 21 B l2
Logj t+T) Logj ()

-KT

!
1
=KT| —— =———[1+0(1)]
( Log; (t)> e Gloglog; (§)
=0 ;2 ’
tlogtLog (t)
(37)
ast — 00, & € (¢, T +t). Here, we have used that
1 1
=- (1+o0(1)),
( Log? (t)) tlogtLog? ) (38)
j=1L...,mn,
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as can be verified by a direct computation. The same argu-
ment shows that also the term in brackets in (35) has the same
asymptotic behavior ast — co. Altogether, we have

LT gon T o]
T )i Log? (s) Log? () tlogtLog? (t)

klool)
B Log?(t) (1+O tlogt) ’

(39)
This implies that the functions A and B in (34) are
- -1
A(t) = +[1+O(t log )]Z LogJ 0’
Bi= 1 er[iro(rog)) F-F
p-1 = Log; (1)
(40)

Hence, substituting into (27), we obtain

oo ”H (1+0( log 1) Y —

j=1 og] (t)

ol

X |cosP6|p -® (cosPG) sinPG

+ ﬁ [E+ (1 + O(tillogflt))

$ ol et ||

(41)

Now, since all terms

O(1/(tlogt))

. -1
j=L...,n, Oft ast — 00
Log; (t) ()

(42)

are asymptotically less than o(1)/ Logi(t), we obtain the dif-
ferential equation for 0 which can be written in the following
form:

1. & « o(1) p
0'= - : 0
t l(r i ]; Log? (t) " Logfl (t) ) |COSP |

) (cosPG) sinPG +

= (43)

& Bj o(l) P
in 0| |.
X <c+j_z1 Log? D + o2 © |51np '

This equation is a “Priifer angle” equation for the following
second-order half-linear differential equation:

_ 1-p
_ n (xj 0(1) i
[(Hf—zlLog?(ffLogi(t)) CD(x)]

!

(44)
+iP<E+Z ﬁzj + 0(21) >d>(x)=0,
t st Log ; (t) Log, (t)
which is the same as the following equation:
@7 1-p !
"o /r
1+ Z 12 n 0(21) ® (x/)
i Log; ()  Log, (©)
(45)

bl o(1) _
< ZLog] (t) Logfl (t) > ®)=0.

Suppose that assumptions (ii) of Theorem 3 are satisfied and
that (29) holds for k € {1,...,n—1}. Then, (45) is oscillatory as
a direct consequence of Proposition 1. If (29) holds for k = n,
let € > 0 be so small that still

PR, e (- (7

and consider the following equation:

— = 1-p
= ot wfr-e ,
[<1+;Log§(t)+L0gi(t)> q}(x)}

n-1 p-1 7 =p-1
+%<EFP_1+Z[3r ﬁ”rz 8)d)(x):
t F 1Log] ) Logj (t)
(47)

o, - s) > Ups (46)

!

This equation is a Sturmian minorant for ¢ sufficiently large
(when the o(1) term in (45) is less than &) of (45) and
(46) implies by Proposition 1 that this minorant equation
is oscillatory, and hence (45) (which is the same as (44)) is
oscillatory as well. This means that the Priifer angle 0 of a
solution of (44) is unbounded, and by Lemma 2 the Priifer
angle ¢ of a solution of (13) is unbounded as well. This means
that (13) is oscillatory. A slightly modified argument implies
that (13) is nonoscillatory provided that (30) holds. O

4. Remarks and Comments

(i) In Lemma 2, the constant T' is any positive real constant.
In the original version of this Lemma in [15], this number is
the period of periodic functions in (25). As observed in [13],
the statement of lemma 1 can be extended so that it applies
to equations with bounded coeflicients; see [13, Section 5]
for details. This opens a space for a more general treatment
of perturbations of the Euler type differential equation when
perturbation functions are of larger class than periodic ones.
A first step along this line has been made in [16] where



a half-linear differential equation with asymptotically almost
periodic coefficients is investigated.

(ii) In [17], a power comparison theorem (with respect to
the power p in the function ®(x) = |x|? ~2x) for perturbed
Euler type differential equation is established. This result is
extended to the Riemann-Weber half-linear differential equa-
tion in [18]. A natural research problem is to deal with power
comparison theory for general perturbations suggested by
(13).

(iii) Another research problem is associated with the
concept of Karamata regularly varying functions; see [19-23].
In these papers, half-linear equations with coefficients which
are regularly varying functions are considered, and it is shown
that then solutions of these equations also behave regularly,
in a certain sense. Since the idea of the proofs of results of
those papers consists in comparing the investigated equation
with the Euler or Riemann-Weber equation, a natural idea
is to investigate asymptotic properties of (15) with regularly
varying functions r, ¢, & i» and 8 50
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