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Abstract

In this paper, we analyse the oscillation of second-order half-linear differential equa-
tions whose coefficients are given by the products of (typically bounded) functions and
power functions. Applying the generalized Riccati technique, we find a very general
oscillation criterion for the studied equations. This criterion covers several half-linear
equations with unbounded non-power parts of coefficients, but it is new also for linear
equations with bounded non-power parts. This fact is appropriately documented by
new corollaries.
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1 Introduction
We study the oscillation of the half-linear differential equation

(RO® (X)) +SOP(x(1) =0, @(x) = |x["'sgnx, p>1, (L)
where coefficients R > 0, S are continuous functions. Function ® generates the so-
called one dimensional p-Laplacian. This function connects the considered half-linear

equations with partial differential equations (see, e.g., [3,12]). Half-linear equations
generalize linear equations which form a special case of Eq. (1.1) for p = 2. We point
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out that the basic difference between linear and half-linear equations is the lack of
the additivity of solution spaces in the half-linear case. This discrepancy motivates
the used nomenclature. Nevertheless, the Sturm separation theorem remains valid for
half-linear equations (see again [3,12]). Thus, analogously as in the linear case, one
can classify half-linear equations as oscillatory and non-oscillatory, i.e., if one non-
trivial solution is oscillatory (which means that it has zero points tending to infinity),
then every solution is oscillatory.

Now we mention two known oscillation theorems which give specific motivation
for our current research. In the first theorem, we consider equations whose coefficients
are constant.

Theorem 1 Let us consider the equation
/
(t“rl—l’cb(x’(t))> 1% Psd(x (1) = 0, (1.2)

where « = p — 1 andr > 0 and s € R are constants.

() If pPs > |p —a — 1|Pr'=P, then Eq. (1.2) is oscillatory.
(i) If pPs < |p —a — 1|Pr'=P, then Eq. (1.2) is non-oscillatory.

Proof We refer, e.g., to [12, Theorem 1.4.4] (or directly to [15,16]). O

The strongest known oscillation criterion for equations in the form of Eq. (1.2)
reads as follows.

Theorem 2 Let a positive continuously differentiable function f and a continuous
function g > 1 be such that

2
lim f0g0 =0, tim L0 _ g
Let us consider the equation
(r“r‘ﬂ’(t)cb (x/(f)))/ + 1% Ps(t)P(x(t)) =0, (1.3)

where a # p — 1 and r > 0, s are continuous functions satisfying

. [0 r () de . [ 50y do
limsup ——— X < o0, limsup ——
oo [(Dg(t) mee f(Dg()
Let
t+ (1) t+f(1)

ry —hmlnff B f r(r)dr e R, sy —hmlnff) / s(r)ydr e R.

1 1
If pPsyp>|p—a— 1|1’r]1fp, then Eq. (1.3) is oscillatory.
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Proof See [36]. O

The aim of this paper is to contribute to the rapidly developing oscillation theory
of half-linear equations in the form of Eq. (1.2). More precisely, we want to obtain an
oscillation criterion which enhances Theorem 1 substantially and which is not based
on estimations of average values of coefficients, i.e., which differs from Theorem 2
significantly. Using the generalized Riccati technique, we find such a criterion (appli-
cable also for coefficients whose average values do not exist). We point out that the
method used in [36] is the modified half-linear Priifer angle and that a non-oscillatory
counterpart of Theorem 2 is proved in [48]. Note that our main result is new even for
linear equations which is demonstrated in the last section of this paper.

In this paragraph, we mention references that are connected to the treated topic.
Other oscillation criteria for equations in the form of Eq. (1.2) are obtained, e.g., in [14,
29]. We add also papers [24-26,35,37,47] and references cited therein for important
special cases. The oscillation theory of general half-linear equations is systematically
presented, e.g., in the already mentioned books [3,12]. The oscillation of special types
of corresponding discrete equations is studied in [23,28,38,43] (and also in [10,53])
in the case of difference equations and in [30,34,39,51] (and also in [18,45]) in the
case of dynamic equations on time scales. For possible generalizations in the discrete
case, see [1,2,54,55]; for more general non-linear equations, see [4,22,46,49] (and
also [41,50]); for half-linear advanced (delay) differential equations, see [5-8]; and,
for applications in the theory of PDE’s, see at least [11,19,40,52].

The rest of this paper is divided into three sections. The next section contains the
detailed specification of the studied equations together with all considered assumptions
and the description of the used generalized Riccati transformation. The main result is
proved in Sect. 3. The last section is devoted to corollaries of our main result, where
we demonstrate the novelty of the main result and its impact to linear equations.

To conclude this section, we mention the basic considered notation. Let p > 1 be
given and let g be the number conjugated with p, i.e., p + ¢ = pq. Since we consider
all equations for very large ¢, we consider ¢ > a for simplicity, where a > 0 is given
(and arbitrarily large).

2 Treated equations

In this paper, we study the Euler type second-order half-linear differential equation
1 /
(z“r *P(t)cb(x’(t))) F O Ps(D(x(1) =0, ¢ > a, 2.1

where « < p—1landr : [a,00) — (0,00) and s : [a,c0) — (—00,00) are
continuous functions such that

00 o0
/Ta(l—q)r(f) dr = oo, /r"‘_l’s(r) dr e R. (2.2)
a a
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We consider Eq. (2.1) with

/Oopps(r) —(pma= D@

T

= 0. (2.3)

a

Now we mention the used generalized Riccati equation. Let x be a non-zero solution
of Eq. (2.1). Using the transformation

()= - < tx'(t) )
B r)x@))’

from Eq. (2.1), we obtain the equation

{O=-((p—a=Dt@+s@)+(p—DrOlKOI?), t>a. (24

~ | —

In fact, for a non-zero solution x of Eq. (2.1), the well-known Riccati transformation

w(t) = 17 (1) ® <x/(t)>
x(1)

leads to the Riccati half-linear equation
w @) +1“Ps@) + (p— DU D) w@)|? =0, t>a. (2.5)
Then, the transformation
c(t) = —tP* () (2.6)

gives Eq. (2.4). We add that the derivation of Eq. (2.4) is described, e.g., in [35] (see
also [12, Eq. (9.2.3) on p. 439]) and that Eq. (2.4) is called the generalized Riccati
equation (this designation is motivated by the consistency with used versions of the
Riccati equation in the literature). At the end of this section, we highlight that the aim
of this paper is to prove the oscillation of Eq. (2.1) using Eq. (2.4).

3 Main result
We begin with a known theorem containing a condition which is equivalent to the
non-oscillation of Eq. (2.1).

Theorem 3 Equation (2.1) is non-oscillatory if and only if there exist b > a and a
solution w: [b, 00) — R of Eq. (2.5) satisfying either

o0 oo

w(r) =/r°‘_”s(r)dr +(p— 1)/r“<1—q>r(r)|w(r)|‘1 dt >0, 7>b, (3.1)
t

t
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or
o0 o
w(t) :/r“*Ps(z)dz +(p— 1)/r“<1*‘1)r(z)|w(r)|‘f dr <0, t>b.(32)
t t
Proof We refer, e.g., to [12, Theorems 2.2.4 and 2.2.5], where it is necessary to use

the divergence of faoo 1*U=9Dr (1) dr and the convergence of faoo ¥ Ps(r)dr [see
2.2)]. O

To prove the announced result, we need the lemma below which describes the
connection between the non-oscillation of solutions of Eq. (2.1) and the non-positivity
of a solution of the associated generalized Riccati equation (2.4).

Lemma 1 Let us consider Eq. (2.1), where « < p — 1 andr : [a, o0) — (0, 00) and
s : [a, 00) = (—00, 00) are continuous functions satisfying (2.2), and let (2.3) be
valid. If Eq. (2.1) is non-oscillatory, then there exists a solution ¢ : [b, 00) — (—00, 0]
of the generalized Riccati equation (2.4).

Proof At first [see (2.2)], we recall that
o

/t“‘ps(r)dt eR, t>a.

t

We show that there exists a sequence {ai}ren C [a, 00) satisfying

o0
klim ay = 00, /r"‘_”s(r)dr >0, keN. 3.3)
— 00

ag

On the contrary, we will assume the existence of ap > a such that

o0
/r‘)‘_ps(r) dt <0, t>aop. 3.4)

t

From (2.3), considering the positivity od r, we obtain

o0

/ S(T—T) dr = oo. (3.5)

a

For any interval [¢1, 2] C [ag, 00), the second mean value theorem for definite inte-
grals guarantees the existence of 13 € (¢1, 2] such that

[9) n 3

fra_Ps(t)dt :/ S@ ypo 1 /@dr. (3.6)

P~ - p—a-—1
n

t 1 I3}
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The inequality (3.4) for = ag implies the existence of 1! > ag with the property that

¢l

/r"“ps(t) dr < 0. 3.7

ao

From (3.6) for t{ = ag and r, = ¢! and from (3.7), it follows the existence of
1* € (ao, t'] such that

*

/@dr<0,
T

ao
i.e., the set
t*
T
T = t*>ao;/£dt<0 (3.8)
T
ao

is non-empty. Then, we denote

T :=sup7. 3.9

Let us assume that 7 < oo. In particular [see directly (3.8) and (3.9)],

/wdr =0 (3.10)
T
ao
and
t
s(1)
/Tdr>0, t>T. (3.11)

ao

From (3.4) for t = T, we obtain the existence of > > T such that

2

/r"‘_”s(r) dr < 0. (3.12)

T

@ Springer



Oscillation of linear and half-linear differential... 841

Next, we use (3.6) for; = T and tp = 2. Considering (3.12), there exists 7 € (T, tz]
for which

t

s(1)
T
From (3.10) and (3.13), we have
r
5(7)
/ —dr < 0. (3.14)
T

ao

Of course, (3.14) gives a contradiction [see (3.11)], i.e., T = co.
Thus, for any ¢ > ay, there exists 7(c) > ¢ with the property that

t(c)
/ S(T—T)dr < 0. (3.15)

ao

It is seen that (3.15) contradicts (3.5). Indeed, (3.15) implies

t ap
tim inf wdrf/wdt<oo.
t—00 T T
a a

Therefore, (3.4) is not true and we have proved that there exists a sequence {ax }reny C
[a, oo) satisfying (3.3).

Now the statement of the lemma follows from Theorem 3, because [consider the
positivity of r and see (3.3)]

o0 o0
/t"‘_”s(r)dr +(p-1 f 10D )|w(r)|?dr >0, k€N, Jim ag = oo,
—00
ay Aak

i.e., (3.2) canbe validonly if w = 0 (and (3.1) gives w(z) > Oforallt > b). Theorem 3
says that there exists a solution w : [b, 0c0) — [0, 00) of Eq. (2.5). Thus [see (2.6)],
there exists a non-positive solution ¢ of Eq. (2.4) on [b, 00). O

Now we can prove the announced oscillation criterion.
Theorem 4 Let us consider Eq. (2.1), wherex < p— 1 andr : [a, c0) — (0, 00) and

s : [a, o0) — (—o00, 00) are continuous functions satisfying (2.2). If (2.3) is valid,
then Eq. (2.1) is oscillatory.
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Proof On the contrary, let us asumme that Eq. (2.1) is non-oscillatory. We apply
Lemma 1 which says that there exists a solution ¢ : [b, 00) — (—o00, 0] of Eq. (2.4).

We have [see directly Eq. (2.4)]
1t =p-—a—-Dt@+s@)+(p—Drlcol?, > b.

Putting

(3.16)

_ _ 14
A(t) = <p+fl) PG, B = (p— DrDle®, 1> b, 3.17)

we can rewrite (3.16) into the form
t't)y=st)—A@t) + B{t)+ (p —a — )¢(@t) + A(t), t>b.

To proceed further, we recall the well-known Young inequality

P q
x—+y—>xy, x,y>0
P q
For
x=(pA)'?, y=(gB@)'I, 1>0b,
we have
xP —a—1\? |_ q
__:<£____>rl”” Y- Dr@lel, 1> b,
)4 p q
and

1-p 1—p

Xey=p—a—Dp P r @ @p— 1) riniEe
—(p—a—D)p i) piri@cQ)
—(p—a—DEWO =—(p—a—Dr), t>b

Thus, considering (3.19), (3.20), and (3.21), it holds [see also (3.17)]
B(t)+ (p—a—1¢@)+ A1) = ?—nyr? >0, t>b.
From (3.18) and (3.22), we obtain

/ s(t) — A@)
() = -

@ Springer
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At the same time, from (2.3), we obtain

[es) _ OOS(‘L')— p—a—1 prl_p(‘[)

/Mdrzf ( PT ) dr

b b

- ]Oppsu)—(p—a—l)f’r‘—l’(r) v o
T
b
pPs(t) — (p—a — )P ri=P(z)
—/ . dr | =

a
Finally, (3.23) gives

t t
;(r)=/;’<r)dr+g<b) Z[Mng(b), ¢ > b,
b b

and, consequently, (3.24) implies

o [ s(t) — A@)
lltnlégfg(t)szdr—i—f(b):oo.
b

Especially, the considered solution ¢ of Eq. (2.4) is positive in a neighbourhood of co.
This contradiction proves the oscillation of Eq. (2.1). O

Remark 1 A very intensively studied case of the considered equations is given by the
choice o = 0. Nevertheless, Theorem 4 gives new results foro = 0 and even for p = 2
(in the linear case). See Corollaries 1 and 2 below. We add that the strongest known
results concerning the oscillation of the studied equations are proved in [32,35,37] for
o = 0 and in [14,29,36] for more general @ # p — 1. We point out that any result in
those papers does not cover corollaries and examples in the next section.

Remark 2 Theorem 4 covers the case when
pPs(t)y > (p—a— 1P PP 4 e

for some ¢ > 0 and all large ¢. See Corollary 3 below [or directly (2.3)]. Note that the
statement of Theorem 4 is not true if

pPst) = (p—a— DPr'=r ()

for all large 7. It suffices to consider Theorem 1, (ii) (see directly [15,16] or [44]
for generalizations). Thus, the presented oscillation criterion cannot be substantially

@ Springer



844 P. Hasil, M. Vesely

improved. In addition, it is known (see, e.g., [9,13,17,20,21,42]) that the case

/oopps(r) —(pma= D@

T

eR (3.25)

a

is not generally solvable, i.e., there exist continuous functions r = r; > 0, s = 5]
satisfying (2.2) and (3.25) for which Eq. (2.1) is oscillatory and continuous functions
r =ry > 0, s = s satisfying (2.2) and (3.25) for which Eq. (2.1) is non-oscillatory.

Remark 3 The oscillation behaviour of Eq. (2.1) in the case « = p — 1 differs from
the analysed case o < p — 1 substantially. It is sufficient to consider [12, p. 43]. For
details, we refer at least to our papers [27,31,33] together with references cited therein.

Remark 4 Theorem 2 was proved for any « # p — 1, but Theorem 4 fora < p — 1.
This distinction is caused by different used methods (the generalized Riccati technique
in this paper and the adapted Priifer angle in [36]). Similarly, due the applied process,
only o < 0 is considered in [29].

4 Corollaries

To illustrate the impact of Theorem 4, we mention the following new corollaries and
some surprisingly simple examples which are not covered by any previously known
results (to the best of our knowledge). In illustrative examples, for simplicity, we
consider only a = e and the both coefficients given by the same functions containing
sin and logarithms. We remark that log denotes the natural logarithm.

At first, we formulate two corollaries in the most studied case « = 0. In fact, our
main result is so general that the power function t“ can be incorporated into coefficients
(see also Example 1 below).

Corollary 1 Let us consider the equation

<r1_p(t)d>(x/(t)))/ + St(—;) Px() =0, t>a, 4.1

where r : [a, 00) — (0,00) and s : [a, 0c0) — (—00, 00) are continuous functions
such that

TP

/r(r) dt = oo, / w dr e R. “4.2)

a

If

00 e
/S(T) O G~ 423)

T
a
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then Eq. (4.1) is oscillatory.

Proof 1t suffices to put « = 0 in Theorem 4, when (2.2) reduces to (4.2) and (2.3) is
equivalent with (4.3). O

Corollary 2 Let us consider the equation

X0\ s@) _
(m) + t—zx(t) = O, t>a, (44)

where r : [a, c0) — (0,00) and s : [a, 00) — (—00, 00) are continuous functions
such that

[o,8]

[rwar=co. [Parer
T

a

If

. 1
lltrll)ggf <s(t) — W) > 0, 4.5)

then Eq. (4.4) is oscillatory.

Proof See Corollary 1 for p = 2, where (4.5) gives the existence of » > a and ¢ > 0
such that

1
sty ———>e¢, t>0b,

>
4r(t)
i.e.,
/S(r)_q I g, =/—s(t)_ 4@ dt—i—/—S(r)_ @ g
T T T
‘ ‘ b (4.6)
b S(r) _ ; (e.¢]
z/ 4’(’)dr+/fdr=oo
T
a b
O
Example 1 For arbitrary real numbers A, > A1, let us consider the equation
/7
((3/2 log? (2 +sint) + M) x/(t))
logt (2 +sint) + %}
+ “x() =0, t>e. (4.7)

4
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Putting
1
r) = 3 A
3 1
Jt logt <2+ sint 4 %log)
for sufficiently large ¢ and
1, . A2
s(t)y =—-tlogt |2 +sint + —— |, €,
® 4\/_ £ ( f/flogt)

in Corollary 2, we obtain the oscillation of Eq. (4.7).

Similarly, we mention two corollaries for equations with bounded coefficients.

Corollary 3 Let us consider Eq. (2.1), where « < p — 1 and r : [a, c0) — (0, 00)
and s : [a, 00) — (—00, 00) are continuous functions such that

0 < liminf r(z), limsup|s(t)| < oo. 4.8)
=00 t—00
If
lim inf (pps(t) —(p—a—1)P rl_p(t)) >0, (4.9)
—00

then Eq. (2.1) is oscillatory.

Proof The corollary follows from Theorem 4, where (4.8) (together witha < p — 1)
gives (2.2) and (4.9) gives (2.3) (as in the proof of Corollary 2). O

Corollary 4 Let us consider the equation
t* '
— X))+ Zs@)x(t) =0, t>a, (4.10)
r(1)

where o < 1l andr : [a,c0) — (0,00) and s : [a, 00) — (—00, 00) are continuous
functions satisfying (4.8). If

2
lim inf (4s(t) — u) >0, 4.11)
t—00 r([)

then Eq. (4.10) is oscillatory.
Proof 1t suffices to consider Corollary 3 for p = 2. O

Example 2 Let Ay > Ay > 1. Considering Corollary 4 for « = 1/2 and

1 s(t) = Ao + sin (logt)’

r(t) = ————,
A1 + sin (logt) 16
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we can see that the equation

Ao + sin (logt)

(ﬁ(xl + sin (logt))x’(t))/—i- o

x(t)=0, t>e,

is oscillatory.

At the end of this paper, we remark that the presented corollaries can be easily
improved. For example, one can replace (4.5) by

. 1
lltn;})gf <logt <s(t) — m)) >0

and Corollary 2 remains valid. Indeed, it suffices to consider (4.6) in the proof of
Corollary 2 together with

oo

1
/ dr = oo.
tlogt

(&

Analogously, (4.9) can be replaced by
lim inf (logt (pps(t) —(p—a—1)P rl_”(t)>) >0
in Corollary 3 and (4.11) by

1 — 2
liminf (1ogz (4s() — =)} = 0
t—00 r(t)

in Corollary 4. We formulate only these special cases of Theorem 4, because we want
to highlight the novelty of our result in these cases.
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