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Abstract. This paper deals with the nonlinear differential equation
(r(®)|2' [ 22") + e(t) |22z = 0,

where r(t) > 0 and c¢(¢) are continuous functions, and p(t) > 1 is a smooth func-
tion. We establish a comparison theorem for the oscillation problem for this equa-
tion with respect to the power p(t). Using our result, we can utilize oscillation
criteria given for half-linear differential equations to equations with p(¢)-Laplacian.

1. Introduction

We consider the second order nonlinear differential equation
(1.1) (r(0)]a'PO=2a") + c(t) " 22 = 0,
where r(t) and ¢(t) are positive continuous functions satisfying

(1.2) 0< liginfr(t) and limsupr(t) < oo,

t—o00
and p(t) > 1 is a smooth function defined on (0, c0).
A nontrivial solution z(t) of (1.1) is said to be oscillatory if there exists
a sequence {t,} tending to oo such that z(¢,) = 0. Otherwise, it is said to

be nonoscillatory, that is, it is eventually positive (or eventually negative).
For simplicity, we call it a positive solution (or negative solution).
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The differential operator in (1.1) is called p(¢)-Laplacian. Such opera-
tor appears in mathematical models in the study of image processing and
electrorheological fluids (see [1,10,11]). In recent years, increasing attention
has been paid to the study of oscillation problems for nonlinear differential
equations with p(t)-Laplacian. For example, those results can be found in
[9,13-15,18-20].

If p(t) = p > 1, then p(t)-Laplacian is the well-known p-Laplacian, and
(1.1) becomes the half-linear differential equation

(1.3) (r)|2'P~22") " + c(t)|z[P~%2 = 0,

whose solution space has just one half of the properties which characterize
linearity, namely homogeneity. Numerous papers have been devoted to the
study of oscillation problems for half-linear differential equations; we can
refer to [2-8,12,16,17] and the references cited therein. For example, the
following Leighton—Wintner type oscillation criterion is well-known (see [7]).

THEOREM A. All nontrivial solutions of (1.3) are oscillatory provided
/ (r(t)'Pdt =0 and / c(t) dt = oo,
1 1

where p=p/(p—1).

Moreover, according to [7], we see that the classical linear Sturmian com-
parison theorem extends verbatim to (1.3). From the Sturmian comparison
theorem, the comparison theorems with respect to the power p were es-
tablished in [2,4,7,12,16]. In particular, Sugie and Yamaoka [16] gave the
following result, which serves as a main motivation for our research in this
paper.

THEOREM B. Assume r(t) =1 and c(t) > 0. Consider the equation
(1.4) (J2'|9722") + c(t)|x|9 %z = 0,

where ¢ > 1 is a constant. Suppose that p > q. If all nontrivial solutions of
(1.4) are oscillatory, then those of (1.3) are also oscillatory.

For the elliptic partial differential equations involving higher-dimensional
p(t)-Laplacian, comparison theorems were given in [18,19] as applications of
Picone identities. However, the structure of solutions of this equation dif-
fers from one of (1.1). Hence, unfortunately, we cannot expect to obtain
the same kind of results. Here, a natural question now arises. Does (1.1)
have any comparison properties? The purpose of this paper is to answer the
question. To be precise, we extend Theorem B for (1.1), in order to utilize
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the oscillation criteria which have been given for (1.3) to (1.1). Consider the
pair of equations (1.1) and

(1.5) (r(&)|2'|7O22"Y + ¢(t)|z]? D22 = 0,

where ¢(t) > 1 is a smooth function defined on (0,00). Our main result is
following,.

THEOREM 1.1. Assume (1.2) and the hypotheses
1) p(t) is nondecreasing and tends to p, > 1 as t — oo,
) q(t) is nonincreasing and tends to q. > 1 as t — oo,
3) Ds > Gx,
) either p(t) = p« for t sufficiently large or

o0 00/ poo 1/(p(H)-1)
(1.6) / c(s)ds < oo and / </ c(s) ds> dt = 0o
1 1 t

hold.
If all solutions of (1.5) are oscillatory, then those of (1.1) are also os-
cillatory.

A prototype of (1.1) is the Euler type differential equation

A
Np(t)—2,./\/
(1.7) (|02 +

) |lzPO 22 = 0.
Assume (H;). Suppose that there exists 0 < M < e satisfying the log-Holder
decay condition

(1.8) tlp-=p®O ~ A

for ¢ sufficiently large. Then, (1.6) holds obviously. In [9], it has been
proved that (1.7) is conditionally oscillatory, that is, if A > (p.) then all
nontrivial solutions of (1.7) are oscillatory, and if A < v(ps) then (1.7) has a
nonoscillatory solution, where v(p.) = ((p« — 1)/p«)P=. Hence, together with
Theorem A, (1.6) is optimal in a certain sense.

In addition, we get the following oscillation criterion, which is an ana-
logue of Theorem A.

THEOREM 1.2. Assume (1.2) and (Hy). All nontrivial solutions of (1.1)
are oscillatory provided

(1.9) /Oo(r(t))l_ﬁ(t) dt =00 and lim ! c(s)ds = oo,

1 t—oo t 1

where p(t) = p(t)/(p(t) — 1).
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This paper is organized as follows. In Section 2, we prepare two lemmas
to prove our result. In Section 3, we give the proofs of our main results The-
orems 1.1 and 1.2. In the final section, we illustrate our result by corollaries
and simple examples. Moreover, we propose some open problems.

2. Preliminaries

LEMMA 2.1. Assume

(2.1) limsup r(t) < oo,
t—00
and
(2.2) 1 <liminfp(t) and limsupp(t) < oc.
t—00 t—o0

Suppose that (1.1) has a positive solution x(t). Then x(t) is strictly increas-
ing for t sufficiently large. In addition, if (1.6) holds then x(t) tends to
infinity as t — oo.

PrOOF. There exists tg > 1 such that z(¢) > 0 for ¢t > ¢y. From (1.1),
we have

(2.3) (r(0)]a' () PO~22/ (1)) = —e(t)(x(t)PD 71 <0

for t > tg. Suppose that there exists t; > to such that 2/(¢1) < 0. Without
loss of generality, we may assume z’(¢1) < 0. In fact, (2.3) shows that

r()]a’ (6O () < ()| (0) P72 (1) < 0,
which implies 2/(t) < 0 for ¢ > ¢; even if 2/(¢;) = 0. Hence we get
—r(Ol2' (PO < —r(t)|2 (#0) P <0
for t > t1. Together with (2.1) and (2.2), we can find ¢; > 0 such that

r(t1)\ 1/ (e®)-1
r(t) )

for t > t;. Integrating both sides of this inequality from t; to ¢, we get z(t)
< x(t;) —e1(t —t1) = —oo as t — oo, which is a contradiction. Thus, we see
that 2/(t) > 0 for t > t.

We next assume (1.6). From (2.2) and 2/(¢) > 0 for ¢ sufficiently large,
there exist t9 > tg and ¢y > 0 such that

(r(®) (@ ()07 = —e(t)(@(£)PV7" < —eae(t)

) |.’L‘/(7f1) | (p(t1)=1)/(p(t)—1) < -

2 (1) < —(

Acta Mathematica Hungarica 162, 2020



POWER COMPARISON THEOREMS FOR OSCILLATION PROBLEMS 337

for t > t9. Integrating both sides of this inequality from ¢ > t5 to T' > £, we
get

T
T(t)(a;’(t))l’(t)—l > T(T)(LB,(T))p(T)_l + 02/

t

T
c(s)ds > CQ/t c(s)ds,

which implies

2(0)> (Tc(i))U(p(t)—l) </tT o(s) ds>1/(p(t)—1)'

Using (2.1) and (2.2), and taking limit 7" — oo, we can choose t3 > to and

c3 > 0 such that
00 1/(p(t)—1)
2 (t) > C3</ c(s) d8>
t

for ¢ > t3. Hence we obtain

t 00 1/(p(s)-1)
x(t) > x(t3) + 03/ </ e(r) d7'> ds,
t3 S

which implies that z(t) — oo as t — oo because of (1.6). O

LEMMA 2.2. Assume liminf, ,. q(t) > 1. Suppose that there exist
co > 0 and an eventually positive smooth function y(t) satisfying

(24) PO OO 2o+ [ els)u(s) ™ ds
¢
for t sufficiently large. Then (1.5) has a positive solution.

PRrOOF. There exists to > 1 such that y(t) is positive and (2.4) holds for
t > tg. Let {w,} and {x,} be sequences of continuous functions satisfying

wi(t) =y'(t), @1(t) =y(t),

23) ) ={ g (0 [ (s as) }WH,

(2.6) pua(t) = [ w(s) ds +y(t)
for t > tg, where ¢(t) = q(t)/(q(t) —1). Then wi(t) and zi(t) are well-

defined.
By mathematical induction, we will show that

27) 0 <wen(t) Swa(t) and ylto) < zari(t) < 2a(t)
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hold for any n € N and t > ty. In the case of n =1, using (2.4) and (2.5),
we get

q(t)—1 _ 1 - q(s)—
0< (we® = (CO i / c(5)(y() ") 1ds>
< (¥ ()17 = (wn (1)1
for t > ty. Hence we have 0 < wy(t) < wy(t) and
y(to) < wa(t) = /t wa(s) ds + y(to) < /t wi(s) ds +y(to) = z1(t)

for t > to, which imply (2.7) with n =1. Suppose that (2.7) with n =k
holds. Then we get

0 < (wppo(1))?07" = r(lt) <Co + /too e(8)(zpya1(s)) 11 ds)
<t (ot [ e 7 ds) =

for t > tp. Hence we have 0 < wy2(t) < wi1(t) and

vito) < it = | wesa(s) ds + y(to) < e (t)

for t > to, which imply (2.7) with n =k + 1.

Let z(t) = lim, o0 2, (t) and w(t) = lim,, o, wy(t) for t > tg. Then, us-
ing (2.7) and applying the Lebesgue dominated convergence theorem to (2.5)
and (2.6), we have

() (w(t) 1 = ¢ + /t ooc(s)(x(s))q(s)_lds and z(t) = /t w(s)ds + y(to)

for t > ty. Since z,(t) = wy(t) > 0, we get

z(t) = lim x,(t) > li_>m xn(to) = y(to) > 0

n—oo

for t > to. Thus, we see that z(t) is a positive solution of (1.5). O

3. Proofs of the main theorems

PROOF OF THEOREM 1.1. In order to prove Theorem 1.1 by contradic-
tion, we suppose that (1.1) has a positive solution x(t). We consider the
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case when (1.6) holds. Using Lemma 2.1, we see that there exists tg > 1
such that x(t) > 1 and 2/(t) > 0 for ¢ > to. Let

2 (t) >P(t)—1 50

w(t) =0

for t > ty. Then, we have

(82) w0 = =0 = 6t =10 (1)) gyt
< —c(t) = (p(t) = D)r(t) (fg)))p(t)/(l’(t)—l) 0

for t > tg. Hence w(t) > 0 is strictly decreasing for t > t;. We note that, in
the case when p(t) = p., we can show this inequality without z(t) > 1 for ¢
sufficiently large because of p/(t) = 0.

Suppose that there exists w, > 0 such that w(t) — w, as t — oo, and let
7. = limsup,_, ., r(t) < co. Then we can find 0 < 1 < 1 satisfying n < w. /7.
Since ¢(t) is positive and p(t) is nondecreasing, there exist t; > tg and ¢; > 0
such that

—c(t) — (p(t) — 1)r ()P /@O
< —ca(p(t) — 1)17P(f1)/(p(t1)—1)

(3.2) w'()

IN

for t > t1. Here, we note that the function

is strictly decreasing for x > 1. Integrating both sides of (3.2) from ¢; to t,
we get

w(t) < w(ty) — ci(p(ty) — DppEPE=D (¢ — 1),

This implies w(t) — —oo as t — 0o, which is a contradiction to the positivity
of w(t). Hence we obtain w(t) — 0 as t — co.
From (1.2) and p. > ¢, there exists to > to such that

w(t) )q<t>/<q<t>—1>
r(t)

for t > to. By using (3.1), we have

w(t) )p(t)/(p(t)—l)

< w0 -7

(a(t) = 1)(

w(t) )q<t>/(q(t>—1>
r(t)
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for t > ty. Let

Then we have
e w(t)\ 1/ (a®)-1)
vi(t) = (r(t) ) y

Since ¢(t) is nonincreasing, we obtain
(r()(y' ()1~
NI e togy)(t) }w(0) 10!

w(t) )qa)/(q(t)—l) }

o (y(1))"0",

< {w/() + (e - Vreo)(
Thus, from (3.3), we get

(r(®)(y' ()11 < —e()(y(1))* " <0,

and therefore, 7(t)(y/(t))?) =1 is positive decreasing. Integrating both sides
of this inequality from ¢t > ts to T > t, we have

T
r()(y' ()07 > r(T) (' (1)1 +/t o(s)(y(s))1) " ds.

Taking limit T — oo, we can find ¢g > 0 such that

r(t)(y (1)1~ > ¢ +/ c(s)(y(s))1®) " ds.
t
Thus, from Lemma 2.2, (1.5) has a positive solution, which is a contradic-
tion. U

PROOF OF THEOREM 1.2. Suppose that (1.1) has a positive solution
x(t). Then, from Lemma 2.1, there exists top > 1 such that z(¢) > 0 and
2'(t) > 0 for t > ty. Let

w(t) = r(t) (w/(t))p(t)_l >0

Then we have

(8.4) w'(t) = —c(t) = (p(t) — V(1)

w(t) )p(t)/(p(t)—l) — p'(t)(log z(t))w(t).

r(t)
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We first consider the case when there exists t; > to such that z(¢) > 1
for t > t1. In this case, we have

w(t) )p(w/(p(t)—l)
r(t)

because p(t) is nondecreasing. Integrating both sides of this inequality from
T >ty tot >1T, we obtain

w(t) < w(T) — / t c(s)ds — / t(p(s)—1)r(3)<w(3))>p(5)/(p(8)—1) "

T T (s

w(t) < —e(t) = (p(t) = ()

From (1.9), there exists to > t; such that

(s)/(p(s)—1)
w(s))P p s <0

r(s)

for t > to. This is a contradiction to the positivity of w(t).

We next consider the case when x(t) < 1 for ¢ sufficiently large. In this
case, we get w(t) — 0 as t — oo because x(t) is strictly increasing, p(t) > 1 is
nondecreasing, and x(t), p(t), and r(¢) are bounded above. Since logx(t) < 0
for ¢ sufficiently large, there exist t3 > ty and ¢; > 0 such that

wlt) <~ [ 0(6) ~ r(s)

T

—c1 < p/(t)(log z(t))w(t) < 0
for t > t3. Integrating both sides of (3.4) from T > t3 to t > T, we get

w(t) < w(T) —/t c(s)ds —/t(p(s) —1r(s) (Z:((S))p(S)/(p(S)_l) ds +/t01 ds

T T 3) T

— w(T) — T + t<01 - 1 /t o(s) ds)

T

- /t(p(s) = Dr(s) (w(s)))p(S)/(p(S)_l) ds.

T (s

From (1.9), there exists t4 > t3 such that

(s)/(p(s)—1)
w(s)>P p s <0

r(s)

for t > t4. This is a contradiction to the positivity of w(t). O

wit) <~ [ (s) - 1)

T

4. Examples and discussion
From Theorem 1.1 and [9, Theorem 1.2], we have the following example.
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EXAMPLE 4.1. Assume (H;), (Hz), and (Hs). We see that if A < v(px)
then equation

- A _
(|x/‘q(t) 2x/)/ + o) ‘x|q(t) 20 — 0

has a nonoscillatory solution, where v(p«) = ((p« — 1)/p«)P=. We note that,
by Lemma 2.1, it is a positive increasing solution. In addition, if there ex-
ists 0 < M < e such that (1.8) holds for ¢ sufficiently large, then it tends to
infinity as t — oo.

In the case when p(t) = p > 1, in view of Lemma 2.1, we can easily get
the following corollary.

COROLLARY 4.1. Assume (1.2), (Ha), and g« < p. If (1.3) has a non-
oscillatory solution, then (1.5) has a positive increasing solution.

Let us consider the equation

as \1-p , ,>’ . be \1, , o
4.1 (a + ) P %z —i—(b +sint® + ) Pz =0,
(41) < ! log?t = ! log? ¢ tp‘ |

where ay,az,b1,b2 € Rsatisfy a; > 0, by > 0. According to [5], we see that all
nontrivial solutions of (4.1) are oscillatory if af_lbl > p~P, and are nonoscil-
latory if azlg_lbl < p P, where p=p/(p — 1). Furthermore, in the case when
azf_lbl = p P, all nontrivial solutions of (4.1) are oscillatory if

as by _ p
+ > ,
pa1 pb1 2

and are nonoscillatory if
(4.2) p - +p, <

Hence, using Corollary 4.1, we obtain the following example.

EXAMPLE 4.2. Assume (1.2), (H2), and b3 > 1. If either a]f_lbl <p?

holds for some p > g, or af_lbl = p~P with (4.2) holds for some p > ¢, then
the equation

1-p ! b 1
<<a1 + a22 ) \x'|q(t)_2x’> + (bl + sint? + 22 ) 290722 = 0
log“t log=t/ tP
has a positive increasing solution.

Moreover, from Corollary 4.1, we can give the following application.
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COROLLARY 4.2. Assume (Ha). If

(4.3) / sP7le(s) ds < oo
1
holds for some p > q., then the equation
(4.4) (|'[9D=22" 4 ¢(t) 21D 22 = 0

has a positive increasing solution.

PRrOOF. From [7, Theorem 2.2.8], all nontrivial solutions of (1.3) with
(4.3) are nonoscillatory. Hence, together with Corollary 4.1, we see that
(4.4) has a positive increasing solution. [J

EXAMPLE 4.3. Assume (Hg). Consider the equation

(4.5) (|2 [PO=22") + 2P 2 = 0,

tp+1

where p > ¢, and A > 0. From Corollary 4.2, for any A\ > 0, (4.5) has a
positive increasing solution.

Using Theorem 1.2, we also have the following example.

EXAMPLE 4.4. Assume (1.2) and (H;). Consider the equation
(4.6) (J2'|PO=22") + (log t) ][22 = 0.

From Theorem 1.2, all nontrivial solutions of (4.6) are oscillatory.

Finally, we propose the following open problems.

(1) Extend Theorem 1.1 to the case of p, > ..

(2) Does Theorem 1.1 hold when p(t) is nonincreasing and ¢(t) is nonde-
creasing?

(3) Yoshida [18, Theorem 3.1] studied the equation of the form

(r(®)la’[PO72a) — g ()r(8)]2 IO ~22" log || + e(t) |2V ~%z = 0.

Picone identities have been applied to a comparison theorem. However, due
to the expression log |z|, the structure of solutions of this equation and one
of (1.1) differs considerably. It is an open problem to give the Sturmian
comparison theorem for (1.1).
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