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1 Introduction
In the paper we study oscillatory properties of the half-linear equation
Llx] := (r(H)®(x)) +c(t)@(x) =0, D(x)=|x|P"tsgnx, p>1, (1.1)

where the coefficients r, ¢ are continuous functions, r(t) > 0 on the interval under consid-
eration, which is a neighbourhood of infinity. In the special case when p = 2 this equation
becomes the linear Sturm-Liouville equation. If p # 2, equation (1.1) is called half-linear since
it has one half of the properties that characterize linearity: the solution space is homogeneous,
but is generally not additive. Despite the missing additivity, the classical linear Sturmian
theory has been extended to half-linear equations. We refer to the book [8] for the overview
of the methods and results concerning half-linear equations up to year 2005. Concerning the
recent results on half-linear differential equtions, see, e.g., [14-20] and the references therein.

Recall that equation (1.1) is said to be oscillatory if all its solutions are oscillatory, i.e., all the
solutions have infinitely many zeros tending to infinity. In the opposite case equation (1.1) is
said to be nonoscillatory. Note also that oscillatory and nonoscillatory solutions of (1.1) cannot
coexist and this means that this equation is nonoscillatory if all solutions have constant sign
eventually.
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Throughout this paper we suppose that equation (1.1) is nonoscillatory and we study the
influence of perturbations of the coefficient ¢ on the oscillatory behaviour of equation (1.1),
i.e., we study equations of the form

(r(H)@(x"))" + (c(t) + é(t))D(x) = 0. (1.2)

It is known from the Sturmian theory, that if the perturbation ¢ is “sufficiently positive”, the
equation becomes oscillatory, if it is “not too much positive”, the equation remains nonoscil-
latory. If we find a positive function d and a constant Ay such that the equation

(r(H)@(x'))" + (c(t) + Ad(t))D(x) =0 (1.3)

is nonoscillatory for A < Ag and oscillatory for A > Ay, we say that equation (1.3) is condition-
ally oscillatory with the oscillation constant Ag. Examples of conditionally oscillatory equations
(written below with the oscillation constants) are the Euler type equation

Y —1\”
(P(x")) +t7f<1>(x) =0, 7p:= (pp> (1.4)

and the perturbed Euler type equations, such as the Riemann-Weber type equation

_1\ 71
(P(x)" + (?,’f +F ) d(x) =0, pp:= % <”1) (1.5)

tp log2 t p

or equations with arbitrary number of perturbation terms of the form

(@(x')) ( i F’Log ) (x) =0, (1.6)
j

=1

where n € N, log, t = logt, log, t = log,_,(logt), k > 2, Log ;t = [1,_,log, t. All these equa-
tions are nonoscillatory also in the critical case with the oscillation constants. The appropriate
results concerning the Euler type equation and its perturbations in the coeff1c1ent # including
the asymptotic formulas for nonoscillatory solutions of these equations can be found in the
paper of Elbert and Schneider [11]. Note that the result of Elbert and Schneider has been gen-
eralized to the case when also perturbations in the term with derivative are allowed and also
to the case of equations with non-constant coefficients, see, e.g., [4,6,7,14] and the references
therein.

In this paper we study perturbations of general nonoscillatory equation (1.1). We suppose
that h is a solution of (1.1) such that h(t) > 0 and /' (t) # 0, for t > ty, where f; is a real
number from the interval of consideration of (1.1). Moreover, we suppose that

/ R7Y(t)dt =co and lipﬂnf\G(t)] >0, (1.7)
— 00
where

R(t) = r(O (D)W ()P, G(t) = r(h(H) (' (1)). (1.8)

Note that we follow the notation used in [10] and wherever we consider the integral
[ R7L(t)dt, its lower limit is omitted, as it can be a constant greater or equal to ty such
that all relevant conditions hold.
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The motivation for our research comes from paper [10]. In that paper, under assumptions
(1.7), it is shown that if d(t) = (hp(t)R(t)(ft R71(s)ds)?) “Lin (1.3), then (1.3) is conditionally
oscillatory equation and the oscillation constant is 2%1, where g is a conjugate number to p, i.e.,

% + % = 1. It is also shown that the equation in the critical case with the oscillation constant zl—q

1 J—
c(t) + thP(t)R(t)(ft PR ds)2] P(x)=0 (1.9)

is nonoscillatory and the asymptotic formula for one of solutions of (1.9) is established. Con-
sequently, the perturbed equation

1 J—
c(t) + 2P ORE (TR ) +g(t)] O(x) =0 (1.10)

is studied. In particular, a nonoscillation criterion of the Hille-Nehari type for (1.10), where
limits inferior and superior of the expression

log (/t R71(s) ds) /too Q(s)hP(s) /S R7Y(t)drds

are compared with certain constants, is proved, see [10, Theorem 5]. The crucial role in the
proof of this criterion plays the fact that the asymptotic formula for a solution of (1.9) is
known.

The aim of our paper is to improve the above mentioned nonoscillation criterion for (1.10),
to formulate a relevant oscillation criterion for (1.10) and to find a perturbation g in (1.10) such
that (1.10) becomes conditionally oscillatory. We also formulate a version of a nonoscillatory
Hille-Nehari type criterion for (1.10) in the case when we handle the asymptotic formula for
the second solution of (1.9), which has been found recently in [3].

The paper is organized as follows. In the next section we formulate auxiliary results
and technical lemmas which are important in our proofs. The main results, oscillation and
nonoscillation criteria for (1.10), are presented in Section 3. The last section is devoted to
remarks.

2 Auxiliary results

The proofs of our main results are based on the following theorems which can be found in [5]
and [12]. For a positive and differentiable function ¥ denote

R(t) :=r()B()|Z()[P72, G(t) := r(H)x(H)P(F (t)). (2.1)

Theorem A ([12, Theorem 3.2]). Let X be a function such that %(t) > 0 and %' (t) # 0, both for large
t. Suppose that

/Oo X(t)L[%](t)dt is convergent and

y Fods
im 1G] | gy = @2)
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where T € R is sufficiently large. If

hrnsup ds/ ) ds < 1( a+V2a), (2.3)
t—00 t q

lim inf R ) ds / ) ds > S (—a — v2a) 2.4)
t—o00 t q

for some « > 0, then (1.1) is nonoscillatory.

Theorem B ([5, Theorem 1]). Let X be a continuously differentiable function satisfying conditions

FOL[F () >0 forlarge t, / T R(OL[F (1) dt < oo, 2.5)
o o
0] =oco and tlggo G(t) = oo. (2.6)

If

liminf [ R-1(s)ds /toof(s)L[JZ] (s)ds > -

t—o0 T 26], (2.7)

where T € R is sufficiently large, then (1.1) is oscillatory.

Theorem C ([12, Theorem 3.1]). Let % be a function such that %(t) > 0 and &' (t) # 0, both for large
t. Suppose that the following conditions hold:

/°° R7(1) dt < oo, lim |Gt y/ — . 2.8)
If
lim sup TR (s) ds /tx( )L[%](s) ds < 1(—&—#@), (2.9)
t—oc0 t T q
lim inf OQR’l(s) ds /tf(s)L[f](s) ds > 1(—zx —V2a) (2.10)
t—o0 t T q

for some « > 0, T € R sufficiently large, then (1.1) is nonoscillatory.

Theorem D ([5, Theorem 2]). Let £ be a positive continuously differentiable function satisfying the
following conditions:

F(OL[E](t) > 0 for large t, / Y H(OLE () df = oo, @.11)
/ "R dt=oo and lim G(1) = oo. 2.12)

Then (1.1) is oscillatory.

In the next lemma we collect some technical facts which are frequently used in the proofs
of our main results.

Lemma 2.1. Suppose that conditions (1.7) hold.
(i) Let j € Z be arbitrary and k,1 € Z be such that k > 0,1 > 0. Then

log/([FR"1(s)d
. togl(J R7H(s) s)
t—o0 Gl f R S

=0. (2.13)
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(ii) The integrals

/oocf ) log/ fR ds) /°° log/(J'R™"(s) ds) (2.14)
TG0 [TR )(J'R1(s) ds)? |

are convergent for arbitrary j € Z, T € R sufficiently large.

Proof. (i) Assumptions (1.7) imply that there exists a constant K such that \Glﬂ < K for suffi-
ciently large t and

1

. og/(['R™1 ds)
f—00 f R— 1

which can be shown by L'Hospital’s Rule as follows. If j < 0, then (2.15) is evident. If j > 0,

then we apply L'Hospital’s Rule j times to obtain

=0 (2.15)

I ] i
o 108 ([fR ds) 3 1
t—o0 f R- 1 k K t—>oo f R-1 ds)

Therefore also (2.13) holds.
(ii) The integrals are convergent by the comparison test for improper integrals. The first
integral in (2.14) is convergent, because the integral
©° G'(t) 1 . 1

r a2 YT e MG

is convergent and
log/ ([ R ds) B
t—o0 f R-1 o

Concerning the second integral in (2.14) we show that the integral

/oo log/([* R~1(s) ds) 4 216)
R(£)([" R1(s) ds)? '

is convergent. If j = 0, the convergence follows immediately from (1.7), since in this case

© 1 1 ) 1
T R(t)([" R™1(s)ds)? [T R-(s)ds t7* [[R7I(s)ds

By induction, suppose that integral in (2.16) is convergent for a positive integer j and consider
the case j + 1. Using integration by parts we obtain

/°° log]+1 ([fR? ds) 4 — log/ ([T R ds) Ctim log/ ™( f R™! ds)
f R-1 f R— 1 t—oo f R-1

. 00 1ogf( [ R71(s) ds)
+“+”/ fo*@dwdt

This implies the convergence of the integral in (2.16) for any positive integer j. If j is negative,
the convergence is evident. The convergence of the second integral in (2.14) follows then from
the fact that IGlW is bounded for large t. O
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In the last part of this section we evaluate #1.[%] from (1.9) for some particular functions #.
The first of the following statements comes from [10]. The identity (2.17) follows from [10,
Theorem 3], where we use the fact that ' /h = G/R and fix the constant in the leading term.
The convergence of the corresponding integral is shown in the proof of [10, Theorem 4]. It
follows also from Lemma 2.1.

Lemma 2.2. Let h be a positive solution of (1.1) such that h'(t) # O for large t and (1.7) holds. Set
) ([TR(s)ds)". 7. Then

(HL[E](1) = 2;’; (;2?3)(1[;{’? )f(;;§to)ls(1 +0(1))

(2.17)
2(1—p)(p—2) 1+ o(1
; z(1+0(1))
3P2G(HR(H) ([ R-1(s) ds)

as t — oo and the integral

/ #(H)L[F](F) dt
converges.

In the proofs of the following two statements we use the notation
t
£ = / R(s) ds. (2.18)

Lemma 2.3. Let h be a positive solution of (1 1) such that h'(t) # O for large t and (1.7) holds. Set
(1) == h(t) (ff R-1(s)d ) log? (f R ds) Then
1
2qR(t (fR I ds)log(fR 1(s)ds)
_ (p=2)(1 = p)G'(t)log( f R™!(s)ds)

x(t)L[)() +

2220 f R (1+0(1)) (2.19)
L2 —p)(p 2) log( ffR*1 (£)d5) 1 4 o))
Bp2G(OR(1) (' R71(s) ds)”

as t — oo.
Proof. We use notation (2.18). By a direct computation and using the fact that 1G = I'R we
obtain

1

#(£) = 1 ()97 () log? g(t) + ph< R (£)gr ' (+) log7 o(t)

£ LhORT (g7 (1) log? ! g(1)
» l " - (2.20)
=1 (t)gr (t)log” ¢(t) [l TP ORD () T P DR g(1) log ol >]
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Let us denote

1 1
AN =14 e T pCHe log (D)
Then )
OB (1) = r(D(H (1) T (1) (log p(t)) T APL(2)
and hence,
(OB (1)) = (OB (1)) 9T (1) (log p(8)) 7 AP~1(1)

+ P L o ()R (D97 (1) (log g(t) 7 AP1(1)

+ P Lo ()R (1) (1) (log p(t)) 7 AP (1)

+(p— DrBOH ()T (H)(logp(t)) T AP 2(1)A'(1)
Consequently,

() (r() (% (1)) = h(t) AP~2(t)B(t)

where

Next, for the derivative of A(t) we have

(HR'(1)
t)
)+ G(H)R™'(t) log () + G(H)R™'(¢)
pG2(t)92(t) log® ¢(t)
G'(t) 1 B G'(t)
~ pG2(te(t)  pG(HOR(HX(t)  pGA(t)g(t)log ¢(t)
1 1

pG(HR(E) @ () log () pG(t)R(t)¢2(t)log® (t)’

pG=(t

A/(t): _Gl(t) ()2()
_ G'(H)e(t)loge

t
A(
(t

hence, substituting formulas for A(t) and A’(t) in B(t), we obtain

Ly (r()@(H' () logp(t)  (r()P(H'(t)))
B(t) = (r®(H'(t))) ¢(t) log o(t) + HG (1) + oG 0)
L (= Dr()@(1))log p(t) _ (p — 1)%r(H) (K (t))log ()
pR(t) P2G(t)R(t)g(t)
_(P—l)( )(t)<1>(h/() +(P—1)r<1>(h’)_ (p—1)*r() (K (1))
2G(HR(H) (1) pR(t) p*G(H)R(t)g(t)log ¢(t)

te
_(rJ—1> (K (1)G () logp(t)  (p—D)r(t)@(W'(t))G'(t)
pG2(t) pG(t) '
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Using the fact that G’ = h(r®(I'))’ + W'r®(h') and hG = h'R, we simplify the previous formula
as follows

BO) = () (@0 (1) g0 tog () + 2~ PN E N Tog )
L 2= (U (1) (- ) ( )O(1(t)) log ¢(t)
pG(t) 2G(HR(E)g(t)
_(p=D(p=2)r(()@(H'(t)) ( D2r(H) (1 (1))
PPG(OR(H)g(t) 2GR (1) ¢(t) log (1)
To express AP~2(t) we use the power expansion
(1+x) = ]}?] C) ¥, |x| <1, s€R (2.21)
with
1 1

= + _
pG()e(t) ~ pG(H)e(t)log o(t)
Note that the applicability of this power expansion is guaranteed by conditions (1.7). Hence

2 (P2 1 1 j
4 (”‘]20< ") e * rewemE®
SR p—2
(t) (6 " pG(H)g(t) log 9 (1)
+( 2)(10—) (r—2)(p—3) (r—2)(p—3)
2p>G2(t) 92 (t) 2C52( (1) log (t) ~ 2p2G2(t)@2(t) log? ¢(t)
( 6pggj()3;p)<() —I—O(go_S(t)) as f — oco.

By a direct computation we obtain

APTA(D)B(E) = (r(H) (DK (1)) p(t) log ¢ (1)
— — , 2
P DB ) ot (1)) - e B e ()

- 20D gy - LD S
e rO@W W)~ Fep (@ (1)
(-

L p=20-p) <r<t>(<1><h'<t>>)’— (1" o)
2p2G3(t)@(t) log ¢(t) p>G(t)R(t)¢(t)log @(t)

£ 2= 2)(;;;@3)(() (3t))10g P00 (@ (1) (1+0(1)
(

_(p=1*(p- 2)10gg0t)r , ) _—
p3G(t)R(t)@2(t) (H)P(H'(t))(1+0(1)) ast— oco.

Now, using the identities

+

(ro(W)) G W ro() W
T e
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which follow from the definitions of R, G in (1.8), we get

/

(1) (r(H (' (1)) = h(t)AP72(t)B(t)
= h()(r(t) (@ (1)) () log o (t)
logfp [P 2)(1-p)G'(t) p—lh’(t)]
p? G(t)  2p h(t)
[p 2)(1—19 (t)]
tfpt) p? G(t)

_|_

p? G(t) 2p h(t

1 [(P 2)(1-p)G'(t) 1h’(t)]
G(t)¢(t)log ¢(t)

2 (")
+ G {(p —2)(A-p)(p=3)G'() _2(p-1(p-2) h'(t)}
CAD*(1) 3p° G(t) 32 I
G'(t) (logg(t) W) (logg(t)

Finally, we have

F(OLF (1) = 2(1) (((OP(F (1)) + c() (H)g(t) log p(t) + m

Using the facts that & is a solution of (1.1), #'/h = G/R and q = p/(p — 1), the last two
formulas lead to (2.19). O

Lemma 2.4. Let h be a positive solution of (1 1) such that h'(t) # O for large t and that (1.7) holds.

Further let %(t ([ R logP ([ R"Y(s)ds). Then
cig— (P=2)(A—p)G'(t log f R(s)ds) 1
L = (1+0(1))
2(p—2)(1 - log f R! ds) 222
32GORM) ([ R (140(1))

ast — oo,

Proof. We use notation (2.18) and, suppressing the argument t, we proceed similarly as in the
proof of Lemma 2.3. By a direct differentiation of ¥ and since hG = h'R, we obtain

% =W P logh g+ :,thqv’l’_l log? ¢ + 2thqﬂl"1 log? ¢

) (2.23)

+ .
pGe  pGelogg

, 10 2
=heorlogr ¢ |1+

Let us denote
- 1 2
A

+ + .
pGe  pGelogg

Then

p—1 2p—2

r®(&) =r®(h)p 7 log 7 @Al
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and its differentiation gives

() = (ro(H))'9'7 log™* AP+ P~ Lo )R 17 1o
g7 log 7 g ; ¢rios

2p -2

+ rd(h )R Lp7 loglf% PAP L+ (p— 1)rd>(h’)(pp7 log 7 @AP2A’

where

& G/ 1 2G' 2 2

~pG?¢  pGRg*> pG’¢logg pGRg?logg pGRg?log’ ¢’

Denote the inside of the last curly brackets as B. With the use of formulas for A and A’
followed by the fact that G’ = h(r®(h')) + h'r®(I') and hG = I'R we get

(r&(n)) logg | 2(r&(K))" | (p—1)ro(h)loge

B = (ro(1)) ¢log g +

pG pG PR
(p=DFre()loge | 2(p—1)(2—p)rd(H) | 2(p — Dro()
p?GRy p?>GRey pR
20p—=1)2—p)re(H) (p—1rd(H)G'loge 2(p—1)rd(H)G
p>GRelog ¢ pG? pG?
_(p=Drre()loge  2(p—1)(2—p)re(k')  2(p—1)(2 - p)ro(h')
p?GRey p?>GReo p>GRelog ¢ '

Next, since conditions (1.7) hold, we can use the power expansion (2.21) with

e Lo, 2
pGe  pGelogg

and we obtain
w2 _q,P=2 2p=2)  (p=2)(p=3) 2(p—2)(p—3)
4 t pGo * pGolog ¢ * 2p2 G292 * p>G2¢*log ¢
2(p—2)(p—3) , (p—2)(p—3)(p—4)

p2G2g2log’ ¢ 6p°G3¢>

+o0(¢p73) ast— oo,

Expanding A”~2B and joining the terms together with respect to ¢ yields
AP=2B = (r&(h')) plog ¢
log ¢ (_ (p=D2re()  (p=2)(1=p) (VCD(W))')
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logy ((p—1)*2—p)r®()  (p—=2)(1—p)(p—3) r®H))
per < p? " 3p? G >
4 lo )Y [lo
0, (1050 | (RO, (0

Using the identities
r®m') W (@) G N

R G G W
the above product AP~2B simplifies to

758 = (000 glog 195 (LI (=D =p) )

Go 2p K2 2p? hG

L (2p=2)A-p) G 1 2(p-2)(1-p) G

Go p? hG Gologg p? hG
Llogo (2(p-1)2-p) i  (p=2)A-p)(p—3) G

G?¢? 3p? h? 3p? hG

W (logg G [(loge
+ﬁo <G2q)2>+hGO<G2(p2) ast — oo.

Altogether we have
. 4
FL[7] = 2(rd()) + o7 + 2qh§R¢2
log® ¢

= hlog pAP~2B + ch” plog? ¢ +

2qRe-
Since h solves the equation (r®(h'))" + c®(h) =0, % pT and £ = G/h, we finally obtain
s = (P=20=p) G'log’e  2(p—2)(1—p)G'loge
2p2 G2 2 Gl
2(p—2)(1—p) G 2(p—1)(2—p)log’g
+ 2 G2¢(1+0(1))+ 32 GRg? (1+0(1)).
as t — co. This means that £L.[%] can be written in the form (2.22). O

3 Oscillation and nonoscillation criteria for (1.10)

The following theorem is an improved version of [10, Theorem 5]. In contrast to that result,
we do not need the condition

11m log (["R7(s)ds)R(t)G/(t) =0

considered in [10] and we have generalized the statement to a # %

Theorem 3.1. Suppose that hisa posztzve solution of (1.1) such that h'(t) # O for large t, (1.7) holds

and the integral [ g(t)hP(t) [ R=1(s) ds dt converges. If
lim sup log (/ R71(s) ds) / s)hP (s / R7Y(1)drds < q( «+V2a), (3.1)
t—c0 t

hmmflog (/ R™! ds) /t s)hP (s / R7Y(t)dtds > ;( —V2a) (3.2)

for some & > 0, then (1.10) is nonoscillatory.
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Proof. The idea of the proof is to apply Theorem A to equation (1.10), i.e.,, L := L. We take

1
%(t) = h(t) (J'R7Y(s)ds)”. By a direct differentiation and using the fact that /'R = hG, we
get

¥ (1) =W (0] RIS ds)? [14 o],

Now we express the functions R and G defined in (2.1) for this concrete # and use (1.8) and
(1.7) to obtain

R(t) = r() 20 (1)~

-2
= ORI O (R @ ds) |14 e 63
=R t)(ftR_l(s) ds)(1+0(1)) ast— oo

and

p—1
=G() (' R(s)ds) (1+0(1)) ast— co.
It follows from (3.3) that

/tR_l(s)ds = (1+0(1))log (/tR‘1> ~K, KeR,

T

hence conditions (1.7) and (3.4) imply that (2.2) is fulfilled.
Since

(HL[x)(t) = (L[] () +g(1)|%(1)]" = (L[] (¢) + g(1)" (1) /tR‘l(S) ds,

Lemma 2.2 and the condition for the convergence of [* g(t)h?(t) [' R™(s) dsdt guarantee
that the integral [~ %(t)L[#](t) dt is convergent and we have

[ R as [T x(e)Li(s) s

T

o s (3.5)
~ log </ R™! ) < +g(s)h”(s)/ R71(1) dT) ds
t
as t — oco. Now we show that
t [eS)
thm log </ R71(s) ds) / xL[%](s) ds = 0. (3.6)
— 00 t
By (2.17), it is sufficient to show that
lim 1 R / ! _ds =0 3.7)
fimlog [ RO -

and

, S © G'(s) _
}g?olog </ R™(s) ds> @) PR e ds =0. (3.8)
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Since lim; o ft ds = 0, using L’'Hospital’s rule and (2.13) we have

GRfR

Him log </ R ds)/ GERE)( fis—l(r)dr)z ds
1 2

T e G(t) ff R—l(s) ds

hence (3.7) holds. To show (3.8), we use integration by parts

1 o 1
/ G2(s f R 1 dszc(t)ffzz—l(t)dt_/t GERE)([FR (0 dne ™

which, together with (2.13) and (3.7), yields to (3.8). Hence (3.6) is proved. Consequently, by
(3.5), we obtain

/TtR—l(s) ds /toof(s)i[f] (s) ds

~ log (/t R7Y(s) ds> / s)hP (s / R (t)dtds

as t — oco. This means that conditions (2.3), (2.4) follow from (3.1), (3.2). All the assumptions
of Theorem A are fulfilled, hence (1.10) is nonoscillatory. O

(3.9)

The next statement is an oscillatory counterpart of Theorem 3.1.

Theorem 3.2. Suppose that h is a positive solution of (1.1) such that I’ (t) # 0 for large t, (1.7) holds,

the integral [ g(t f R~1(s) ds dt converges and let there exist constants vy and 7y, such that
/
PP (¢ / R 71|G (t )| - ik (3.10)
(£) ' R1( [GOIR(E)(J" R (s) ds)?

for large t, where

T > (}9—12)19(2;9—2) sgnG', 7 > 2p _;;gp ~2) sgn G. (3.11)
If
hmmflog (/ R! ) / s)hP (s / R7Y(t)drds > 2101 (3.12)
then (1.10) is oscillatory.
Proof. We apply Theorem B with L := L. Taking %(t) := h(t f R71(s)ds) ? we obtain (3.3)

and (3.4). Consequently, conditions (1.7) imply that both condltlons in (2 6) are satisfied.
Similarly to the proof of Theorem 3.1, we conclude that the second condition in (2.5) holds
due to Lemma 2.2, since

*(OLIFI(H) = *(OLIE () + g (1) [ R (s)ds
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and condition (2.7) follows from (3.9) and (3.12). Concerning the first condition in (2.5), we
have from Lemma 2.2 that

“(Lisn = L G0 1101y
2( —p)p— 2)
260 (f PRy ) (1+0(1))

+ g(t)hP (¢ /R s)ds

as t — oo. Hence, the first condition in (2.5) is ensured by (3.10). Equation (1.10) is oscillatory
by Theorem B. 0

In the next theorem we handle equation (1.10) in the case, when the perturbation g(t) is of

the form \
t) = AeR 3.13
s(t) f R—1(s)ds) 2log f R- ds) (3.13)

In this special case equatlon (1.10) becomes condltlonally osc1llatory.

Theorem 3.3. Suppose that h is a positive solution of (1.1) such that I’ (t) # 0 for large t and (1.7)
holds and consider the equation

1 1 A
r(t)®@(x") + ct—|— ®(x) =0.
(r(8)(x))" + |e(t) (R (Zq o2 ([ R ds)>] (x)
(3.14)
IfA <5 then (3.14) is nonoscillatory. If A > 2 and there exists a constant <y such that
1 G (1) p—2 /

> , > sgn G'(t 3.15
IOg f R- 1 dT) el Gz(t) Y p gn () ( )

holds for large t, then (3.14) is oscillatory.

Proof. If A # 2%;/ then the statement follows from Theorem 3.1 and Theorem 3.2. Indeed, if
g(t) is given by (3.13), then

/ AP (1 /R s)dsdf — /oo A dt
f R=1(s) dslog?( [* R=1(s) ds)

)L
— lim
logf R-1(s)ds) Hoologf R-1(s)ds)’

so the integral [ g(t)h” f R71(s)dsdt is convergent. Consequently, concerning condi-
tions (3.1), (3.2) and (3.12), we have

hm log (/ R™! ) /toog(s)h”(s) (/s R7Y(7) dr) ds = A.
1

Hence, if —2‘% <AL ﬁ, then (3.14) is nonoscillatory by Theorem 3.1, where we take & = 5
in (3.1) and (3.2). If A < —%, the nonoscillation of (3.14) follows form the well-known Sturm

comparison theorem. If A > zl—q, we use Theorem 3.2. It remains to show that condition (3.15)
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is sufficient for (3.10). Since A > 2%/, there exists ¢ > 0 such that A = 2%/ + ¢ and condition
(3.10) with g(t) defined in (3.13) can be written as

1
23 +E > mlG'(®)| 12
Hlog?([fR-1(s)ds) ~ G*(t)  |G(t)|R(t) [* R
where 1, 7, satisfy (3.11). If we set ;1 := Zq’ then
/ J— JE—
s =2 _(p-De-2)
2pq 2p
and condition (3.15) implies that
/
! > 11|G(H)] for large t.

2gR(t) log? f R-1(s)ds) ~ G*(t)
Hence, it remains to show that

€ > 72
long |fR

ie.,
72 log ([fR ds)
(B R
for large t. This inequality is satisfied for any 72 € R since the limit of the function on
the right-hand side of this inequality is zero as t — co. Oscillation of (3.14) follows from

Theorem 3.2.
In the remaining part of the proof we deal with the critical case A = 217/ We use Theorem A

with %( B ([ R? ds)P logr’ ([*R1(s)ds) and
- 1
L(t) :== L(t) + 2 (R ([ R-1(0) o) o2 ([ R-1(5) ) D(x(t)). (3.16)

In this case we have from (2.20)

=KW () ([ R (s)d ) logf’(f R71(s)ds)

1
b pG(t) ftRfl(s)ds (t) [* R=1(s) dslog( [* R~ ds)]

hence, according to (2.1) (suppressing the arguments) we have

p—2
5 213 p=2( [t p-1 tr-1 1 2
R=rl?[W'[P2(["R™") log([" R™") [1 T pG([TRT) + pG(ftRl)log(ftRl):|

=R(['R ) log(['R)(1+0(1)) ast— oo
and

p—1

G = rh()(J*R™")log(J"R™) |1+ pG(f}R*I) " pc(ftRfl)ljg(ftRfl)

= rh® (1) ([* R~ log ([ R71)(1+0(1)) ast— co. (3.17)
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These computations and conditions (1.7) imply that

t
/T 1(s)ds ~ log (log/ R™! ds> as t — oo (3.18)
and thus condition (2.2) is satisfied.
Next, since pp = g, from (3.16) and Lemma 2.3 we obtain
. 1
S(ALIEN(E = (0] [%
#(HLIF() = 2L + zqR IEEIS I IS EIErs
_ Gl(D)log(J' R ) [(=20-p) ;o] 1
0 R » oW 1)

log J'R7Y(s) ds) 2(p-2)(1—p)
(t) (f R-1(s) dS)z[ 3p? +0(1)]

as t — oo. By Lemma 2.1 we have that [~ %(t)L[%](t) dt is convergent. Using L'Hospital’s rule
we obtain

tlbr{)\o log <log </tR_1 >> /t G5 10g ERS 1(1—1) i;)) o) ds
-1

(
i S LR o L
" log2(log f R as)log [ R [ R e iy G2
~ lim log? long ds log lesds)_O
_t~>oo f R— o

Integration by parts gives
/°° G'(s)log([° R7Y(7)dT) ds — log [fR? ds) © 1—log([*R7(1)dT) ds
G R )dr) () [[R1(s)ds ) GRE)( R ()dep ™
hence, by Lemma 2.1 and (3.20), we obtain

hm log <log </ R™ ds>> /too Gl(ﬂ(:;?g{s R (1_(;)1_[) v) ds = 0. (3.21)

Consequently, (3.20) and (3.21) imply
t

lim [ R7(s) ds /toof(s)L[ ¥](s) ds = 11m log (log/ R ds) /toof(s)L[JZ] (s) ds = 0.

t—oo JT

Hence, conditions (2.3) and (2.4) are satisfied with & = i and this means that (3.14) with
A= is nonoscillatory by Theorem A. O

The next result is a nonoscillatory criterion for (1.10) based on Theorem C.

Theorem 3.4. Let h be a positz’ve solution of (1.1) such that h’(t) # 0 for large t and (1.7) holds. If

t
R7Y(1)d7)1 R7Y(t)drt) d
lim sup HOLEOIN i og (f )dr) ds 1( a+V2a), (3.22)
t—00 log f R=1(s) ds) q
t
R~ (7)d7) l R~ ds
lim ing JT8E O 12 Og S dr) ds L e —vam) (3.23)
t—oo log( f R-1(s)ds) q

for some « > 0, T € R sufficiently large, then equation (1.10) is nonoscillatory.
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Proof. Take X( f R~ logl’ f R7!(s)ds) and L := L in Theorem C.
Using (2. 1) and (2 23) we express (suppressmg the arguments)

p—2
R =W |P~2(["R"") log? (' R~ [1+ L+ 2 ]
rh|h| (f ) 0og (f ) pG(ftR,l) pc(ftR,l)log(ftR,l)

=R(["R Y 1og?(['R)(140(1)) ast— oo

and

p—1
G = rh® (1) (' R~1) log? (' R™! [1+ — 2 ]
(f ) log™(f ) b (J R ) pG(SR V1og(S R 1)
=G(['R ) Iog?(['R7)(1+0(1)) ast— co.
From these formulas we have that the integral | ® R7I(t) dt is convergent since
| R~1(s)
— 1+0(1))d
/T R(s) / [ R 7)dtlog?( [* R-! dr)( 0(1))ds

(1+0(1)) < .

logf R-1(t)dt

Next, let us observe that

|/t R(s) ds G(t) </R d5)10g</R ds)(1+0(1))—>oo

as t — oo, hence cond1t10ns in (2.8) hold.
Further we are interested in the expression

/too R71(s) ds /th(s)L[f](s) ds

J# (L)) + g()hP(5)(J* R (x) dT) log? (f* R!(7) d7) ) dis
log( f R=1(s) ds)
as t — co. Since, by Lemma 2.1 and (2.22), the integral [ #L[%]ds is convergent, property
(3.22) is sufficient for (2.9) and (3.23) is sufficient for (2.10). O

To formulate the oscillatory version of Theorem 3.3 we first prove the following oscillation
criterion.

Theorem 3.5. Suppose that there exist constants 71, vz satisfying (3.11) such that

ore(e) [ R ’71|Gl( )| —+ 72 304
/ (1) J'R1( GOIR(E)(J* R (s) ds)? o2

for large t. If
/ f R™1(s) ds) log( f R71(s)ds)dt = oo, (3.25)

then equation

, s 1
Lix] :== (r(£)@(x")) + <c(t) + 207 (1) f R (3.26)
1

thP £)([* R=1(s) ds)2log?( [* R=1(s) ds) +§(t)> ®(x) = 0.

is oscillatory.
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Proof. Let us take () := h(t) (/' R71(s) ds)% log% (/*R7Y(s)ds) and verify conditions (2.11)
and (2.12) in Theorem D. Let us remark that & is chosen to be the same as in the second part of
the proof of Theorem 3.3. Condition (2.12) is a direct consequence of (3.17) and (3.18) together
with (1.7).

Next, let us consider the operator L[x] given by (3.16). According to the proof of Theo-
rem 3.3, [~ %(t)L[%](t) dt converges. Since L[x] = L[x] + §(t)®(x), we have

/oof(t)i[f](t)dt:/ #(HLF|(¢ dt+/ ()P dt

—/ dt+/ “1(s)ds)log( [* R™1(s)ds) dt = co

thanks to (3.25).
Finally, using (3.19), we see that

G'(t)log(J* R71(s)ds) [(p—2)(1—p)
G2(t) [*(R- 1(s)ds) [ 2p? +0(1)}
log J'R7Y(s)ds) 2(p=2)d-p) |
(1)
t(fR* sds)z[ 3 : ]

t)([*R™1(s)ds) log( [* R~ (s) ds)

X(t)L[E](H) =

which is, provided (3.11) and (3.24), nonnegative for large t. Hence both the parts of (2.11)
hold and the statement follows from Theorem D. O

The oscillatory counterpart of Theorem 3.3 reads as follows. Here, equation (1.10) is seen
as a perturbation of (3.14) with A = zl—q, i.e., (1.10) is considered as an equation of the form
(3.26).

Theorem 3.6. Suppose that there exist constants 71, y2 satisfying (3.11) such that

1
(g(t) 2ghP(t) f R-1 ds2log f R- ) /R (-27)

71!G’( )| 2

+ Y
2(t) ['R-1(s)ds  |G(t)|R(£)(f" R

>

for large t. If

t
R-1(7)d1)1 R-1(7)dr) ds
OOV ©)log” (J° )d7) >21q, (3.28)

t=roo log( f R~1(s)ds)

then equation (1.10) is oscillatory.
Proof. Equation (1.10) can be rewritten in the form of (3.26) with
1
thP £)([* R-1(s) ds)2log?( [* R-1(s)ds)’

on which we apply Theorem 3.5. Condition (3.24) follows from (3.27). Next we show that
(3.25) holds. From (3.28) we have that there exists ¢ > 0 and T > T such that

[r8(s)hP(s)(J* R™Y(7) d7) log (J°R7Y(7)d1) ds -
log( f R-1(s) ds) 2q

+e t>T. (3.29)
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Let b > T, then (suppressing some unnecessary arguments)

b 1 t 5 5
= /T (g(t) 2qh? (HR([' R~ Zlogz(ftR-1)>hp<t)(f K Dsl K

b
_ p -1 -1 b 1
[ @ R log(f' R dt = [} s

b 1 b
S . R1)1 R-1)dt - —
T log(J R) DR log’ ([ Jr SR e 7

dt.

With the use of integration by parts and the notation

_/ " Jrs R )" R log” fR ®dt
R([*R7Y)log*([' R~
we have
1 t b
I= [W/ g(s)hp(s)(fs R‘l)logz(st—l)ds LK
T
2 S -1
o st hpf Rf Rlog 1Ofg Rf = - [ogllog(J' R,

With respect to (3.29), we can estimate:

b b +€ 1 ¢ b 1
+/ 9 dt — — |log(lo R-1 > 44K

N (2117 " 8) loglog( /' R_l))y; - zlqlog(log(f "R1)) + 1. log(log(/" R™!

1
=g tetkit elog(log(f"R™)) + Ky,

where K; = — (2177 +¢€) log(log(fT R7Y)) + zl—q log(log(fT R~1)) is constant and therefore inte-
gral I tends to infinity as b — co. O

4 Remarks

Remark 4.1. Let us consider the nonoscillatory Euler type equation with the oscillation con-
-1

stant (1.4). It is known that the function t 7 is a solution of this equation. To show how our
results apply to perturbations of (1.4), consider the interval [1,00) and take the solution

p2
o p poopl
h(t) := (p—1> tr.
Then R(t) =t, G = -1 and [/ R~'(s) ds = logt, hence conditions (1.7) hold. Consequently,

1 _ M
207 (HR(1) ([ R-1(s) ds)”  #71og’t
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and this means that equation (1.9) becomes the Riemann—-Weber type equation (1.5) and results
of the previous section reduce to those for the perturbed Riemann-Weber type equation

(@(x)) + (Z: + - IP;Z;Zt +g(t)) P(x) =0. 4.1)

In particular, Theorem 3.1 with a = % reduces to [1, Corollary 2], see also [2, Theorem 3.3] in
the case n = 1. Theorem 3.2 is a generalized version of [9, Corollary 1] and also of [2, Theorem
3.3] with n = 1. Note that, since G’ = 0, condition (3.10) simplifies to

29,p(p —2) p—1\""

tt”lo3t2'y>p7, Yi=7 | — ,
s()ilos 3(p 17 b

which is condition (3.15) from [2]. Concerning Theorem 3.3, observe that condition (3.15) is

satisfied and equation (3.14) with A = ﬁ is equation (1.6) with n = 2. Hence, Theorem 3.3

generalizes results of [11] for n = 2. Finally, Theorem 3.4 applied to (4.1) is [13, Theorem 3.1]

in the case n = 1.

Remark 4.2. Based on the results of this paper and their comparison with those for the per-
turbed Euler type equation discussed in Remark 4.1, we suppose that we can study perturba-
tions of equation (3.14) with A = 21—{1 and find a perturbation such that the obtained perturbed
equation is conditionally oscillatory. More generally, we conjecture that the equation with
arbitrary number of iterated logarithmic terms

/ / « 1 —
(@(x)) + (c(t)+]z(;J P ORI ds P Log? (] R ds)) D(x)=0 (42)

is conditionally oscillatory (here Log ,t := 1). This would generalize the result of [11] concern-
ing equation (1.6) and give us the possibility to generalize the oscillation and nonoscillation
criteria of this paper to the case when we study perturbations of (4.2), similarly as in [2,13],
where perturbations of (1.6) are studied.

Remark 4.3. Let us comment the particular choice of the functions % in the proofs of our
results. Consider the operators L and L defined in (1.9) and (1.10), respectively. If ¥ is a
solution of (1.9), then (¢)L[%](t) = g(t)%P(t) and hence, when applying one of the Theorems
A, B, C to equation (1.10), the expression (s)L[%](s) appearing in conditions (2.3), (2.4), (2.7),
(2.9), (2.10) is replaced by g(s)%?(s). It has been shown in [3,10] that equation (1.9) has a pair
of linearly independent solutions that are asymptotically close (as ¢t — o) to the functions

= (1) (/tw(s)ds)’l“,
(/ R ds> log? (/ R ds>

We have taken % := x; in the proofs of Theorem 3.1 and Theorem 3.2 and ¥ := x; in the
proof of Theorem 3.4. Computations in proofs of these theorems together with Lemma 2.2
and Lemma 2.4 show that in both the cases % := x; and ¥ := x», the expression J?t[i] is small
enough such that it does not have an influence on the limits superior and inferior in conditions
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(2.3), (2.4), (2.7), (2.9), (2.10), hence the expression g(s)xf(s) appears in (3.1), (3.2) and (3.12),
and g(s)xb (s) appears in (3.22) and (3.23).

In the proofs of Theorem 3.3 and Theorem 3.5 we have taken % := h( [* R‘l)% log% (['RY),
since we conjecture that this function is asymptotically close to one of the solutions of (3.14)
with A = zl—q This conjecture is supported by Lemma 2.3 (observe that the left-hand side
of identity (2.19) is equal to %(t)L[%](t)) and by the asymptotic formulas for equation (1.6)
derived in [11].
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