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Abstract

In the paper, the nonlinear differential equation (a(t)|y’[P~1y’)" +
b(t)g(y') + r(t)f(y) = e(t) is studied. Sufficient conditions for the
nonexistence of singular solutions of the first and second kind are
given. Hence, sufficient conditions for all nontrivial solutions to be
proper are derived. Sufficient conditions for the nonexistence of weakly
oscillatory solutions are given.
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1 Introduction

In this paper, we study the existence of proper solutions of a forced
second order nonlinear differential equation of the form

@Oy [P~ y) +b()g(y) +r(6) f(y) = e(?) (1)

where p > 0, a € CO(R4+), b € CO(R+), r € C%(R4+), e € COR4),
feC%R), g€ C%R), R+ =[0,00), R = (—00,00) and a > 0 on R..
A special case of Equation (1) is the unforced equation

(a(®)y' P~1y) + b(t)g(y) + (1) (y) = 0. (2)
We will often use of the following assumptions
f(z)x >0 on R (3)

and
g(x)xr >0 on Ry. (4)

Definition 1. A solution y of (1) is called proper if it is defined on
R+ and supe(r.o0)|y(t)] > 0 for every 7 € (0,00). It is called singular
of the 1-st kind if it is defined on R4, there exists 7 € (0,00) such
that y = 0 on [r,00) and supr<i<,|y(t)| > 0 for every T € [0, 7). It
is called singular of the 2-nd kind if it is defined on [0,7),7 < co and
supo<i<|y'(t)| = oo.

Note, that a singular solution y of the 2-nd kind is sometimes called
noncontinuable.

Definition 2. A proper solution y of (1) is called oscillatory if there
exists a sequence of its zeros tending to oco. Otherwise, it is called
nonoscillatory. A nonoscillatory solution y of (1) is called weakly
oscillatory if there exists a sequence of zeros of 3y tending to oo.

It is easy to see that (1) can be transformed into the system

yh = a(t) P |ya|P sen v,
yp = —b(D)g(alt) PlyalP sen wo) — r()f(yr) +et);  (5)

the relation between a solution y of (1) and a solution of (5) is y1(t) =
y(t), 2(t) = a(®)ly' ()"~ y' (1)

An important problem is the existence of solutions defined on R+
or of proper solutions (for Equation (2)). Their asymptotic behaviour
is studied by many authors (see e.g. monographs [7], [9] and [10], and
the references therein). So, it is very important to know conditions
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under the validity of which all solutions of (1) are defined on R4 or
are proper. For a special type of the equation of (2), for the equation

(alt)ly' ") +r(t) fy) =0, (6)

sufficient conditions for all nontrivial solutions to be proper are given
e.g. in [1], [8], [9] and [10]. It is known that for half-linear equations,
i.e., if f(x) = |z|P sgn x, all nontrivial solutions of (4) are proper, see
e.g. [6]. For the forced equation (1) with (3) holding, a € C*(R4+),
aPr € ACY (R+) and b = 0, it is proved in [2] that all solutions are
defined on R4, i.e., the set of all singular solutions of the second kind is
empty. On the other hand, in [4] and [5] examples are given for which
Equation (6) has singular solutions of the first and second kinds (see
[1], as well). Moreover, Lemma 4 in [3] gives sufficient conditions for
the equation
(a®)y) +rt)f(y) =0

to have no proper solutions.

In the present paper, these problems are solved for (1). Sufficient
conditions for the nonexistence of singular solutions of the first and
second kinds are given, and so, sufficient conditions for all nontrivial
solutions of (2) to be proper are given. In the last section, simple
asymptotic properties of solutions of (2) are given.

Note that it is known that Equation (6) has no weakly oscillatory
solutions (see e.g. [10]), but as we will see in Section 4, Equation (1)
may have them.

It will be convenient to define the following constants:

= p+1 :p+1
p(A+1) p
We define the function R : R+ — R by

R(t) = av (t)r(t).
For any solution y of (1), we let
yH(E) = a®)ly' )Py ()
and if (3) and 7 > 0 on R+ hold, let us define
a(t) y(#)

V()= OF [ f(s) ds
0
[1]/4)(6 ®
:%H Oy (s) ds > 0. (7)

For any continuous function i : Ry — R, we let h4(t) = max {h(t),0}
and h_(t) = max {—h(t),0} so that h(t) = ha(t) — h_(¢).
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2 Singular solutions of the second kind

In this section, the nonexistence of singular solutions of the second
kind will be studied. The following theorem is a generalization of the
well-known Wintner’s Theorem to (1).

Theorem 1. Let M > 0 and
lg(z)| < |z[P and  [f(z)| < [z[P for [z > M.

Then there exist no singular solution y of the second kind of (1) and
all solutions of (1) are defined on R..

Proof. Let, to the contrary, y be a singular solution of the second kind
defined on [0,7), 7 < co. Then,

sup [¢(t)) =00 and sup [yM(t)] = oo. (8)
o<t<r o<t<r

The assumptions of the theorem yield
[f(@)] < My+[z[P and  [g(z)] < Mz + |2f? (9)

with My = maxg<pr |f(s)] and Mz = max|g<pr |9(s)|. Let to € [0,7)
be such that

T 1
reto<l [ aehs)]ds <, (10)
to
and
T o1 p 1
P < —.
» max |r(s)|</to @ b(s) ds) < (11)
Using system (5), by an integration we obtain
b2 1
ly1 ()] < [y (to)] +/ a P (s)ly2(s)[P ds (12)
to

and

ly2(t)] < |ya(to)

+ / [1b(s)g(a(s) ™% |ya(s)[7 sen ya(s))|+ r(s)|| (w2 (s))| + le(s)[] ds.
(13)
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Hence, using (9), (10) and (12), we have for ¢ € [to, 7),

lv2(t)] < lya(to)| + [ [b(s)[[Mz +a~(s)ly2(s)]) ds

to
t

t
+ [ Ir(s)[[My + |ya(s)[P] ds + [ e(s)| ds
to to
1
< _
< Mz + 5 nax, ly2(s)| ds
t

+ [ 1)l tto)] + /

to to

S

7P (0)y2(0)[rdolP ds (14)

with Mz = [ya2(to)| + Mz [, [b(s)| ds + Ma [, [r(s)| ds+ [, [e(s)| ds.

Denote v(tg) = |y2(to)| and v(t) = maxyy<s<t [y2(s)|, t € (to, 7). Then,
(10), (12) and (14) yield
1 t 1
v(t) < Mz + 5o(t) + | |r(s)lllya(to)] + Mav(s)P]” ds

to
t

< M3+ %v(t) + 2PM5/ [y} (to) + MEv(s)] ds

to

1
< M3+ §U(t) + 2pM5y11)(t0) + 2pM£)M5U(t)

;o1
with Mg = [, a”?(0)do, Ms = maxo<s<- [7(s)].
From this and from (11), we have

1
61)(75) < M3+ QPMsyij(to),t S [to,T).

But this inequality contradicts (8) and the definition of v. O

Remark 1. The results of Theorem 1 for Equation (1) with p < 1 and
without the damping (b = 0) is a generalization of the well-known
Wintner’s Theorem, see e.g. Theorem 11.5. in [9] or Theorem 6.1. in

[7].

The following result shows that singular solutions of the second kind
of (1) do not exist if > 0 and R is smooth enough under weakened
assumptions on f.

Theorem 2. Let (3), R € C*(R+), » > 0 on R+ and let either

(i) M € (0,00) exist such that |g(z)| < |z|P for |z| > M
or

(i) (4) holds and b(t) >0on R4.
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Then Equation (1) has no singular solution of the second kind and all
solutions of (1) are defined on R .

Proof. Suppose y is a singular solution of the second kind defined on
I =1[0,7). Then supycp |y (t)| = co and (7) yields

V() = (%) 0+ =y OWIO) + 51O 0

1 / 1 o /
= (W) M) + Y Dle®) = bg(y/ (1)

—r(t)f(y(®)] +of )y (t)

or

!/
1 J
V()= [ = | WM ©O)]° + —=¢/ (t)e(t) —
(1) (R(t)> P + oy et
for t € I. We will estimate the summands in (15). We have on I,

! Y [ /+\16 /
(%) o = SR < v, o)

From |z] < |z|*+ 1 for s > 1 and = € R, we get

Se(t)ad (£)y/(t)
R(t)

/ p+1
< dle t)’a%(t)w—_“

R(t)
_ Sle@Ugt@P | dle®] _ de®V(H)
a(t)R(1) r(t) — a(t) r(t)

on I. Furthermore, in case (ii), we have

510 ly/ ()]
r(t)
51b(1) [y (1))
dORM)

with

r(t) |sl<m
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Due to the fact that b > 0, 1nequahty (18) holds in case (i) with
v(t) = 0. From this and (15), (16) and (17), we obtain

Vi) < |+ eslleol + | v + L5 . a9)
The integration of (19) on [0,¢] € I yields
v -vo) < [ 1B i)+ bl | Vo) s
Sle(t)]

—i—/o r(0) +o(t)| dt.

Hence, Gronwall’s inequality yields

T dle(d)|
0<V(t) < |V(0) +/0 [ D) + ()] dt]

X exp /OT [IZ(S;) + %He(t)\ + \b(t)]]} dt. (20)

Now V(t) is bounded from above on I since [ is a bounded interval,
o (7) yields that |yl¥(¢)|® and |¢/(t)| are bounded above on I. But
this inequality contradicts (8). O

Remark 2. Tt is clear from the proof of Theorem 2 (ii) that if b = 0,
then assumption (4) is not needed in case (ii).

Remark 3. Note that the condition |g(x)| < |z|P in (i) can not be
improved upon even for Equation (2).

1—¢

Example 1. Let ¢ € (0,1). Then the function y = (%—t) e is a
singular solution of the second kind of the equation

y" — 197y + Cly|r* seny =0
on [0,1) with C = ( )6+1 — 12

2

Remark 4.

(i) The result of Theorem 2 is obtained in [2] in case b = 0 using a
the similar method.

(ii) Note that Theorem 2 is not valid if R ¢ C1(R+); see [1] or [4]
for the case g = 0.

Remark 5. Theorem 2 is not valid if » < 0 on an interval of positive
measure, see e.g. Theorem 11.3 in [9] (for (6) and p = 1). The
existence of singular solutions of the second kind for (1) is an open
problem.
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3 Singular solutions of the first kind

In this section, the nonexistence of singular solutions of the first
kind mainly for (2) will be studied. The following lemma shows that
e(t) has to be trivial in a neighbourhood of oo if Equation (1) has a
singular solution of the first kind.

Lemma 1. Let y be a singular solution of the first kind of (1). Then
e(t) = 0 in a neighbourhood oco.

Proof. Let y be a singular solution of (1) and 7 the number from its
domain of definition. Then y = 0 on [r,00) and Equation (1) yields
e(t) =0 on [r,00). O

In what follows, we will only consider Equation (2).
Theorem 3. Let M > 0 and
l9(x)] <[]’ and [f(x)| < =" for [z] < M. (21)
Then there exist no singular solution of the first kind of Equation (2).

Proof. Assume that y is a singular solution of the first kind and 7 is
the number from Definition 1. Using system (5), we have y1 =y, =0
on [1,00). Let 0 < T < 7 be such that

(D) < M, |y2(t)] < M on [T, 7], (22)

T ds+ ([ a b as) [ pe)lds< L (23)
T T T 2

Define I = [T, 7] and

and

va(t) = max |y(s)l, ¢ €1, (24)
va(t) = Jpax. ly2(s)], t € I. (25)

From the definition of 7, (22), (24) and (25), we have

0 <wvi(t) < M,0 < va(t) < M on [T, 7). (26)

An integration of the first equality in (5) and (25) yield
T o1 1 T o1 1
@< [ a3l ds < [ aF )l s
t t
A |
< a0l [ a7H(s) ds 0
t
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on I. If My = fT a” P ) ds, then

1
lya(8)] < Miva(8)[P (28)
and from (24) we obtain
vi(t) < Milva(b)|?, t e I. (29)

Similarly, an integration of the second equality in (5) and (21) yield

(01 < [ p6)a(ad ()P s ()| as

/\7" s))| ds

/|b o (3)]eals >|%pds+/|r Js(s)? ds.  (30)

'OIH

i

Hence, from this, (21), (23) and (28)
(0] < 20| [ albo)] ds+of0) [ o) as

< vz(t)[/TT a(s)|b(s)| ds + MP /T I (s)| ds} < UZT@) (31)

Hence vy(t) < Z(t) and so v2(t) = 0 on I. The contradiction with (26)
proves the Conclumon. O
Theorem 4. Consider (3), R € C1(R+), r > 0 on R+ and let either
(i) M € (0,00) exist such that |g(z)| < |z|P for || <M
or
(i) (4) and b(t) <0 on Rs.
Then Equation (2) has no singular solution of the first kind.

Proof. Let y(t) be singular solution of the first kind of (2). Then there
exists 7 € (0, 00) such that y(t) = 0 on |7, 00) and supp<,, |y(s)] > 0
for T € [0,7). Then, similar to the proof of Theorem 2, (15) and the
equality in (16) hold with e = 0. From this we have

V/(t) _ <%> ’y[l](t)’(S . 5b(t)g(ylt(t))yl(t)

R, (1) -
Tl (et - SR

Z_
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Let (i) be valid. Let T' € [0,7) be such that |¢/(¢)] < M on [T, 7], and
let € > 0 be arbitrary. Then,

V'(2) ly' () P+ R.(t) 1
V(t)+e - RV (t) + €] <a6(t) Rt T 5ap(t)|b(7f)|>

V(t) Be(t) | o1
2 V) e (“5“) R T “)’b@‘)
> (a%) f;(g) n 5a%<t>rb<t>\)- (33)

An integration on the interval [¢, 7] C [T, 7] yields

£ V(1) +e T R/, (s) L
T Te V) te Zexp{ —/t [a‘s(s) R(s) + da (s)]b(s)@ ds}.

As ¢ > 0 is arbitrary, we have

0> V(t)exp { - /tT [aé(s)%(;) + 5arl’(s)b(s)] ds}, te[T,T].

Hence, V(t) = 0 on [T,7] and (7) yields y(t) = 0 on [T,7]. The
contradiction to sup;eir .1 |y(t)] > 0 proves that the conclusion holds
in this case.

Let (ii) hold; then from (7) and (32) we have

v { s BLD) ot LUy

V(t)+e R2(t) R(t)
x (V(t)+¢)7t
V() R (1) R ()
ST OF ') R(t) ~ —a’() R(t) (34)

for t € [0,7]. Hence, we have a similar situation to that in (33) and
the proof is similar to case (i). O

Remark 6. Theorem 3 generalized results of Theorem 1.2 in [10], ob-
tained in case b = 0. Results of Theorem 9.4 in [7] with (b =0, f(z) =
|z|P sgn x) and of Theorem 1 in [1] (b = 0) are special cases of Theorem
1 here.

Remark 7. Theorem 4 is not valid if 7 < 0 on an interval of positive
measure; see e.g. Theorem 11.1 in [9] (for (6) and p = 1). The existence
of singular solutions of the first kind of (2) is an open problem.

Remark 8. If R ¢ C1(R.+), then the statement of Theorem 4 does not
hold (see [1] for g = 0 or [5]).
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Note that condition (i) in Theorem 4 can not be improved.

Example 2. Let ¢ € (0,1). Then function y = (1 — t)(1+%) for
t €[0,1) and y = 0 on (1,00) is a singular solution of the first kind of
the equation

1" 1 1 1\t I1l—g / 1-e
vyt otz (12 ly'|"° sgn y + |y|i¥e = 0.

Note that p =1 in this case.

Theorems 1, 2, 3 and 4 gives us sufficient conditions for all non-
trivial solutions of (2) to be proper.

Corollary 1. Let |g(z)| < |z|P and |f(x)| < |x|P for x € R. Then
every nontrivial solution y of (2) is proper.

Corollary 2. Let (3), R € C*(R+), r > 0 on Ry and [g(z)| < |z|P
on R hold. Then every nontrivial solution y of (2) is proper.

Remark 9. The results of Corollary 1 and Corollary 2 are obtained in
[1] for b= 0.

Remark 10. Research of the first author is supported by Ministry of
Education of the Czech Republic under project MSM0021622409.

4 Further properties of solutions of (2)

In this section, simple asymptotic properties of solutions of (2) are
studied. Mainly, sufficient conditions are given under which zeros of a
nontrivial solutions are simple and zeros of a solution and its derivative
separate from each other.

Corollary 3. Let the assumptions either of Theorem 3 or of Theorem
4 hold. Then any nontrivial solution of (2) has no double zeros on
Ry.

Proof. Let y be a nontrivial solution of (2) defined on R4+ with a
double zero at 7 € Ry, i.e., y(r) = y/(7) = 0. Then it is clear that
the function

y(t) =y(t) on [0,7], y(t) =0 for t > 7

is also solution of (2). As g is a singular solution of the first kind, we
obtain contradiction with either Theorem 3 or with Theorem 4. O

Lemma 2. Let g(0) =0, » # 0 on Ry, and f(x)z > 0 for = # 0.
Let y be a nontrivial solution of (2) such that /(t1) = v/(t2) = 0 with
0 < t; < tp < oo. Then there exists t3 € [t1,t2] such that y(t3) = 0.
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Proof. We may suppose without loss of generality that ¢1 and ¢, are
consecutive zeros of y'; if t1 or t, is an accumulation point of zeros of
y/, the result holds. If we define z(t) = yM(t),t € R+, then

z(t1) = z(t2) = 0 and 2(t) # 0 on (t1,t2). (35)
Suppose, contrarily, that y(t) # 0 on (t1,t2). Then either

y(t1)y(t2) >0 on [t1,t2] (36)
or
y(t1)y(t2) = 0 (37)
holds. If (36) is valid, then (2) and the assumptions of the lemma
yields
sgn 2/(t1) = sgn 2/(t2) #0

and the contradiction with (35) proves the statement in this case.
If (37) holds the conclusion is valid. O

Corollary 4. Let f(z)z > 0 for z # 0 and one of the following
possibilities hold:

(i) »#0o0on R+ and
g(@) < | and |f(@) < [z’ for @ R
(ii) R € CYR+), r>0on Ry and
l9(z)| < |zf" for |z| € R;

(iii) R€ CY(R+),b<0o0n Ry, r>0o0n Ry, g(x)z >0 on R+ and
M > 0 exists such that

l9(x)| = || for [z > M;

(iv) R€ CYR+),r>00n Ry, b> 00N Ry, g(x)z > 0on R and
M exists such that

lg(@)| < [l for |a] < M.

Then the zeros of y and ¢’ (if any) separate from each other, i.e.
between two consecutive zeros of y(y’) there is the only zero of y(y').

Proof. Accounting to our assumptions, Corollary 3 holds and hence
all zeros of any nontrivial solution y of (2) are simple, there exists no
accumulation point of zeros of y on R+, and there exists no interval
[a, B] € R+, < [ of zeros of y. Then, the statement follows from
Lemma 2 and Rolle’s Theorem. U
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Theorem 5. Let g(0) =0, r # 0 on Ry and f(x)z > 0 for « # 0.
Then (2) has no weakly oscillatory solution and every nonoscillatory
solution y of (2) has a limit as ¢t — oc.

Proof. Let y be a weakly oscillatory solution of (2). Then there exist
to, t1 and t2 such that 0 < to < t1 < t2, y(t) # 0 on [tp,00) and
y'(t1) = v/ (t2) = 0. But this fact contradicts Lemma 2. O

The following examples show that some of the assumptions of The-
orem 5 cannot be omitted.

Example 3. The function y = 2+sint, t € R+ is a weakly oscillatory
solution of the equation

" , sint 4 cost
— —y =0.
oY S e Y
In this case r # 0 is not valid.

Example 4. The function y = 2+sint, t € R+ is a weakly oscillatory
solution of the equation

441 —22 for|z| <1

! / .
— + 2y =0 with T) =
y' —g(y) +2y g() {4 for 2] > 1.

In this case g(0) # 0.

Remark 11. If g = 0, the result of Theorem 5 is known, see e.g. Lemma
5.1 in [10] or a direct application of (5).
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