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SIGN-CHANGING SOLUTIONS TO
A CLASS OF NONLINEAR EQUATIONS
INVOLVING THE p-LAPLACIAN

WEI-CHUAN WANG AND YAN-HSIOU CHENG

ABSTRACT. This paper deals with a class of nonlinear
problems

=" PR e g () [ulP e = e w(r) £ (w)
in (0,1), where 1 <n < p < oo and ' = d/dr. We study the
existence of nodal solutions to this nonautonomous system.
We give necessary and sufficient conditions for the existence
of sign-changing solutions and also observe an application
related to the case of multi-point boundary conditions.
Methods used here are energy function control, shooting
arguments and Priifer-type substitutions.

1. Introduction. The aim of this paper is to study the properties
of existence and nonexistence of sign-changing solutions to a class of
nonlinear equations
(1.1) =T PR () [P = e () f(w),

(1.2) u'(0) = u(1) =0,
where r = |z|,’ = d/dr, p > 1 and n > 1. It is known that (1.1)—(1.2)

is a radial version of the following p-Laplacian problem considered on
the unit ball in R™,

(1.3) —Apu = f(|z] u),

where A,u = div(|[Vul[P~2Vu). The p-Laplacian operator has attracted
much attention and arises in various fields, such as non-Newtonian flu-
ids and nonlinear diffusion problems. The quantity p is a characteristic
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of the medium. Media with p > 2 are called dilatant fluids, and those
with p < 2 are called pseudoplastics. If p = 2, they are Newtonian flu-
ids. For the above topics, one may refer to [9, 10, 17, 20, 24, 28, 29|
and their bibliographies. Recently, some results for radial solutions re-
lated to (1.3) have been obtained [7, 13, 14, 23, 26, 31]. For the
radial eigenvalues related to (1.3) in R?, one may refer to [1].

In [15, 16], the author dealt with the case of n = 1 (non-radially
symmetric case) for the 2-Laplacian operator. Here, we consider the
general case n > 1, p > 1. Furthermore, the purpose of this paper is to
extend our previous work [31] to a more general p-Laplacian equation
with restrictions (C1)-(C4) mentioned below. Throughout the paper,
we assume that the following conditions hold:

p>n;

w, ¢ € CY(RT), and w > §; on [0, 00) for some &§; > 0;

f € CYR), f(s) >0 for s >0 and f(—s) = —f(s) for s # 0;
there exist extended real numbers 0 < fy, foo < 00 such that
lim,_ o+ f(8)/sP~1 = fo and lim,_,00 f(s5)/8P71 = foo

In fact, the eigenvalues are easy to analyze for one-dimensional p-
Laplacian eigenvalue problems coupled with two-point boundary con-
ditions [2, 4, 5, 6, 11, 18], etc. In [31], the authors considered
(1.1)—(1.2) with ¢ = 0. Two sufficient conditions for the existence of
sign-changing solutions with prescribed number of zeros are established
by comparing the ratios f(u)/|u[P~2u at infinity and zero, respectively,
with the eigenvalues of the radial p-Laplacian problem with Neumann-
Dirichlet boundary conditions.

In [8], del Pino and Mandsevich studied the bifurcation of solutions
from eigenvalues of the p-Laplacian. They also discussed the existence
of sign-changing radial solutions for

—Apu =g(u) in Q; u =0 on 01,

where Q is a bounded domain in RY with boundary 99 of C%*# and
g : R — R is continuous with ¢g(0) = 0. They showed [8, Theorem 4.2]
that, if

9(s) < A <\, < liminf 9(s)

‘ ‘p 2 |s|—o0 ‘ ‘p 2g’

sup < oo and hm

seR

|s[P=2s
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then, for each k& < j < n, there is a radial solution with exactly
j — 1 nodes, where )\ is the kth eigenvalue of —(r"~tju/|P=2u) =
pur™ 1 ulP~2u coupled with v/ (0) = 0 and u(1) = 0.

Motivated by [8, 31], we study in this paper (1.1)—(1.2) with a
nonautonomous nonlinear term which is different from [8, Theorem
4.2] and extend the result in [31] to the general case; see Theorems
1.1, 1.2 and Corollary 1.3. Corollary 1.3 gives necessary and sufficient
conditions for the existence and nonexistence of sign-changing solutions
with the prescribed number of zeros to this problem. However, this
extension is not trivial due to the fact that two energy functions
(mentioned in Section 2) with a general ¢ may not be nonnegative.
More subtle arguments are needed in the proofs even when one develops
the elementary property to the initial value problem. Under the
derivation of the results of Theorems 1.1, 1.2 and Corollary 1.3, we
observe an application to the case of multi-point boundary conditions.
The existence of solutions, especially positive solutions, of boundary
value problems with multi-point boundary conditions have been studied
extensively, see, for example, [12, 21, 22, 25, 32] and the references
therein. Moreover, to the best of the authors’ knowledge, there is
nothing so far on the existence of nodal solutions to problems with
the multi-point boundary conditions related to (1.1). Essentially, the
methods used in this work are the energy function control, shooting
arguments and Priifer-type substitutions.

Now, in order to discuss the main result, we introduce the following
eigenvalue problem

(1.4) =y P = e Ow(r) = a(n)lylP

(15) ¥(0) = y(1) = 0.

It is well known that, cf., [2, 27, 30], (1.4)—(1.5) has a countable
number of eigenvalues {\; };en satisfying

—00 <A <Ay < A3 < < A < Ay < -0 — 00,

and the corresponding eigenfunction yi(r) has exactly k — 1 zeros in
(0,1). In the sequel, we assume A, is the first positive eigenvalue of
(1.4)—(1.5) and define N,,, = {n € N: n > m}. Similarly, (1.4) with
the Neumann boundary conditions

(1.6) y'(0)=%'(1) =0,
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has a countable number of eigenvalues {u; };en satisfying
—00 < 1 < g < pz < -os < pp < Py <0 — 00,

and its corresponding kth eigenfunction has exactly k zeros in (0,1).

Our main result is the following.

Theorem 1.1.

(i) For all u € (0,00), if f(u)/uP™t < Xy for some k € N, then
(1.1)—(1.2) has no solution with exactly i zeros in (0,1) for any
i1>k—1.

(ii) For all u € (0,00), if \e < f(u)/uP~! for some k € N, then
(1.1)—~(1.2) has no solution with exactly i zeros in (0,1) for any
1< k—1.

(ili) For all u € (0,00), if f(u)/uP™ # A for any k € N, then (1.1)-
(1.2) has no nontrivial solution.

Theorem 1.2. Let fy and fo be defined as in (C4). Assume that
there exists k € Ny, such that either A\, € (fo, foo) 07 (foo, fo). Then
(1.1)—~(1.2) has a solution with exactly k — 1 zeros in (0,1).

The combination of Theorems 1.1 and 1.2 immediately leads to the
following necessary and sufficient conditions.

Corollary 1.3. Assume f(u)/uP=t € (fo,fo0) 07 (foo, fo) for all
u € (0,00). Then, for k € Ny, (1.1)-(1.2) has a solution with exactly

k —1 zeros in (0,1) if and only if A € (fo, foo) 0T (foo, f0)-

As a byproduct from the derivation of the above result, we intend
to extend the similar result to the case of (1.1) coupled with the multi-
point boundary conditions

(1.7) W(0)=0, u/(1)— Zkir?_l/p_lu (r;) =0,
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or

d

(1.8) W' (0)=0,  u(l)=> ku(r;) =0,

i=1

where d € N and r; € (0,1) for ¢ = 1,2,3,...,d. Note that, by
definition, the following property for fy and fo, is valid. Assume that

(19) an foo < o0.

By (C4) and (1.9), i.e., for every € > 0, there exists an M > 0 such that
|f(uw)| < (foo +€)|ulP~! for |u| > M. Then, for this M, there exists an
Ny > 0 satisfying | f(u)] < Np|u[P~! for |u| < M. Thus, for every u,
there exists an NV > 0 which is independent of u such that

(1.10) |f(w)] < Nlu[P~.
Now, we define two constants

p—1
-n

(1.11) N = max{w(r)N + |¢(r)| : r€[0,1]} and N = +N.

hs!

Then, we obtain the next result for the multi-point boundary value
problem.

Theorem 1.4.

(i) Consider problems (1.1) and (1.7), and denote by {A;}ien the
eigenvalues of (1.4) and (1.5). Assume that fo < A\, and A\py1 <
foo < 00 for some k € N. Suppose that the following additional
condition is valid

d
(1.12) 1— NN ") > 0,

i=1

Then, (1.1) and (1.7) has a solution with k zeros in (0,1).

(ii) Consider problems (1.1) and (1.8), and denote by {u;}ien the
eigenvalues of (1.4) and (1.6). Assume that fo < pp and prr1 <
foo < 00 for some k € N. Suppose that condition (1.12) holds.
Then, (1.1) and (1.8) have a solution with k or k + 1 zeros in
(0,1).
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The outline of this paper is as follows. In Section 2, some elementary
properties for the initial value problem are first developed. A version
of the Pohozaev identity is also discussed in this section. In Section 3,
some technical lemmas are represented. Finally, the proofs of Theorems
1.1, 1.2 and 1.4 are given in Section 4.

2. Preliminaries. In this section, we focus on elementary proper-
ties for solutions to the initial value problem consisting of (1.1) coupled
with

(2.1) u(0) = a, u'(0) =0,
where « is a positive parameter. The local existence and uniqueness of
the solution to (1.1) and (2.1) is valid and can be quoted from [23, 26];

it will be stated in Theorem 2.1. Then, we will show global existence
to the local solution by dividing the arguments into two cases.

Theorem 2.1. [23, Theorem EUCD], [26, Theorems 1, 4]. Assume
that conditions (C1) and (Cs) hold. Then, there exists a local solution
u(r;a) of (1.1) and (2.1). Moreover, this solution is unique in a
neighborhood J = [0, a] for some a > 0.

By local existence in J, assume here that J = [0, a] is the maximal
interval of the existence of solution u(r; ).

Note that (1.1) may be rewritten as follows, for r # 0:
r\p—1, 1\’ n_1/—2/ -2
(W' P77) + —— [ P7"u’ + wf(u) = qlul’™u = 0;
i.e., for r # 0:

‘u/|p—2ul

r

(22) —(n-1) = —quP2u4wf(u) + (p— 1) [P2u".

As (2.2) is multiplied by '(r), then

"p
(2.3) —(n-— 1)M = —qlulP?uu’ + wf(u)u' + (p— 1)/ [P~ 2uu”.
Since the local solution uniquely exists in J by Theorem 2.1, all
terms on the right-hand side of (2.2) are bounded in J. Then
(Ju'[P=2u")/r is also bounded in J. Similarly, in (2.3), the boundedness
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of (Ju/(r)[?)/r in J is obtained. By (2.3) and the initial conditions (2.1),
lim, o (|u’(r)|P)/r = 0.

Now, we show the global existence of u(r,a) in [0,1]. Here two
versions of energy are employed to achieve this goal.

(i) Consider the case of lims oo f(5)/sP71 = foo = 00. Let u be a
solution of (1.1) and (2.1), and define the functional E[u|(r, «) by:

ZL/(TNP w(r)F(u(r __ r)|u(r)|?
(24)  E[u)(r,a)= Pl (r)F (u(r)) p(p_l)q( )u(r)[?,
with
=w a) — 9(0) aof
(2.5) E[u)(0,a) = w(0)F(a) -1

where F(s) = 1/(p—1) [ f(t)dt. Then, it follows from (1.1), (2.3)
and the boundedness of (|u'(r)|P)/r that, for r € (0, a],

%E[u](r, a) = Eu)'(r,a)
(2.6 =2 O i) -
< ko) Flu(r) - S gt
(2.7 L (e alr) = o ()] ulr) P
where
k= max{|w/(T)| :r el 1]}
wi) "

Since w(r) > 0 is continuous and ¢, ¢’ are bounded on [0, 1], we can
find some positive constant h such that
(2.8)

h

[(k+Da(r) —¢'(N] < w(r) and  ————<q(r)] < w(r).

p(p—1) p(p—1)

In this case, foo = 00, there exists an M > 0 such that |u(r)|? <
hF(u(r)) for |u(r)] > M. For r € Jyy = {r € J: |u(r)] < M}, there
exists Njs > 0 satisfying E'[u](r,a) < Nps on Jpr. Furthermore, for
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r € J\Ju, by (2.7), (2.8), we have

e 0 e
Ll + 2 k()
= (4 {0 ) -~ sau(rl |

< (k+ 1)Efu)(r, o).

Elu](r,a) < kw(r)F(u(r)) —

Note that the second term of (2.8) implies that Efu](r, @) > 0 on J\Jy;.
Hence, for r € J,

Eu]' (r,a) < Npy + (k+ 1)Eu(r, ).

Integrating the above inequality, we can obtain that, for r € J,
Elul(r,a) < E[u](0, ) + aNas + / (k+ 1) E[u](t, o) dt.
0
By Gronwall’s inequality and (2.5), for r € J,

(29)  Elu(ra) < (w(O)F(a) -~ a(0)

——2—aP + aNM) elkta,
(r—1)

(ii) Let foo < 00. Then, for any € > 0, there exists an M’ > 0 such
that |f(u)| < (feo + €)|u|P~! for |u(r)] > M’. Now, rewrite (1.1) and
(2.1) as:

(2.10)

7 Ru(r),

u'(r) = [o(r)
v'(r) = q(r)u(r)[P~2u(r) — w(r) f(u(r) -

n—1

()P (),

with 4(0) = a and v(0) = 0, where p* = p/(p — 1) is the conjugate
exponent of p. Note that (n — 1)[|u/(r)[P~24/(r)]/r can be bounded by
some positive constant k, from (2.2) and the argument below (2.3).
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Integrating (2.10) over [0, 7] for r € J, we have

(2.11) u(r) = a+ /0 lo(t)[P" 20 (t) dt,
(2.12) o) = [ alu(oP-ute) d
- [ wtst)a
~ -y [P,

For |u(r)] < M’ and by (2.12), it is easy to obtain that |v(r)| <
Ny + ko, where Ny is some constant dependent upon M’. On the
other hand, by the above for |u(r)| > M’ and r € J, we obtain

o0 < [ el
0
T
- / w(t)(foo + )u(t)[PHdt + kq
0
<kq+ cl/ lu(t)|P~dt,
0
where ¢; > 0 is some constant. Thus, for r € J,
()] < (Nagr + ka) + 1 / ()Pt

0
Then, it follows from the Holder inequality that

T (p—1)/p

o)1 < (a4 o)+ o [ latoPae)
0
for some ¢y > 0, i.e.,
()P0 < ap + k200 4 ([t )57 4 W),

where N, is another constant. Thus, for r € J,

(2.13) ()PP < o5+ e / |u(t)|Pdt,
0
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where c3 and ¢4 are positive constants. Similarly, for some constant
cs > 0,

(2.14) ()P < P + ¢ / (o () [P/ =D gy,
0
From (2.13)—(2.14), we obtain
u(r)|P + [o(r)[”" < (o + c3) +CG/ (lu(®)|P + [v(t)[P") dt,
0

where ¢g = max{cy, c¢5}. Note that the constants ¢;, i = 1,2,...,6,
depend on «, a and M’. By Gronwall’s inequality, for r € J and fixed
a >0,

(2.15) [u(r) [P + [o(r)[P" < (o + ¢3) exp(cga) < oo.

From the above two cases, we derive the following result.

Proposition 2.2. For o > 0, the solution u(r;a) of the initial value
problem (1.1), and (2.1) exists over the whole interval [0, 1].

Proof. Suppose that u(r;a) does not exist on the whole interval.
Without loss of generality, we assume that u(r; ) exists on a maximal
right interval [0, ¢) for 0 < ¢ < 1. Then, u(r; @) is unbounded on [0, ¢),
lim, .- |u(r; a)| = oco. Otherwise, if u(r; «) is bounded on [0, ¢), then
lim,_, .~ u/(r; &) exists by integrating (1.1) over the interval [0, ¢). This
implies that u(r; ) can be extended through c.

On the other hand, since lim, ,.- |u(r;a)| = oo, there exists a
sequence 1, — ¢~ such that |u(r,; a)] — co. For the case of fo = o0,
this implies that lims_,o0 (F(8))/|8|P = foo = 00. Thus, by (2.4), we
have

F(u(ry)) 1
Elul(rn,) 2 () T - ()
ulry)|P — o0 asn — oo.

This provides a contradiction to the argument in (2.9). For the case
of foo < 00, it also contradicts the argument in (2.15). Therefore, the
solution u(r; «) exists on [0, 1]. O
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Now, we represent a variant of the well-known Pohozaev identity for
(1.1) and (2.1) in Lemma 2.3 for the sake of independent interest. The
proof may easily be verified by differentiating (2.16) and applying (1.1).
Therefore, it is omitted here.

Lemma 2.3. (Pohozaev identity). Any solution u = u(r;a) of (1.1)
and (2.1) satisfies the identity

4 P = %r"‘l (pw(r)F(u) [1 + rw’(r)] = ful? [q(r) - ”1;57“)] )

dr nw(r)

where
(2.16)

-1 — r — 1
P(r;u) = pfp 7‘"|u’|p—&—L 5 p/o s"_1|u’|pds—|—r”wF(u)—;r"q(r)|u|p

with F(u) = [, f(t)dt. Furthermore, if the solution u is nontrivial and
has infinitely many zeros in [0,00), then there exists o sequence {r;}
such that r; — oo and (d/dr)P(r;;u) =0 for every j.

3. Priifer-type substitutions and some technical lemmas. At
the beginning of this section, we introduce a Priifer-type substitution
for the solution u(r;a) of (1.1) and (2.1) by using the generalized sine
function Sp(r). The generalized sine function S, has been extensively
studied in the literature, see Lindqvist [19] or [2, 11, 27] with a minor
difference in setting. Note that

5 (P—l)l/p dt 2(p _ 1)1/P7T
™= /0 1—(t?/(p—1))/»  psin(r/p)

is the first zero of S, in the positive real axis. With the help of the
generalized sine function, we introduce phase-plane coordinates p > 0
and 6 for a solution u(r; «) of (1.1) and (2.1) as follows:
(3.1)

{'u(r; )P~ 2u(r; ) = p(r; a)|Sp(0(r; ) [P~ S, (0(r; @),

! (s @) [P (s @) = (3 @) S, (0(r; ) P25, (05 v)),

with
(3.2) 0(0; ) = % and p(0;a) =Pt
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Then

rp(n—=1)/(p—1)

(33) 0D (r0) = fulr )P + Tl ()
and . ) g o
P PR _ |Sp|p S,
ulP=2u |Sp[P=2S,"

Differentiating both sides with respect to r and employing (1.1), we
obtain

0) Ptr) = 15 (v )
[Sp(O(rs Q)P+ PN SL6(r ) P = G5 s ),

35) 20 [t gt (i) D) )]

u(r; @)|P~2u(r; )

18y (0(rs ) P28, (0(r; )) S, (0(r; ).

It is clear that u(r;«) is a solution to (1.1) and (2.1) if and only if
{0(r; @), p(r; )} satisfies (3.4)—(3.5) with conditions (3.2). Similarly,
the Priifer phase function for (1.4)—(1.5) with A = Ay satisfies

n—1

7 (Aww(r) = a(r))]Sp(dn(r; Aw)) P
AP (G (75 )P = F (3 A o),
bk (03 Ag) = %, O (15 Ap) = kmp.
Note that a similar method may be found in [5, 6, 27, 31].

(15 ) =

The following lemmas are necessary for the proof of Theorem 1.2.

Lemma 3.1.

(i) Assume fo < Mg for some k € Ny,. Then, there exists an a, > 0
such that 8(1; ) < km, for all o € (0, ).

(ii) Assume fo > A for some k € N,,. Then, there exists an c, > 0
such that 8(1; p) > kmp for all o € (0, vy.).
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Remark 3.2. The proof of Lemma 3.1 is basically the same as that of
[31, Lemma 4.1] by applying the comparison lemma [3, page 30]. Since
no further argument is necessary, the proof of this lemma is omitted.

Lemma 3.3. Let M, o > 0, and define Ipso = {r € (0,1] : Ju(r; )| <
M}, For any L > 0 and sufficiently large M, there exists an a* > 0
such that |u/(r; )| > L for o> o™ and r € Ipgq.

Proof. The proof is divided into two cases of f,, < 0o and fo = 00,
individually. Here, the significance is to analyze two versions of energy.

(i) Let foo < oo. By (3.5) and the Priifer-type substitution (3.1),
for r € Ip,«, we obtain the boundedness:

‘(w(r) o flu(ra)) q(r))

;) [P 2u(r; «)

18, (0(r5.0)) P25, (0(r; ) S (0(r; @) | < My
for some M; > 0. Thus, for r € I/ q,

pl(r;a) > _Tl—n/p—l — M.
o)
For r € (0,1]\Ips,q, there exists an My > 0 such that

)| trie)

ulrs )P 2u(ria)
Hence, for r € (0,1] and M = max{M;, M,}, we obtain

+ lg(r)] < M.

/(e
(36) p (’I“,OZ) > _Tl—n/p—l — M.
(i)

Integrating (3.6) over [0,r] for r € (0, 1], by (Cy) we obtain

(3.7) In plr; @) >_P= 1rp_"/p_1 — Mr
p(0;a) = p—mn

-1 __

> P ° _W=_M
p—n

Then, by (3.2) for r € (0,1],

p(rya) > p(O;a)efM =P le™ 0 asa— oo
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By (3.3), for any L > 0, there exists an a* > 0 such that o > o* and
re IM70¢7

rp(n=1)/p—1

-1
S (p—1)/p N .
(i) > plrs)

,r.p(nfl)/pfl (p—1)/p
p—1
This leads to the inequality |u'(r;a)| > L.

(ii) Let foo = oo. For any fixed a > 0, recall (2.3) and
lim, o [/ (r)|P/r = 0, i.e., for every o, € > 0 there exists a dy,e > 0
such that n —1/p—1-|u/(r)|P/r < € whenever 0 < r < d4,. Now,
returning to (2.6), for r € (0, dq,¢), we obtain

d /
%E[u](n a) = Elu)'(r,a)

-1 WP q'(r) p
= +uﬂﬂF@U”*p@_1ﬂwﬂ|
> —e+w (r)F(u(r)) — p((i) (14)1) u(r)[.

For r € [0qa.c, 1],
pn—1) |u(n) q(r)

E[U]/(T‘, O[) > _5a,€(p — 1) P + w/(T)F(u(T)) - p(p — 1)

Then, for r € (0, 1], we get

Ju(r)[?.

pn—1) )P
5a,6(p - 1) p
PG - L
pn—1) )P
5a,6(p - 1) p

mmmme»+;&t3
1

o=k FDalr)+ g (r)]|u(r)[?.

(3.8) E]' (r,a) > —e —

Ju(r)[”

q(r)|u(r)[?

(3.9) -
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For r € Inr,q, by (3.8), there exists a k > 0 such that

(3.10)
, p(n—1)
E[u] (’I", a) . 604,6(1) - 1)
ol 1 :
S k(w(T)F(u(T)) oo —1) q(r)|u(r)| )

> —e — kE[u](r, o),

where k = max{p(n — 1)/(6a.e(p —1),k)}. Applying a similar argu-
ment as that in (2.8), we rewrite (3.9) as

pin—1) [u'(r)[

(3.11) Efu)(r,e) 2 — - Saelp—1) p
(k+1) P
— kw(r)F(u(r)) + oy 1)q(r)lu(r)l
w(r),
()l

for some h > 0. In the case fo, = oo, there exists a sufficiently large
M > 0 such that |u(r)[? < hF(u(r)) for |u(r)] > M. Hence, for
r € (0,1\Inm,a, (3.11) becomes

p(n—1) [u'(r)”
Sae(p —1) p

(k) (w<r>F<u(r>> -

> € — %E[u](r, ),

(3.12) Elu)(r,a) > —e—

1

S q<r>|u<r>P)

where k = max{p(n —1)/(8a.c(p — 1)),k + 1}. By (3.10) and (3.12),
for r € (0, 1], we obtain

(3.13) E)'(r,a) > —e — KE[u|(r, a),

where K = max{k,k}. Solving (3.13) for r € (0,1] and sufficiently
large M, we have

(3.14) Elu)(r,a) > —% + (E[u}(o,a) + ;{>6K.
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In this case, by (2.5) and (Cb),
F(a
ar p(p—1)

~
Q
—~
o
=

(3.15) E[u](0,a) = aP (w(O)

Note that, in (2.4), the term

‘ 1
pp—1)
can be uniformly bounded by some K; > 0 for all @ > 0 and r € I -

For any L > 0, by (3.14)—(3.15), we choose «* sufficiently large such
that

2 u(rs @)? +w<r>F<u<r;a>>\

P
Eu)(r,a) > — + K; for a > o and r € (0,1].
p

Then, for o > a* and 7 € Ip,q,

([P p
u(p1")| + Ky > Eul(r,a) > r + K.

This concludes |u/(r, )| > L for a > a* and r € Ip 4. O

Note that the next corollary is useful to the proof of Lemma 3.5.
For the sake of convenience, it is represented independently.

Corollary 3.4. For sufficiently large o, assume that the number of
zeros of u(r; «) are uniformly bounded in (0,1). Then, the measure of
Iy o tends to zero as o — oo.

Proof. The proof of this corollary is similar to that of [31, Corollary
3.4 (ii)] by applying Lemma 3.3. Hence, it can be omitted. |

Lemma 3.5.

(i) Assume foo > Mg for some k € N,,,. Then, there exists an a* >0
such that 6(1; ) > km, for all o € (a*,00).

(ii) Assume foo < Ag for some k € N,,. Then, there exists an a* > 0
such that 8(1; ) < km, for all a € (a*,00).

Remark 3.6. The idea of the proof of this lemma is similar to that
used in [31, Lemma 4.2 (ii)]. For the sake of convenience, we provide
the details here.
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Proof.

(i) Assume the contrary. Then, there exists an o with oy — oo such
that 0(1; ay) < kmp. This implies that u(r; oy) has at most k — 1 zeros
in (0,1). By Corollary 3.4, we have that

(3.16) im0,
where | - || is the Lebesgue measure. Since fo, > Ai, we choose A > 0
such that A\, < A < fo and take M > 0 such that

f(u(r; o))

> A A ;a)| > M.
(ol 2u(ria = Tl
For each « > 0, let ¢(r; ) and ¢ (r; @) be Priifer angles of the solutions
of (1.4) and (2.1) with A and A, respectively. Then, ¢(1; ) = kmp,
and hence, by the comparison theorem, ¢(1;a) = km, + € for some
€ > 0. Here, recall that ¢(r; «) satisfies

n—1

(17)  dlra) = T () —g(r)|S,(0(rs )l
S (o)) = Flrsas)

from (3.6). On the other hand, define

f(ur o) .
g(r;0) = { falrsa)p2u(riay <M
A lu(r; a)| > M.
By (3.4),
(318)  O(ria) > T (w(r)g(rsa) — g(r))|S,(B(rs )]

p—1
+ 1"17"/”71|S;39(r; a)|P = H(r; a;0).

Let 9(r; @) be the solution of equation
(3.19) ¥(ria) = H(r;a;9),

satisfying ¢(0;a) = mp/2. Now, from (3.17)-(3.19), we obtain, for
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a=aand r € (0,1],
wnw—¢vmr:AQHwamo—F@aw»w
=A%mew—mew>
+ (F(s;059) — F(s; a5 9))] ds

- /07" ;’flw(s)[g(s;a) — NS, (¢(s; ) [Pds

"o
¢ [ & Plsaselbtso) - sl

where £(s; @) is between v (s; @) and ¢(s; ). By (3.16), we have

[ St ) - Al (s s

Sn—l
< / w(s)|g(s;a) — Al ds — 0,
Do P—1

as a = o — oo. Thus, for any § > 0, we choose o* sufficiently large
such that, for @ = a; > o*,

< 6.

| S uelatsia) - Al wissa) s

Note that |(0/0¢)F (s;a;€&)| is uniformly bounded by some constant
K >0 for all » € (0,1] and o > a*. Then, we have

[(r;a) — d(r;a)| < 6 —|—/ K|Y(s;a) — ¢(s;a)|ds  for a > o,
0
By Gronwall’s inequality, we obtain
() — 6(rsa)| < 8 < &,
if § < ee~&. Therefore,
¥(l;e) > ¢(l;a) —e on (0,1].

Combining (3.18)—(3.19) and the above, for & = ; > o* and r € (0, 1],
we obtain
0(1;0) > ¢(L;a) > ¢(l;a) — € = kmy,.
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Here, we have reached a contradiction.

(ii) The proof of (ii) is quite similar to that of (i). Here, we merely
give a sketch. By assumption, we choose A > 0 satisfying fo, < A < A\g
and take M > 0 large enough such that

f(u(r; a))

|u(r; a)[P~2u(r; @)

<X for |u(r;a)| > M.
By the comparison theorem, we assume that ¢(1; o) = k7, — € for some
€ > 0. Then, we define g(r;a) as in (i) and obtain
0 (r;a) < H(r;a;0).
For |u(r;a)| < M,

Furia)) ¢ oo
p(’I";OZ) Sp(e(ﬂ ))

is uniformly bounded for sufficiently large o by Lemma 3.3 and (3.3).
Hence, 0(r; «) is uniformly bounded for sufficiently large . By Corol-
lary 3.4, limy o0 ||[Ia,]] = 0. Then, by a similar discussion as in the
proof of (i), we also obtain

0(1;0) <Y(l;a) < ¢(l;a) + € = kmp,.
We omit the details. O

g(r;a)|Sp(0(r; ) [P =

4. Proofs of the main results. In this section, we give the proofs
of Theorems 1.1, 1.2 and 1.4.

Proof of Theorem 1.1.

(i) Assume, on the contrary, that (1.1)—(1.2) has a solution u(r) with
exactly ¢ zeros in (0,1) for some ¢ > k — 1. Let

)= ey ()
G

Then w(r) is continuous on [0,1] by the continuous extension since
fo < o0. Recall that 6(r) is the Priifer angle of u(r) with 6(0) = m,/2
and satisfies (3.4). By the above and hypothesis, we have

0'(r) < F(r; \g; 0),

by (3.6). Applying the comparison lemma, we conclude that (1) <
¢r(1) = km,. This provides a contradiction.
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(ii) Assume, on the contrary, that (1.1)—(1.2) has a solution wu(r)
with exactly ¢ zeros in (0,1) for some i < k — 1. By assumption, we
have (f(u(r)))/(u(r)P~t) > X\, whenever u(r) # 0. By (3.4), if r,
satisfies 0(r,) = nmp, ie., u(ry,) = 0, then 6'(r,) > 0 is valid. This
implies that |u(r)| > 0 when r > r, and r is close to r,. This means
that u(r) cannot vanish on any nontrivial subintervals of (0,1). Hence,
by (3.4) and (3.6) we obtain

0'(r) > F(r; \;0) almost everywhere on [0, 1].
By the comparison lemma and a similar argument as in (i), we obtain
0(1) > ¢i(1) = kmp.
This provides a contradiction.

(iii) The assumption implies that, either:

(a) M < (f(u(r))/(u(r)P=) < Agy1 for some k € N for all u €
(0, 00), or

(b) 0 < (f(u(r)))/(u(r)P=) < A for all u € (0,00) if k= 1.

By uniqueness, the conclusion immediately follows from (i) and (ii). O

Proof of Theorem 1.2. Assume that fo < fe. By Lemma 3.1 (i),
there exists an o, > 0 such that 6(1; o) < kmp for all & € (0, ). By
Lemma 3.5 (i), there exists an a* > a, such that 6(1; ) > km, for all
a € (a*,00). Since 0(1;«) is continuous in « on (0,00), there exists
an ay € [, ] such that 0(1; o) = kmp,. This implies that u(r; ag)
is a solution of (1.1)—(1.2) with exactly k — 1 zeros in (0,1). The case
of foo < Ak < fo may be proved by using Lemma 3.1 (ii) and Lemma
3.5 (ii). We omit the proof here. O

Proof of Theorem 1.4.

(i) By Lemma 3.1 (i) and Lemma 3.5 (i), there exists a 0 < au <
o < oo such that

0(1;a) < km, for o € (0, )
and

0(L; ) > (k+1)m, for a € (a*,00).
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By the continuity of 8(r; ) in «, there exists an a, < ax < ag41 < o
such that

(4.1) 0(1; ) = kmp, and  0(1; apg1) = (k+ 1),
and
(4.2) km, <0(l;0) < (k+1)m, for ag < o < 1.

By (3.5) and (1.10)—(1.11), for r € (0, 1], we obtain

/(e
(4.3) PQ) o ienfp-1 _ g,
p(r;a)

Integrating (4.3) over [r;, 1] for 1 <i < d, by (C4) and (1.11), we obtain

p(1;a) p—1

In > — 1—7‘?7”/1)71 —N(1 -7y
a) > T p—n )= N(1-r;)
-1 N
> P2 _N_-_N.
p—n
Then,
(4.4) p(riza) < eNp(lia), i=1,2,3,...,d

By (3.3), we observe that, for & = aj, and a = a1,

(0= Dp” P D () > VP ()P, 1< <d

)

and
(p— 1) P~ (L0) = [/ (1;0) 7.

Thus, for a = a, a = a4 and 1 <4 < d,

@5) A ) < - )0 ()

and

W (L3)] = "3 (p— DE-D/2p(Lsa).
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Assume that k =2n — 1 for n € N. Note that
(4.7)

W (oo, 1) =t (1;a) <0 and o' (1;0p,) = v/ (1;0841) > 0,
by (4.1) and (3.1). Now, applying (1.12) and (4.4)—(4.7), we obtain

d
F(O‘Zn—l) = u/(l; Oézn_l) - Z k:ir?_l/p_lu’(m; Oégn_1)

i=1

<=0 - DOp(La00)

+Zlkl”V (p— )OD/Pp(ris 2z, 1)

<_ p—{/< — 1)®=D/Pp(1; cvgp_1)

+ Z il " (p — )=/ p(1; 5 1)

d
_ p—{/(pfl)(Pfl)/Pp(]_; a2n_1) < 1+6N/(p71) Z |kz|)

i=1

<0

[(agn) = u/'(1;005) — Z kir?_l/p_lu'(ri; Qo)

> wa — 1)®-D/Pp(1; az,)
7Z|k | ? \1/ ) p= 1)/”,0(7"1704271)
> wa — )e=D/7p(1; an,)

— Z|k | \1/ —1)(P=1/PeN p(1; gy
= ”"{/(p* 1)(””/%(1;@%)(1 — e 1)2 ki |>
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By the continuity of I'(a), there exists an @ € (aan—1, @2p,) such that
I'(@) = 0 and similarly for the case of k = 2n with n € N. In both
cases, from (4.2),

kr, < 0(1;@) < (k+ 1)mp,.

Hence, the solution u(r; @) has k zeros in (0,1) and satisfies the multi-
point boundary condition (1.7). The proof of (i) is complete.

(ii) The idea of this proof is basically the same as that of (i). First,
we outline the modification. For the case of Neumann eigenvalues, by
Lemmas 3.1 and 3.5, we similarly obtain

1
0(1;a) < <k+2>7rp for o € (0, o)
and
3 *
0(1; ) > (k—!— 2>7rp for o € (a*, 00),

where a, and a* are positive numbers satisfying 0 < o, < a* < c©.
Then, there exist . < ap < agy1 < o such that

0(1; ap) = (k + ;>7rp and (1, ap41) = (k + §>7rp,

and

1 3
(k—i— 2>7rp <0(1;a) < (k—i— 2>7rp for a < a < agy1.

Thus, for a = ag, a = a1 and 1 <@ < d,

u(risa)| < */plria) and Ju(Lia)l = */p(La).

Define
d

Ia) =u(l;a) — Zkiu(m; Q).

i=1

Assume that k = 2n — 1 for n € N. Similarly to arguments in (i), there
exists an @ € (agp_1, @2,) such that T'(@) = 0. Then, we obtain

1
(k; + 2)7rp <fd(l;a) < </€ + 3)#,,.
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Hence, the solution u(r;@) has k or k + 1 zeros in (0,1) and satisfies
the multi-point boundary condition (1.8). Therefore, the proof is
complete. O
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