SEQUENCES OF NODAL SOLUTIONS FOR CRITICAL DOUBLE
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ABSTRACT. In this paper, we study a double phase problem with both variable
exponents. Such problem has a reaction consisting of a Carathéodory pertur-
bation defined only locally and of a critical term. The presence of the critical
term does not permit to use results of the critical point theory for the cor-
responding energy functional. Consequently, using suitable cut-off functions
and truncation techniques we focus on an auxiliary coercive problem on which,
differently from our main problem, we can act with variational tools. In this
way, we are able to produce a sequence of sign-changing solutions to our main
problem converging to 0 in L* and in the Musielak-Orlicz Sobolev space.

1. INTRODUCTION

Let Q C RLV with N > 2 be a bounded domain with Lipschitz boundary 0.
Given r € C(2), we define

r~ =minr(r) and 7" =maxr(z).
zeQ e

In this paper, we focus on the following critical double phase Dirichlet problem
—div <|Vu|p(w)*2Vu + u(x)|Vu|q("”)*2Vu) = f(z,u) + ulP @24 inQ,
u=20 on 0f).

(1.1)

Here, we suppose the following hypotheses on the exponents, the weight function
and the perturbation term:

(H1) p,q € C(Q) are such that 1 < p(z) < N, p(z) < q(z) < p*(z) 1= L&)
for all z € Q and 0 < pu(-) € L>=(Q) \ {0}.

(H2) f: Q% [-no,m0] = R, with 79 > 0, is a Carathéodory function such that
f(x,-) is odd for a.a.z € Q and
(i) there exists ag € L*(£2) such that

|f(z,s)] <aog(x) foraa.x e Q and for all |s| < no;
(i) there exist § € (0,min{%,1}) and 7 € C(Q) with 1 < 7(z) < 77 < p~
such that
cos|"™) < f(x,5)s < & ls|™

27+

for some co > pT,

and ¢ > cp, for a.a.z € Q and for all |s| < 0.
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So, in the right-hand side of problem (1.1) we find the combined effects of a
Carathéodory perturbation f(x,-) which is defined only locally and of a critical
term u — |ulP” (*)=2y with p*(-) being the critical exponent corresponding to p(-).

A function u € W, (Q) (the Musielak-Orlicz Sobolev space, see Section 2) is
said to be a weak solution of problem (1.1) if

/ <|Vu|p("”)72Vu + ,u(x)|Vu|q($)*2Vu> -Vhdz = / (f(ac,u) + |u\p*(w)*2u> hdz
Q Q

is satisfied for all h € WOI’H(Q).

We point out that the main goal of this paper is to produce nodal (that is, sign-
changing) solutions for problem (1.1). Precisely, we here establish the following
result.

Theorem 1.1. Let hypotheses (H1) and (H2) be satisfied. Then, problem (1.1)
has a sequence

{Zn}nen € W HQ) N L=(Q)
of nodal (that is, sign-changing) solutions such that
Hzn” —+0 and ||ZnHoo —0 asn— +oo.

The proof of Theorem 1.1 is based on the use of cut-off functions, truncation
techniques and also a generalized version of the symmetric mountain pass theorem
due to Kajikiya [19, Theorem 1]. Hence, using suitable cut-off functions and trun-
cation techniques we introduce an auxiliary coercive problem (see problem (3.4),
Section 3) on which differently from problem (1.1) we can act with variational tools.
In fact, we point out that the presence of the critical term u — |u|[P”(*)=24 in the
right-hand side of problem (1.1) does not permit us to apply results of the critical
point theory to the corresponding energy functional. Therefore, we focus on the
auxiliary coercive problem (3.4). We show the existence of extremal constant sign
solutions for such problem (see again Section 3). After that, using these extremal
solutions and Kajikiya’s theorem we are able to produce a sequence of sign-changing
solutions for problem (1.1) (see Section 4).

Also, we remark that our work was inspired by a recent paper of Liu-Papa-
georgiou [23]. Similar to our finding here, the authors in [23] consider a double
phase Dirichlet problem exhibiting the combined effects of a Carathéodory per-
turbation defined only locally and of a critical term, but they work with constant
exponents and under more restrictive conditions. Thus, we extend the results of
Liu-Papageorgiou [23] to the case of a double phase operator with both variable
exponents and under weaker conditions. Indeed, we are able to skip condition H1
(iii) in [23]. In addition, we point out that our main result extends the one of
Papageorgiou-Vetro-Winkert [31] to the case of two variable exponents. In [31]
p = p(x) has to be a constant.

Finally, we mention that functionals of type

F(w) = /Q (IVwlP 4+ p(z)|Vw|?) dz, 1<p<g<N,

were studied by Marcellini [26] and Zhikov [40] in order to describe strongly anisotro-
pic materials in the context of homogenization and elasticity. Such functionals also
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find application in the study of duality theory and of the Lavrentiev gap phenome-
non, see Zhikov [41, 42], and in the context of problems of the calculus of variations,
see Marcellini [25, 20].

A first mathematical framework for such functionals has been provided by Baroni-
Colombo-Mingione [4], see also the related works by the same authors in [5, 6] and
of De Filippis-Mingione [10] about nonautonomous integrals.

So far, there are only few results involving the variable exponent double phase
operator. We refer to the recent results of Aberqgi-Bennouna-Benslimane-Ragusa [1]
for existence results in complete manifolds, Albalawi-Alharthi-Vetro [2] for convec-
tion problems with (p(-), ¢())-Laplace type operator, Bahrouni-Rddulescu-Winkert
[3] for problems with Baouendi-Grushin type operator, Crespo-Blanco-Gasiriski-
Harjulehto-Winkert [3] for double phase convection problems, Kim-Kim-Oh-Zeng
[20] for concave-convex-type double phase problems, Leonardi-Papageorgiou [21]
for concave-convex problems, Liu-Pucci [24] for problems without supposing the
Ambrosetti-Rabinowitz condition, Vetro-Winkert [35] for parametric problems in-
volving superlinear nonlinearities and Zeng-Radulescu-Winkert [39] for multivalued
problems, see also the references therein. We also recall the papers of Colasuonno-
Squassina [7] for eigenvalue problems of double phase type, Farkas-Winkert [12]
for Finsler double phase problems, Gasiniski-Papageorgiou [13] for locally Lipschitz
right-hand sides, Gasiriski-Winkert [14, 15] for convection problems and constant
sign-solutions, Liu-Dai [22] for a Nehari manifold approach, Papageorgiou-Vetro
[29] for superlinear problems, Papageorgiou-Vetro-Vetro [30] for parametric Robin
problems, Perera-Squassina [33] for Morse theoretical approach, Vetro-Winkert [30]
for parametric convective problems, Vetro-Winkert [37] for critical Robin double
phase problems with one variable exponent and Zeng-Bai-Gasinski-Winkert [38] for
implicit obstacle problems with multivalued operators.

2. MATHEMATICAL BACKGROUND

Given a bounded domain Q C RY (N > 2) with Lipschitz boundary 99, we

denote by M () the set of all measurable functions u: @ — R. Let r € C(Q) be
such that r(x) > 1 for all z € Q. Then, the usual variable exponent Lebesgue space
L") () is defined by

L'OQ) = {u € M(Q) : pry(u) = / lu|"®) da < —|—oo} .
Q
We furnish this space with the Luxemburg norm

l|lull,() = inf {a >0 pry (g) < 1}.

We write WH()(Q) and Wol’r(')(Q) to denote the corresponding Sobolev spaces

equipped with the norms || - |1 ..y and ||V - [[,(.y, respectively, where || - [| ) is
given by

ullyrcy = lullrey + VUl
see also Diening-Harjulehto-Hést6-Ruzicka [11] and Harjulehto-Hésto [17]. Below,
we recall the relations between || - ||, and p,(.), see again [I1].

Proposition 2.1. Let r € C(Q) be such that r(x) > 1 for all x € Q. Then the
following hold:
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(i) [Jullpy <1 (resp. >1,=1) if and only if pry(u) <1 (resp. >1,=1);
(i) i llullocy <1 then lull7gy < priy(u) < Jlullyy;
sy — +
(i) if lJulley > 1 then llullZe, < prcy() < Jlullrg);
(iv) [lullry = 0 if and only if p,(y(u) = 0;
(v) Nullr.y = +oo if and only if py(.y(u) — +oo.

Assume that hypothesis (H1) is satisfied, then we can consider the nonlinear

function H: 2 x [0, 4+00) — [0, 4+00) defined by
H(z,t) = tP@ + p(2)t?®  for all 2 € Q and for all ¢ > 0.

Here, we denote by px(-) the corresponding modular function, that is,

/7—[ Jul) dz—/ (1uP® + p(@)ul@) da.
Q

Using py(-) we introduce the Musielak-Orlicz space L*(2) by
LH(Q) = {ue M(Q) : py(u) < +oo}.

As usual, we equip this space with the Luxemburg norm

[|lul|# = inf {a >0: py (a) < 1}

We underline that also the modular py; and the norm || - || are related by a close
relation, see Crespo-Blanco-Gasiriski-Harjulehto-Winkert [8, Proposition 2.13].
Proposition 2.2. Let hypotheses (H1) be satisfied. Then the following hold:
(i) |lullig <1 (resp. > 1,=1) if and only if py(u) <1 (resp. > 1,=1);
.. . + -
(i) if [lullse <1 then [|ull3, < pp(u) < Hullp+;
(i) if lfulloe > 1 then [l < pr(u) < uld; ;
(iv) |lullx — 0 if and only if py(u) — 0;
(v) lullg = +oo if and only if py(u) — +o0.
Now, starting from the Musielak-Orlicz space L7 (f2), we can define the corre-
sponding Musielak-Orlicz Sobolev space W (Q) by
WEH(Q) = {ue L*(Q) : |Vu| € L*(Q)} .
We consider on this space the norm
lullyae = llullz + [[Vulla,
where ||Vully := || |Vul||%. Also, by W&H(Q) we mean the completion of C§° ()
in WH(Q).
From Crespo-Blanco-Gasiniski-Harjulehto-Winkert [8, Proposition 2.12] we know
that the spaces L*(Q), W1 *(Q) and Wol’H (Q) are reflexive Banach spaces. Fur-

ther, on account of Proposition 2.18 in [¢] we can endow the space W *(€) with
the equivalent norm

lul = | Vullz  for all u e W) H(Q).

We recall that the classical Sobolev embedding theorem extends to the space
WO1 () as follows, see Crespo-Blanco-Gasiriski-Harjulehto-Winkert [, Proposi-
tion 2.16].

Proposition 2.3. Let hypotheses (H1) be satisfied. Then the following hold:
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(i) Wy Q) <—LW01’T(')(Q) is continuous for allr € C(Q) with 1 < r(z) < p(x)
for all x € Q;

(i) WOIH(Q) s L™O)(Q) is compact for allr € C(Q) with 1 < r(z) < p*(x) for
all z € Q.

Finally, for any s € R we put sy = max{+s,0} and we have s = s; — s_ and
|s| = s4 + s—. In addition, for any function u: Q — R we define u4(-) = [u(-)]+.

Given a Banach space X and its dual space X*, we recall that a functional
¢ € C1(X) satisfies the Palais-Smale condition (PS-condition for short), if every
sequence {2, tnen € X such that {o(un)}nen € R is bounded and

o' (zn) =0  in X* as n — +o0,

admits a strongly convergent subsequence. We denote by K, the set of all critical
points of ¢, that is,

K,={ueX : ¢ (u)=0}.

We also recall that a set S C X is said to be downward directed if for given
uy,us € S we can find u € S such that v < u; and u < ug. Analogously, S C X
is said to be upward directed if for given v1,v9 € § we can find v € S such that
v1 < v and vy <w.

3. AUXILIARY PROBLEM

In this section, using suitable cut-off functions and truncation techniques, we
introduce an auxiliary coercive problem on which we can act with variational tools.
The study of this problem helps us to prove the existence of nodal (that is, sign-
changing) solutions for our main problem (1.1).

Let 6 € C1(R) be an even cut-off function satisfying the following conditions:

supp 0 C [—no, 7o), QH%Q 1] =1 and 0<6<1 on (—n9,n), (3.1)

where 7 is the positive constant from hypothesis (H2). Using 6, we introduce the
Carathéodory function k: 2 x R — R defined by

Blw,s) = 0(s) [f(,) + 15”25 + (1= 0(s)) 5|72 (3.2)

for all (z,s) € 2 xR, where 7 is given in (H2)(ii). The assumptions on 6 (see (3.1))
and hypothesis (H2) guarantee that

Ik(x,5)] < ¢ (1 + |s|T(’”)_1) (3.3)

for some ¢ > 0, for a.a.x € Q and for all |s| < 4.
Then, we consider the following auxiliary double phase Dirichlet problem

—div (\Vu\p(gj)_QVu + u(m)\Vu|q<z)_2Vu> = k(z,u) in Q,
u=0 on OS2

(3.4)

Here, we denote by S; and S_ the sets of positive and negative solutions of
problem (3.4), respectively. First, we prove that these sets are nonempty.

Proposition 3.1. Let hypotheses (H1) and (H2) be satisfied. Then Sy and S— are
nonempty subsets in Wy 7t (2) N L ().
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Proof. We start by the set S; and show that it is nonempty. To this purpose, we
consider the C'-functional ¢ : Wy " (Q) — R defined by

1 @)
® u:/[ p(x)—l— qu}dx /Kxu dz,
for all u € Wy (Q), where K (z,s) = [; k(z,t) dt. Due to (3.3) we obtain

/ V[P dx+—/ )|V 1@ dx—/K (z,uy)dz

Sou((Vu) — [ K ds

- ou(|7u) // (141571 as

1 c (@)

— Vul|) — doe — — d

5 p(IV) C/Qu+ x T—/Q“+ x
1 c

> — Vu —c/ udx——/ u|™® dz.
(Vb —e [ fular == [

We recall that if [ul|,.) > 1, due to Proposition 2.1(iii), we have that p,.)(u) <

\ \/

| \/

vV

||u||:(+) Similarly, if ||u|| := ||Vulls > 1 using Proposition 2.2(iii) we know that
pu(|[Vu|) > | Vul%, . According of this, for any u € W H(Q) such that ||ul|, ) > 1
H 0 (z)
and |lul| > 1 we can further write
1 - c +
¢4(u) = pe lul? = ellully = —=llullz,

1 - C1 +
Al = _ T
" —elul = =l

v

for some ¢; > 0 since the embeddings Wol’H(Q) — LY(Q) and W(}’H(Q) — L7O(Q)
are compact, see Proposition 2.3(ii). From this, taking into account that 7 < p~
(see (H2)(ii)), we conclude that ¢ is coercive. Moreover, using the compactness
of the embedding W()l%(Q) < L"O)(Q) for any r € C(Q) with 1 < r(z) < p*(z) for
all x € Q (see Proposition 2.3(ii)), we infer that the functional ¢, is sequentially
weakly lower semicontinuous. Thus, there exists ug € W, () such that

b (wo) = inf |64 (u) : we WH(®)].

We show that wg is nontrivial. Hence, we consider a function @ € int C ()4 and
we take ¢ € (0, 1) small enough so that ti(z) € (0,6] for all x € . Then, we have

¢ (ta)

:/Q [p(lx)|v(ta)|p(”)+Z((;C))|V(tﬂ)q($)] dx—/QK(x,tﬂ) da

o
<= U VP dx+/u(x)|Vﬂ|Q(I) dx} —/K(x,tﬂ) dz.
p Q Q Q

Taking into account that ti(x) € (0, 6] and further 6 < % (see (H2)(ii)), from (3.1)
we have that 0(t@(x)) = 1. This in addition gives

ke, t) = f(a, ta(e) + (i) O 2ta(e) > [, ti(a)). (3.6)

(3.5)
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Now, since ti(z) € (0,6] and 0 < &, thanks to hypothesis (H2)(ii) we know that
co [ta|" @7 < f(x, ta). (3.7)
So, using (3.6) and (3.7) in (3.5) we have
¢4 (1)

+
t_[/ VP de + / (m)|Vﬂ|q(I)dx}—COTZ / 7@ da
Q
I Co
_ U Vi dx—i—/ (m)|Vﬂ|q(m)dx} —7/ " da |
T Ja

Now, taking into account that 7+ < p~ (see (H2)(ii)), choosing t € (0,1) small
enough we have that

+

T . .
— [/ |Va[P®) dz —|—/ w(z)| Va1 dx} — C—O/ |a|™®) dz < 0.
Q Q ™ Ja

p

Recall that [, |Va|P@® dz+ [, p(z)|Va|?® dz and [, |i]"®) dz are fixed for a given
@ € int C(Q)4. Consequently, we conclude that ¢ (ti) < 0 = ¢ (0) for t € (0,1)
sufficiently small. This guarantees that ug # 0.

Finally, we remark that u is a global minimizer of ¢, so ¢/, (ug) = 0. This
implies that

/ (|vu0|p<x> 2Vug + p(x)| Vg |1~ QWO) -Vhdz = / k(z, (ug)4) hdz (3.8)
Q

for all h € Wol’H(Q). Now, using Proposition 2.17 of Crespo-Blanco-Gasinski-
Harjulehto-Winkert [3] which gives +ux € W, () for any u € Wy " (Q), we can
choose h = —(ug)— in (3.8). In this way, we get that (up)— = 0 and thus we deduce
that ug > 0. As ug # 0 we conclude that ug is a nontrivial positive weak solution
of problem (3.4), thus S; # 0. Also, from Crespo-Blanco-Winkert [0, Theorem 3.1]
we have that ug € Wy ™ (Q) N L>(Q).

In order to obtain a nontrivial negative weak solution for problem (3.4), we can
use the C''-functional ¢_: Wy " (Q) — R defined by

gi)_(u):/ﬂ [p(lx)v p@) 4 ((i))w M} dx—/Kx —u)da

for all u € VVO1 H (©). Then, arguing as in the case of the positive solution, we show
that it has a global minimizer which turns out to be nontrivial and nonpositive.
Therefore, it is a nontrivial negative weak solution of problem (3.4). (]

Next, our aim is to show the existence of extremal constant sign solutions for

problem (3.4). So, we consider the following auxiliary problem

—div <|Vu|p(x)72Vu + u(x)|Vu|q<x)*2Vu> = colu|" @2y in Q,
u=0 on 0f2

and establish the following result.
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Proposition 3.2. Let hypothesis (H1) be satisfied. Then, problem (3.9) has a
unique positive solution u € Wol’H(Q) N L>°(Q). Further, T = —u 1is the unique
negative solution of problem (3.9).

Proof. We point out that in order to have the claim it is sufficient to show that
problem (3.9) has a unique positive solution @ € Wol’H(Q) NL>(€). Indeed, taking
into account that the problem (3.9) is odd, this guarantees that v = —u is a negative
solution of problem (3.9) and further it is the unique negative solution.

Now, in order to prove the existence of a positive solution for problem (3.9), we
consider the C''-functional ¢, : W, () — R defined by

o= [ i gur® - M) gue@ | qe - [0 (0 7@ da

for all u € Wy (Q). We know that
1 1 Co
u) > — Vup(””)dx—l—f/ T Vu‘m)dx——/u (@) 4z
velw) = = [ vu 5 [ waivu “ [ w)

1 Co (z)
> YV - — T\® d .
g+ prllVul) = == /Q [uf™ dz

With similar arguments as in the proof of Proposition 3.1, we can show that ¥ ()
is coercive and sequentially weakly semicontinuous. This ensures, thanks to the
Weierstraf-Tonelli theorem, that we can find @ € W, Q) such that

by (@) = inf [0y (u) : we WeH(Q)].

Reasoning again as in the proof of Proposition 3.1, we are also able to show that
u # 0 and further @ > 0. So, we conclude that w € Wol’H () is a nontrivial positive
weak solution of problem (3.9).
Next, we prove that such positive solution is unique. To this purpose, we consider
the integral functional j: L'(2) — R U {+oco} defined by
/ 1wt p@ +/ PO G079 i 4> 0 and wi= € WEH(Q),
j(u) :={ Ja p(@) o q(x)

+00 otherwise
and let
domj = {ue L' () : j(u) < +oo}
be the effective domain of j(-). We point out that from the anisotropic Diaz-Saa
inequality, see Takac-Giacomoni [341], we have that j(-) is convex.
Now, let @ € W '™(Q) N L>®(€) be another nontrivial positive weak solution
of problem (3.9). Givene > 0, let v = +¢ € int L*(Q); and w° = w+¢ €

int L>°(£2) 1. Thanks to Proposition 4.1.22 of Papageorgiou-Radulescu-Repovs [27],
we know that

u® we

— € L>*(Q) and — € L*°(Q). (3.10)
We put b = (@)?" — (@°)?" € Wy (Q) N L>(€). We note that from (3.10) and
the convexity of j(-) we see that the directional derivatives of j(-) at (u®)? and at
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(w®)P  in the direction h exist and are equal to

j ((ﬂa)pf) (h) = i/ “Rp0T — H@AOT

(@ )p -

—7(x)—
Cou
—/ o — T hdzx

j’((mi)pv(h):i/ ~ST RO g

Q
il CO wT(Z) hdzx,

p—l

and

respectively. Moreover, the convexity of ]() implies the monotonicity of j'(-). On
account of this, we have that

0< e /Q ( (ZZ;Z)_Il - (ZJ):;)_Z) (@) = @) ) do

Hence, for ¢ — 07, using Lebesgue’s Theorem, we obtain

1 1 _ _
< _ 7P  _ P .
0<c /Q (upT(I) pr(m)) (u w ) dz

It follows that w = w and thus we have the claim.
Finally, we point out that the double phase maximum principle leads to u(z) > 0
for a.a.x € Q. O

Now, we are ready to prove the existence of a smallest positive solution u, € S
and the existence of a largest negative solution v, € S_.

Proposition 3.3. Let hypotheses (H1) and (H2) be satisfied. Then there exists
Ux € Sy such that u, < wu for allu € Sy and there exists v, € S_ such that v, > v
forallveS_.

Proof. We only show the existence of a smallest positive solution for problem (3.4),
the case of a largest negative solution works similarly.

Arguing in a similar way to the proof of Proposition 7 in Papageorgiou-Radulescu-
Repovs [28] we can deduce that Sy is downward directed. On account of this, we
can use Lemma 3.10 of Hu-Papageorgiou [18, p. 178] which gives the existence of
a decreasing sequence {u, }nen € St such that

inf u, = inf S;.
neN

As u, € 84 it follows that
/ (|Vun\p(””)_2Vun +u(m)|Vun|Q(I)_2Vun) -Vhdz = / k(x,up) hdz (3.11)
Q Q

for all h € WolH(Q) and for all n € N. Hence, choosing h = u,, in (3.11) and using
(3.3) along with 0 < u,, < uy, we have that

pr(Vun) = [ 190l e+ [ @)V 1) o < dy
Q Q
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for some d; > 0 and for all n € N. This fact along with Proposition 2.2 shows that
{tn tnen C W&’H(Q) is bounded. Hence, we can assume that
Uy — u, in WeH(Q) and w, = u, in LIOQ).
Thanks to (3.1), (3.2) and hypothesis (H2)(ii) we have
k(z, 5)| < dy|s|”@1 (3.12)

for a.a.x € Q, for all s € R and for some ds > 0. From (3.12) along with 0 < u,, <
u1, we in particular deduce that

k(2 un)| < daftn|T® 71 < dyfug 7@,

Then, taking into account that do|u;|7)=1 € L>®(Q), from (3.11) and (3.12) along
with a Moser-iteration type argument as it was explained in Guedda-Veron [16], we
can obtain that

Hun”oo < O(un)

Now let us check that u, # 0. Indeed, if u, = 0 we have that |u,|lcc — 0 as
n — +o0o. This implies that we can find ng € N such that

0 <up(xz)<4d

for a.a.x € Q and for all n > ng, where ¢ € (O,min{%’, 1}) Then, we fix n > ng
and consider the Carathéodory function [,,: 2 x R — R given by

(2, 5) co(sy)T@—1 if s < up(x),
n I’75 = .
colun ()71 if u, (z) < s.

Then we introduce the C'-functional o : Wy " (Q) — R defined by

U+(u):/ﬂ [p(lx)ww(zu‘;((gwuw(z)} d:z:—/QLn(:z:,u)dx

for all u € Wy (), where Ly, (z,s) = Jy In(x,t) dt. Similar arguments to the ones
in the proof of Proposition 3.1 show that this functional is coercive and sequentially
weakly lower semicontinuous. Hence, we can find @ € WO1 (Q) such that

. (@) = inf [a+(u) ue Wolv”(fz)} <0=0.(0),

which gives 4 # 0. Also, we can deduce that @ > 0. In addition, we point out that
Ky, C[0,u,]. In fact, let v € K,, with v # 0,u,, then we have

/ (|Vv\p("”)_2Vv + u(x)\Vv|q(m)_2Vv) -Vhdz = / ln(x,v) hde (3.13)
Q Q

for all h € WolH(Q) Taking the test function h = (v — u,)4+ in (3.13), using
(H2)(ii) along with 0 < u, < ¢ and u,, € S;, we obtain

/ (|Vv|p($)72Vv + u(m)|Vu|q($)*2Vv> V(v —up)s dx
Q
- / 1@, 0) (0 — )4 da

Q

= / co(tn)™ @ (v — uy) 4 dz
Q
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< [ o))y do
Q
= / [f(x, Un) + (Un)p*(z)izun] (U - Un)-‘r dx
Q

_ /Qk(z,un)(v —up)y de

/ (|Vun\p(z)72Vun + u(m)|Vun|q("”)*2Vun) V(v —up)s dx
Q

as 0 < w
()P (®)=

<6 < B oand (3.1) give O(u,) = 1 and so k(z,un) = f(z,un) +

uy,. Consequently, we have

oS

/ (|Vv\p(x)_2Vv - \Vun|p(’”)_2Vun) V(v —up)4 de
Q

—I—/ w(z) (\Vv|q(x)_2Vv — |Vun|Q($)_2Vun) V(v —up)4dz <0,
Q

which implies that v < u,,. Furthermore, choosing the test function h = —(v_) in
(3.13), we easily see that v_ = 0 and thus we have that v > 0. We finally conclude
that K,, C [0, uy).

Now, we recall that 4 is a global minimizer of oy and then @ € K,, C [0, uy).
So, we know that

/ (|va|p<f>*2va + u(m)|va|q<f>*2va) - Vhdz = / co(tin)™ @ hde

Q Q

for all h € VVO1 H (©2). This clearly implies that 4 is a positive solution of problem
(3.9). Since such solution is unique (see Proposition 3.2), we conclude that @ = .
From this, it follows that u < w, for all n > ng, which contradicts the hypothesis
uy, = 0. Comnsequently, we have that u. # 0 and further u, € S;. Therefore, we

have that u, is the smallest positive solution of (3.4) in S,.
O

4. PROOF OF THEOREM 1.1

In this section, we use the extremal constant sign solutions u, and v, given in
Proposition 3.3 in order to produce a sequence of nodal (that is, sign-changing)
solutions for problem (1.1). In addition, we show that such sequence converges to
0 in Wy (Q) and in L>®().

Considering truncations of k(z, -) at v.(z) and u.(z), we introduce the Carathéo-
dory function k,: Q2 x R — R given by

k(z,ve(z)) if s < vi(x),
ki(x,s) = { k(x,s) if vi(r) <s <),
E(z,ue(z)) if us(z) < s.
Let ®,: W) ™(Q) = R be the C'-functional defined by

<I>*(u):/9 [p(lx) Vu|p(7“')+/;((§))|VuQ(w)] dx—/QK*(x,u)dx,

for all u € Wy (Q), where K, (z,s) = [} ki(z,t) dt.
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Note that the set Kg, of the critical points of the functional @, is contained in
the order interval [v,,u.]. In fact, for a given u € Kg, \ {u«, vs} we know that

/ (|Vu|p(x)72Vu—|— u(x)|Vu|q(z)72Vu) -Vhdz = / ki (z,u)hdx (4.1)
Q Q
holds for all h € W '*(€2). Then, choosing h = (u — u,)y in (4.1), we have that

/ (\Vu\p(z)72Vu + u(:c)\Vu\q(I%QVu) “V(u—uy)y de
Q
= / Ew(z,u)(u — uy)y do
Q
= / E(z, us)(u — uy) 4 do
Q

= / <|Vu*|p("”)72Vu* + ,u(x)|Vu*|q($)*2Vu*) -V(u— uy) 4 dez,
Q
since u, € Sy. Hence, we deduce that

/ (|Vu|p("c)_2Vu — |Vu*|p("”)_2Vu*) -V(u—uy)y dz
Q

+ / w(z) (|Vu\q(z)_2Vu — |Vu*|q(m)_2Vu*) -V(u—uy)y dz =0,
Q

and consequently we have that v < u,. An analogous reasoning and the choice of
h = (v. —u)s in (4.1) gives that v, < u.

Now, let V C Wy ™(Q) N L>®(Q) be a finite dimensional subspace. Then, given
v €V we put

{v<uv}={r e vx)<v(x)},
{vs v <u}={x € : v(x) <v(x) <udlx)},
{us <v}={r € Q : u.x) <v(x)}
Since V is finite dimensional, all norms on V are equivalent, see for example

Papageorgiou-Winkert [32, Proposition 3.1.17, p.183]. Hence, we know that there
exists a positive constant ey, independent of v € V', such that

ev [[v]] < [lvll-¢y- (4.2)
Using this fact, we are able to establish the following result.

Proposition 4.1. Let hypotheses (H1) and (H2) be satisfied. Then, we can find
rv > 0 such that

sup [®.(v) : v eV, |lv| =rv] <O0.
Proof. Since all norms on V' are equivalent, we can find ry > 0 such that
veV and |v|=ry imply |v(z)| <4 foraa. zeQ
with 6 € (0,min{%,1}). Recall that from § < 2 it follows §(v(z)) = 1 for

a.a.x € (), see (3.1). Hence, given v € V with ||v|| = ry we know that

2,0.(2)) + [ (@) P (@) if o(a) < va(a),

z,0(2)) + [v(@) " 2(2) if v.(z) < v(r) < w(z), (4.3)
Z, Uy () + |ug () “u(z) if ui(x) < v(x).

~ T~~~

f
ko(z,0(r)) = { f
f
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Let f.: Q2 x R — R be the function defined by

f(@,ve(z))  if v(z) <v.l2),
fulz,v(x)) = f(zo(@)  if.(z) <o) < w(2),
f(@,ua (@) if ue(z) <o(2),

and in addition let F,(z,s) := fos f«(x,t)dt. Then, for v < v, we see that

R = [ fsdss [ fess

— [ f@s)ds s flae)w =),
0
Note that according to (H2)(ii) we have
flz,s) <Oforall —0<s<0 and f(z,s)>0forall0<s<é. (4.4)

Using (4.4), we see that f(z,v.) is negative and hence we infer that f(x,v.)(v —
vy) > 0. Therefore, we can write

F(z,v) — Fy(z,v) = F(z,v) — F(z,vs) + f(z,0:) (05 — v)
< F(z,v) — F(x,v.),
where F(z, s) fo x,t) dt. Moreover, for u, < v we have that
Fo(z,v) = F(z,us) + f(z,us) (v — uy).
Taking into account that from (4.4) it follows f(x,u.)(u. —v) < 0, we deduce that
F(x,v) = Fi(z, ) F(z,v) = Fz, u.) + f (2, us) (ue —0)
F(z,v) = F(x, u.).

Using this facts along with the fact that the terms

1 . 1 » 1 .
— |, (@), ——Jv|P (@) and M ()
p*(x) p*(x) p*(x)

are positive, we get that

D, (v) = / {() v|P® 4 q((i))|v q@)} dx—/K z,v)dz
< 7/ |Vo[p@ dx+i/ (2)|Vo|1®) dz
‘AKMLF“““ﬁ<N“”w]“
B /v*fvﬁu*} [F($7U) - p*im)w'p*(m)] ar

1 .
—/ Fo(2,v) + ——[us|? (I)} dz
{us<v} L p (x)

1 1
—r/vaﬂﬂdx+a;/uunvmW%m
p Q q Q

—/ Fi(z,v) dx—/ F(z,v) dx—/ F.(z,v)dx
{o<v.} {ve<v<u.} {u.<v}
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1 (@) L (@)
< — [ Vol de + — | p(@)| Vo' de — | F(z,v)dz
P Ja a Ja Q

*EAWwJ[F@%WE&Lvﬂdx+LAm<“[F@;wEdgyﬂdx

1 1
< — [ |VolP@® dz + i/ w(@)|Vo|!® dz — [ F(z,v)dz
P Jao a Ja Q
+/‘ [ﬂ%w—F@mﬂm+/’ [F(z,v) — F(z,u,)] dz
{v<v.} {us<v}

1
SF,OH(VU) —/QF(x,v)dx
F(x,v) — F(x,vy)] dx F(x,v) — F(x,u,)] dx.
wf e P [ F) - P

Now, due to hypothesis (H2)(ii) we can find § € (0, min{2,1}) such that
cols|T®1 < |f(x,s)| for all |s| < 6.

Consequently, as 7+ < p~ due to hypothesis (H2)(ii), we can choose

o+

ry < (6\/)1”7f#r

with ey ry < 1, where ey is the positive constant introduced in (4.2), so that

7-+
/ [F(z,v) - F(z,v.)] dz +/ [F(z,v) — F(z,u.)] do < M
{’U<’U>«} {u*<v} 27_
and in addition
®.(v) < = (Vo) — -« / v]™@) dz + M
* > - PH + o = )

Next, using Proposition 2.2 (ii), (iii) we have
- +
pr (Vo) < max{]fo[|”, [lv]|*"},

and using Proposition 2.1 (ii), (iii) we have

T

pr(y(v) = min{|[v]7 ), 1017 @) -
Further, thanks to (4.2) we deduce that
. T rt
pr(y(v) = min{(ey [[v])7 , (ev o)™ }.
Now, as ry < 1 and eyry < 1, for v € V with |[v]| = ry, we have
- +
pu(Vo) <rj, and  pr)(v) = (evrv)™ .

Hence, we get

)
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o+
Now, we recall that ¢y > 2pT_+ (see (H2)(ii)) and rv < (ey)r~—7F. Therefore, we
have that
- -+
T o e‘T,+ ry e(;r -0
P 27+ P~ p~

From this, we conclude that ®,(v) < 0 for all v € V with |jv|| = ry and ry <
+

(ev) »~ =% such that ey ry < 1. This clearly gives the assertion of the proposition.
|

We are now ready to establish the proof of Theorem 1.1 which is based on a
generalized version of the symmetric mountain pass theorem due to Kajikiya [19,
Theorem 1].

Proof of Theorem 1.1. According to the definition of k,: @ x R — R given in (4.3),
we can show with similar arguments as in the proof of Proposition 3.1 that the func-
tional @, is even and coercive. This permits us to deduce that ®, is bounded from
below. Further, from Papageorgiou-Radulescu-Repovs [27, Proposition 5.1.15], we
also have that ®, satisfies the PS-condition. Therefore, taking into account that
Proposition 4.1 holds, we can use Theorem 1 of Kajikiya [19] which guarantees
the existence of a sequence {z, }neny C Wy 7 (€2) N L>(Q) satisfying the following
properties

zn € Ko, C [vs,us], 2n#0, Pu(z,) <0 forallneN
and
lznll = 0 asn — 4oc.
Since v, and u, are extremal solutions of problem (3.4), from
zn € Ko, C [vs,us] and 2z, #0 forallneN,

we conclude that z, is a nodal (that is, sign-changing) solution of problem (3.4) for
all n € N. Now, we recall that

[2nlloe < O(un)

(see the proof of Proposition 3.3). This along with ||z, || — 0 yields ||zp]|cc — O as
n — +0o0.

Finally, from ||z,]lcc — 0 as n — 400 we also get that there exists ng € N such
that |z, (z)| < B for a.a. 2 € Q and for all n > ng. Thus, we have that (z,(z)) = 1
for a.a.z € Q and for all n > ny. On account of this, in view of (3.2), we conclude
that z, is a nodal solution of problem (1.1) for all n > ny. O
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