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Abstract

This thesis is dedicated to the study of the following nonlinear and non-local
Schrodinger equation:

—Au+u+)\2<
w

o[V 2 *PUQ) pla)u=lu"'u = eRY,

where w = (N —2) [S¥![, A > 0, ¢ € (1,2* — 1), p : RY — R is nonnegative,
locally bounded, and possibly non-radial, N = 3,4, 5 and 2* = 2N/(N —2) is the
critical Sobolev exponent. We look for the existence and multiplicity of nontrivial
solutions to the above under the following assumptions on p:

(p1) p~1(0) has non-empty interior and there exists M > 0 such that

{xERN:p(:E)SM}<oo;

(p2) for every M > 0,
{xGRN:p(x)SM} < 0.

The variational properties of our problem require analysis of suitable functional
spaces and their properties, such as separability and compactness, which play
key roles in the variational tools which we use to prove existence and multiplicity
of solutions. Under both assumptions our work is strongly inspired by that of
Bartsch and Wang [7]. In the latter case (p2) we find the existence of least energy
solutions for a wide range of ¢ € (2,2* — 1) using techniques related to the work
of Jeanjean-Tanaka [29]. Furthermore, multiplicity results under this assumption
are also obtained using the Lusternik-Schnirelman theory combined with results
of Ambrosetti-Rabinowitz [4] and Ambrosetti-Ruiz [5].

In the former case (p;) it is unclear whether compactness exists for our vari-
ational formulation, therefore we define a priori bounds, due to the relations
between A and M, to show that there do not exist Palais-Smale sequences weakly
convergent to 0 for A large in order to prove the existence of a solution.

We also show nonexistence of nontrivial solutions in the critical case (¢ =
2* — 1) and the case when ¢ € (1, 2].
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1 Introduction

This thesis is dedicated to existence, nonexistence and multiplicity of solutions
and their variational and qualitative properties, together with the functional prop-
erties and questions related to compactness of the following non-local Schrodinger

equation:

1
“Autut A <W *PUQ) pla)u=|ul"'u zeRY, — (SP)

,A>0,q€ (1,2 —1), p: RY — R is nonnegative,
locally bounded, and possibly non-radial, N = 3,4,5 and 2* = 2N/(N —2) is the

critical Sobolev exponent.

where w = (N — 2) |

Under various assumptions on p, we are interested in addressing problems
related to selecting a suitable functional setting and its relevant properties, such
as those related to separability and compactness. In particular, the variational
formulation of (SP) requires a functional setting different from the standard
Sobolev space H*(RY). Namely, situations where the right hand of the classical
Hardy-Littlewood-Sobolev inequality

(y)P( ) 2112
drdy < |[pu?||® o~ , HLS
/]RN/RN |I— |N 2 y Hp H Ni(RN) ( )

is not necessarily finite for some u € H*(RY). More precisely, taking inspiration
from the work of Bartsch and Wang [7] we consider both of the following two

assumptions on p:

(p1) p1(0) has non-empty interior and there exists M > 0 such that
|z € RN : p(z) < M| < oo;

(p2) for every M > 0,
lz € RY : p(z) < M| < o0.

We can see from the above assumptions that given a u € H(RY), the (HLS)
may not be bounded in cases when, for example, p(x) — 400 as || — +o00. This
leads us to the study of the following space. Throughout the thesis these two
assumptions will be described as (p1) the vanishing case and (ps) the coercive
case.

Due to the above considerations, it is clear we will not be working in H'(R"),



therefore we define E(RY) C HY(RY) as
ERY) = {u € W, (RY) : |lullpg~) < +oo},

with norm

|ul| gy = (/H{N(|Vu|2+u2)dx
A (/RN /RN y|N(ygp(y) " dy) 1/2>1/2.

Variants of this space have been studied since the work of P.L. Lions [34], other
works include [47], and [9], [16], [40]. Formally, solutions to (SP) are the critical
points in E(RY) of the C*(E(R"); R) energy functional

=g [ (vupraye g [ ] ORI gy [ e,
(1.1)

One could regard (SP) as formally equivalent to a nonlinear Schrédinger-Poisson

system

{ —Au+u+ Np(x)pu = |[ulT u, zeRY, (1.2)

—A¢ = p(x)u?, r € RV,

In fact, it is well-known from classical potential theory (Proposition 1 details this
further) that if u?p € L (R") is such that

/ / |x — y|N(y2)p(y) dzdy < 400, (1.3)

o) = [ LU gy (14)

N wlr —y|N2

then,

is the unique weak solution in D%2(R%) of the Poisson equation

—A¢ = pla)u? (15)

and it holds that

[Lwad = [ ooatar [ [ EEAIDAD 0y

w|z




Here we set
DY (RY) = {u e L* (RY) : Vu € L*(RV)}, (1.7)

equipped with norm

||u||D112(IR<N) = ”vu||L2(RN)~

By elliptic regularity, the local boundedness of p implies that any pair (u,¢) €
E(RN)x DY?(RN) solution to (1.2) is such that u and ¢ are both of class Cpz% (RN).
In particular, if u > 0 is nontrivial, it holds that u, ¢ > 0. Note that inf I, = —o0,
however it is an easy exercise to see that I is bounded below on the set of its
nontrivial critical points by a positive constant. It therefore makes sense to define
a solution u € E(RY) to (SP) as a groundstate if it is nontrivial, and if it holds
that I,(u) < I,(v) for every nontrivial critical point v € E(RY) of I.

The methodology contained in this thesis is inspired by the work of Ambrosetti-
Rabinowitz [4] and their pioneering analysis of nonlinear elliptic partial dif-
ferential equations which show the existence of unique bound states to non-
autonomous Schrodinger problems in bounded domains under certain conditions
on the nonlinearities, which we will refer to as the Ambrosetti-Rabinowitz condi-
tion, and suitable compactness conditions. Since the classical work of Ambrosetti-
Rabinowitz, considerable advances have been made in the understanding of sev-
eral classes of nonlinear elliptic PDE’s in the absence of either the so-called Palais-
Smale or the Ambrosetti-Rabinowitz conditions, yet achieving in the spirit of [4]
existence and multiplicity results, some examples include [2, 3, 51, 55]. A core
theme when working on unbounded domains such as RV are problems related
to compactness, namely the lack of compactness phenomena which occur. These
sort of problems have been tackled by Strauss [49] by means of radial functions
and by Berestycki-Lions [13], which have been a breakthrough in the study of
autonomous scalar field equations on the whole of RY. A great deal of work,
certainly inspired by that of Floer and Weinstein [24], has been devoted to the
study of nonlinear Schrodinger equations with nonradial potentials and involving

various classes of nonlinearities:
~Au+V(z)u = f(z,u), xR (1.8)

The classical works of Rabinowitz [45] and Benci-Cerami [10] have provided a
penetrating analysis on equations like (1.8), and inspired the work on various
remarkable variants of it, under different hypotheses on V' and f which may
allow loss of compactness phenomena to occur. Authors have contributed to

understand these phenomena in a min-max setting, in analogy to what had been



discovered and highlighted in the context of minimisation problems by P.L. Lions
in [35] and related papers. An interesting case has been considered by Bartsch
and Wang [7] who take a novel approach by using restrictions on the potential
V() in purely local Schrédinger equations to recover compactness in a non-radial
setting. Their work has been a major inspiration to much of our content. In
particular they proved existence and multiplicity of solutions to (1.8) for V(x) =
1+ \2p(z), with p(x) satisfying the measure conditions (p;) or (pz), the condition
(p1) is particularly interesting as no compactness occurs. Years later Jeanjean
and Tanaka in [29] and related papers, have looked into cases where f(x,u) may
violate the Ambrosetti-Rabinowitz condition. Remarkably, they have been able
to overcome the possible unboundedness of the Palais-Smale sequences, with an
approach which is reminiscent of the ‘monotonicity trick” introduced for a different
problem by Struwe [50].

To give insight into the physical properties of (SP), some variants of this
equation appear in the study of the quantum many-body problem, some examples
can be found in [6, 18, 37]. The convolution term represents a repulsive interaction
between particles, whereas the local nonlinearity |u|?"'u is a generalisation of
the ©?/3 term introduced by Slater [48] as local approximation of the exchange
term in Hartree-Fock type models, further examples of this may be found in
[14, 38]. In the last few decades, nonlocal equations like (SP) have received
increasing attention on questions related to existence, nonexistence, variational
setting and singular limit in the presence of a parameter. We draw the reader’s
attention to [1, 11, 18] and references therein, for a broader mathematical picture
on questions related to Schrodinger-Poisson type systems. Relevant contributions
to the existence of positive solutions, mostly for ¢ > 3 = N, such as [19, 20], are

based on the classification of positive solutions given by Kwong [31] to
—Au+u = ul, r € R3,

regarded as a ‘limiting’ PDE when p(z) — 0, as |x| — oo. Recently in [41, 52],
in the case p(z) — 1, as |z| — oo, the relation between (1.2) and

—Au+u+ Nou = |u|Ttu, R3

1.9
—A¢ = u? R3 1-9)

as a limiting problem, has been studied, though a full understanding of the set

of positive solutions to (1.9) has not yet been achieved.



Considerably fewer results have been obtained in relation to the multiplicity
of solutions. It is worth mentioning [5] whose (radial) approach is suitable in
the presence of constant potentials. More precisely Ambrosetti-Ruiz [5] have
studied the problem (1.9) with A > 0 and 1 < ¢ < 5. When ¢ € (1,2) N (3,5)
their approach relies on the symmetric version of the Mountain-Pass Theorem
[4], whereas for ¢ € (2,3] and in the spirit of [29, 50], they develop a min-max
approach to the multiplicity which in fact improves upon [4] and is based on the
existence of bounded Palais-Smale sequences at specific levels associated with the

perturbed functional

1 A2 u?(z)u*(y) 1
I _ - 2 2 _/ / Z N e dy — —2— q+1d
) =5 [vep e+ 3 [ [ EEE B aray - L as,

for a dense set of values u € [%, 1) )

1.1 Main Results

In this section we collect the main results of this thesis under both assumptions
(p1) and (p2) which appear in [23]. Our new results are about existence, nonex-
istence and multiplicity of solutions.

Working in the functional setting E(RY) causes several problems to arise
which are not shared with more common spaces such as H'(R"). We may not
have a Hilbert space structure, as anticipated earlier notice that the assumption
(p1) is compatible with a situation where p(x) — po > 0 as |z| — oo, in which
the space E(RY) ~ HY(RY), as well as with the case p(z) — oo as |z| — oo,
in which E(RY) ¢ H'(RY). We tackle the case of vanishing p with a unified
approach for these particular sub-cases.

Showing the boundedness of Palais-Smale sequences when ¢ < 3 is a well
known open problem for this system, discussions on this topic can be found
in [46]. Furthermore, a possible lack of compactness due to the invariance by
translations in unbounded domains such as RY is a common issue in our work.
Methods by Strauss [49] for radial functions can overcome these issues or P.L.
Lions [35] in nonradial settings. In our case it is not obvious if compactness can be
regained under the assumption (p;), however, under the assumption (p3) we can
use methods similar to those on weighted Sobolev spaces to regain compactness
(Lemma 4.4).

In contrast with the local Schrodinger problem (1.8), where the infimum over
the Nehari manifolds can be shown to coincide with the mountain-pass level for

a wide range of nonlinearities f, as is shown in the book Minimax Theorems by



Willem [55, p. 73]. In our problem (SP) it is not standard to prove, or disprove,
that these levels coincide when ¢ < 3.

In the case of pure power nonlinearities and ¢ € (1, 2], and unlike for the action
functional associated with (1.8), the variational properties of I are particularly
sensitive to A, yielding existence, multiplicity (of a local minimiser and at the

same time of a mountain-pass solution) and nonexistence results, for example
[39, 46] and [47].

1.1.1 Existence Results

The Theorems labelled in this section are mirrored in Chapter 4 under the labels
Theorems 4.1, 4.2, 4.3, 4.4 respectively in order of presentation here.

We begin with the following existence result in the case (p1) and analysing
the behaviour of (SP) as A varies.

Theorem 1.1 (Groundstates for ¢ > 3 under (p;)). Let N =3, p € L (RY)
be nonnegative, satisfying (p1), and q € [3,2*—1). There exists a positive constant
A = )\*(q,M) such that for every A > A, (SP) admits a positive groundstate

solution u € E(R?). For q > 3, u is a mountain-pass solution.

To prove the above theorem we use a constraint minimisation approach over
the Nehari manifold. Special consideration is taken in the delicate case of ¢ = 3
as it is not clear whether the mountain-pass level is critical for this exponent.

By construction A, = max{\g, A1}, where \g and \; are defined as in Propo-
sitions 6 and 7, provide uniform lower thresholds for A to ensure that certain
Palais-Smale sequences have non-zero weak limits and that these weak limits
have a precise variational characterisation.

In a situation, as mentioned earlier, where E(R?) ~ H!(R?), with equiva-
lent norms by (HLS), a sufficient condition at infinity for certain Palais-Smale
sequences to be compact is given by Propositions 9 and 10.

The following theorems consider the assumption (pz). We separate the cases
depending on the conditions on ¢, namely, we look at ¢ > 3 and ¢ < 3 individually
due to differences in the variational characteristics of the functional 7. It is worth
noting that unlike in the case above, under the assumption (p2) A > 0 is a fixed

constant.

Theorem 1.2 (Groundstates for ¢ > 3 under (p2)). Let N = 3, p € L2, (R?)
be nonnegative, satisfying (p2), and q € [3,2*—1). Then, for any fired A > 0, (SP)
has both a positive mountain-pass solution and a positive groundstate solution in

E(R3), whose energy levels coincide for q > 3.



The main advantage when working under assumption (pz) compared to (p1)
in the prior Theorem 1.1 comes from the result provided by Lemma 4.4 giving
a compact embedding yielding a variationally stronger result than in the (p;)
case. Under this condition we can show the mountain-pass level is indeed critical
since we have the Palais-Smale condition for a wide range of ¢q. At this stage it is
unclear whether the groundstate solutions and the mountain-pass level coincide
when ¢ = 3.

In the range ¢ € (2,3) it is not standard to show the boundedness of Palais-
Smale sequences for the functional . We take inspiration from the approach of
Jeanjean and Tanaka [29] and tools developed in [23, 41]. This approach con-
cerns constructing a sequence of critical points (uy,)nen of the following perturbed

functional

1 A2 M
Bualt) =5 [ (¥l +a) 4 5 [ ptarot = Lo [ g,

which we find converge to our desired solution as p,, — 17.

Theorem 1.3 (Groundstates for ¢ < 3 under (ps2)). Let N = 3,4,5, q €
(2,3) if N =3 and q € (2,2* — 1) if N = 4,5. Let A > 0, and assume p €
LOO

loc

(RM) N WEHRN) is nonnegative and satisfies (p2). Moreover suppose that

loc

kp(x) < (x,Vp) for some k > %. Then, (SP) has a mountain-pass solution

u € E(RY). Moreover, there exists a groundstate solution.

Remark 1.1. The same proof when working instead with the functional

1

A2 1
I _* 2 2\ | - —— g+1
) =5 [ Vel )+ T [ gyt - = [t

allows to show that mountain-pass and groundstate critical points exist for this

functional, and are positive by construction.

The question of whether the mountain-pass and groundstate critical points
coincide, as in Theorem 1.2 for ¢ = 3, remain unclear. We obtain some more
insight into this problem when we consider a homogeneity condition on p, in
particular we further assume p is homogeneous of order k > 0, the exact value of

this lower bound to be explained later.

Theorem 1.4 (Homogeneous case for ¢ < 3 : mountain-pass solutions
vs. groundstates). Let N = 3,4,5, ¢ € (2,3] if N =3 and q € (2,2* — 1) if
N =4,5. Suppose X > 0 and p € L2 (RN) N WEHRN) is nonnegative, satisfies

loc loc



(p2), and is homogeneous of degree k, namely p(tz) = t*p(z) for all t > 0, for

k> <max{g,r11}~(3—q)—l>+.

Then, the mountain-pass solutions that we find in Theorem 1.2 (¢ = 3) and

some

Theorem 1.3 (q < 3) are groundstates.

The proof of this Theorem comes from the analysis shown in Proposition 2.
This proposition gives us a characterisation of the mountain-pass level over a
specific manifold, closely related to, or could be thought of as a combination of,
the Nehari and Pohozaev identities. More detail on the lower bound assumption

on k is given by Remark 3.1.
1.1.2 Multiplicity Results

The two Theorems in this section are also mirrored in Chapter 6 under the labels
Theorems 6.2, 6.3 respectively in order of presentation here.

In the spirit of Ambrosetti-Rabinowitz [4] and under (ps) we show that (1.2)
possesses infinitely many high energy solutions. In our context it seems appro-
priate to distinguish the cases ¢ € (3,5) and ¢ € (2,3] when working within
the Lusternik-Schnirelman theory. Since for ¢ € (3,5) Lemma 4.4 implies that
the Palais-Smale condition is satisfied, we can use the Zs-equivariant Mountain-
Pass theorem, adapting to E(RY) arguments similar to those developed for a
different functional setting by Szulkin; see [53]. To this aim, in Lemma 3.1
we prove that for N > 3, E(R") is a separable Banach space, by construct-
ing a suitable linear isometry of F(R”") onto the Cartesian product of H'(RY)
with some of the mixed norm Lebesgue spaces studied by Benedek and Pan-
zone [12], namely L*(RY; L?2(RY)). As a consequence of this identification, we
can show that F(RY) admits a Markushevic basis, that is a set of elements
{(em,€:) tmen C E(RY)x E*(RY) such that the duality product < e, €, >= d,,
for all n,m € N, the e,,’s are linearly dense in E(R"), and the weak*-closure of
span{e’, bmen is E*(RY). We use this, combined with Lemma 4.4 to obtain lower
bounds on the energy which allow us to show the divergence of a sequence of
min-max critical levels defined by means of the classical notion of Krasnoselskii

genus; see Lemma 6.1 below. This yields the following

Theorem 1.5 (Infinitely many high energy solutions for ¢ > 3). Let N = 3,
q € (3,2* —1) and X\ > 0. Suppose p € L (R?) is nonnegative and satisfies (pa).

Then, there exists infinitely many distinct pairs of critical points +u,, € E(RY),
m € N, for I such that I\(u,,) — +00 as m — +0o0.



As in the existence case, when ¢ < 3 we face the possible unboundedness of the
Palais-Smale sequences. The work of Ambrosetti-Ruiz [5] contains a deformation
Lemma in the spirit of Jeanjean and Tanaka which is suitable for Lusternik-
Schnirelman type results. As before we require the homogeneity condition on p
which allow us to define certain classes of admissable subsets of E(RY) as in [5].
Lemmas 3.6 and 6.4, together with the Pohozaev type inequality (Lemma 3.9),

form the basis of the following Theorem.

Theorem 1.6 (Infinitely many high energy solutions for ¢ < 3). Let N =
3,4,5. Assume q € (2,3] if N =3 and q € (2,2* — 1) if N =4,5. Suppose A >0
and p € L2 (RN) N WL RY) is nonnegative, satisfies (ps), and is homogeneous

of degree k, namely, p(tz) = t*p(z) for all t > 0, for some

k> (max{%,q_%}-(S—q)—l)Jr.

Then, there exist infinitely many distinct pairs of critical points, *u,, € E(RY),
m €N, for I such that I)(u,,) — +00 as m — +00.

1.2 Further Research

The following open questions are still unknown and are worthy of further research:

« Much of the work under assumption (p1) is done in the framework of ¢ > 3.

The question of whether a result when ¢ < 3 is possible remains.

o We only show existence under (p;) but could multiplicity be shown when

q € [3,2* — 1), and possibly for lower values of g.

o We use some strict conditions on the homogenity of p in the coercive case
(p2) when working in the “low ¢” case in both the existence and multiplicity

results. It is possible that this assumption could be further relaxed.

« Nonexistence in the case ¢ € (1, 2] (Proposition 5) when p(x) is nonnegative

instead of p(x) > 1 is still open.

1.3 Organisation of thesis

This thesis is split into multiple Chapters to give the reader a coherent flow
regarding the main topic and previous work in this field.
We begin with a background chapter 2 detailing some of the many techniques

used in critical point theory for time independent Schrédinger type problems and



also a discussion about the Poisson equation and how it relates to our system.
Many of the techniques used for this type of problems are applicable in our
setting with some modifications, we end this chapter with a brief discussion on
the differences between the local and nonlocal problems.

Chapter 3 introduces some preliminary results found in [23] regarding proper-
ties of the space F and characteristics of the functional (1.1) which will be used
throughout the latter chapters. Discussions regarding the homogeneity of p and
why we make this assumption are contained in this chapter. We also state some
standard results regarding regularity and positivity of weak solutions and end
with two nonexistence results, separating the critical case ¢ = 2* — 1 and when
q€(1,2].

Chapter 4 deals with our various existence results and is organised into mul-
tiple sections. The results in this chapter are found in [23]. Sections 4.1 and
4.2 discuss the situation when p is under assumption (p;), i.e. vanishing on a
region. It is unclear under this assumption whether we may recover compactness,
we present a number of estimates and sufficient conditions to show existence of
mountain-pass solutions in a certain range of q. A brief discussion on recovering
the Palais-Smale condition is included, we use an approach similar to [41] for the
“problem at infinity” where we set p in such a way which satisfies (p;). Sections
4.3 and 4.4 discuss what happens when p is under the assumption (pz), namely
when p is coercive. Here the lack of compactness phenomena is overcome by
Lemma 4.4 and hence we are able to show our functional I satisfies the Palais-
Smale condition. Furthermore we show existence of solutions for a wide range of
q.

Chapter 5 gives some background for the techniques we use to obtain mul-
tiplicity results. This ranges from an introduction of Brouwer degree, to the
Lusternik-Schnirelmann theory and its relations to deformations. We end this
chapter with an example to a generic problem and finding the existence of in-
finitely many solutions.

We end with Chapter 6 which details our multiplicity results under the as-
sumption (p2). The results in this chapter are found in [23]. In this chapter
we perform a separate analysis between the “high ¢” and “low ¢” case as these
require different techniques due to complexities involving the boundedness of

Palais-Smale sequences.

10



2 Background

Before we delve into the details of our Schrédinger-Poisson an introduction to
the techniques which will be used will be given in this chapter. We aim to
cover Schrodinger type problems and the Poisson equation separately in order
to give a flavour of techniques used to find solutions of these problems in the
current literature and to reflect on how these methods are adapted to the nonlocal
Schrodinger-Poisson case.

All of the problems covered here will be in RY. This choice of domain aims
to show the lack of compactness phenomenon when working in unbounded do-
mains and will give the reader an insight of a few techniques developed by earlier
mathematicians [13, 28, 29, 35] to combat this issue.

Much of the content presented in this chapter is a review of work done by
myself presented in my Master’s Thesis at Swansea University, namely sections
2.1 and 2.2, to show a natural progression to the current research discussed in
the bulk of this thesis.

2.1 Solutions to a local Schrodinger problem

The aim of this section is to provide the reader with an introduction to finding
solutions of Schrédinger type problems when working on unbounded domains, in
particular we work in RY. We highlight the difficulties faced in this scenario and
the techniques we use to overcome them.

We begin with an introduction to the concentration compactness lemma by
Pierre Louis Lions [35, 36]. When working on unbounded domains such as RY,
compactness is lost due to the invariance by translations of the functionals.
Namely, we can no longer construct subsequences that are not weakly conver-
gent to 0.

The space we will be working in is the standard weighted Hilbert space defined

as follows.

Definition 1 (The space H{). Let V(x) € C(RY) and V(z) > ¢ > 0, then we

define the weighted space with norm

1 fll @y = (/IRN IVfI? + V($)fQ>é < 00.

It is easy to see that || fl|lgy @~y > ¢l fllgiry) and hence Hy, — H'.
The following theorem uses the Lagrange multiplier rule to apply a constrained
minimisation technique to obtain least energy solutions. The main difficulties

faced here are due to the fact we are working in R with non-radial functions.

11



Theorem 2.1. Let N > 2, V(z) € C(RY), V(z) > ¢ >0, V(z) < llirln inf V(y) for
y|—o0
allz € RY and V(x) < C, where C is a finite constant. Then, for 1 < p < 2*—1,

—Au+V(z)u=|uf"u, xRN
(2.1)
u > 0,

has a nontrivial weak solution uw € HY(R™). In the case of N = 2 the result holds

forallp > 1.
Weak solutions, as mentioned in the above theorem, are defined as follows

Definition 2. We call u € H{,(RY) a weak solution to (2.1) if

VuVe + V(z)up — / lulP " up =0
RN

RN
holds for all ¢ € H,(RY).

Before we prove Theorem 2.1 we require the following lemma by Lions [36,
Lemma 1.1]. The usefulness of this lemma will become apparent in the proof of

Theorem 2.1 where it will be used to recover compactness.

Lemma 2.1. Let 2 < g < 2%, r > 0. Suppose (u,), C HY(RY) bounded and

sup / [un|T =0, n— .
yERN J B(y,r)

Then u, — 0 in LP(RY) for all p € (2,2%).
Proof. We prove this lemma for a specific exponent

2(N +q)
p = ——— € (q,27).
p N (4,2%)
Consider the cube C(y,r) centered at y and with vertices of distance r from its
center. It holds, by the interpolation inequality, that

Hu‘|Lﬁ(C(y7T)) < HUH%q(C(y,r))HUHlLEf(C(y,T))

IN

CHUH%q(C(y,r))Hu”}ﬁ?c@,r))'
Set Sy(u) = ||u||%q(c(y7r)), then the previous inequality implies

~ ap 1—a)p
1l ey < €S () Il ety )

12



ap
< a8y () < [Jullf

y,r))?

as (1 —a)p = 2. Note that RY = |JC(y,,r) disjoint. Hence

_ lﬁ 2
HuHiﬁ(RN) < ¢ sup Sy(u) HUHHI(RN)'
yeRN
Now using the above inequality with u,, our assumption on the supremum of

Sy(tn) and ||u,|| greyy < C gives
[ @y S c-o(l) - C—0.

If 2 < p < p, then
ot gy < Tty a5

If p < p< 2% then

HunHip(RN < HunHLQ* (RN) HunHLp (RN)"

]

Now we can move on to the proof of Theorem 2.1. The proof uses various
results that are used as a preliminary to allow the use of Lemma 2.1 which is

then used to show the existence of solutions.

Proof of Theorem 2.1. We prove 2.1 by using the standard Langrange multiplier
rule showing
a:= inf I(u) (2.2)

u€HL (RN)

||u||”+i—1

is achieved, where

I(u) :== %/RN IVul® + V(z)u?

and by the Sobolev embedding theorem, o > 0. We start with some remarks on
the spaces used in this proof and a brief discussion on the regularity and positivity
of u.

Under the assumptions on V' (z) it is possible to show that the weighted space

H{. is isomorphic to H', we have

/u</ u<C/ u?,
RN RN RN

13



which, when adding the gradient terms back in becomes,

min(c, 1)/ V| 4+ u? < / \Vul* + V(2)u® < (C + 1)/ |Vl + u?.
RN RN R

N

From here it is clear we can construct the following bounds:

cllullgreyy < Jull g @yy < Cllullgesy,

and

cllullay @y < llullar@yy < Cllullmg @vy)-

Hence, H{ ~ H! with equivalent norms and we proceed to work in H*(RY) for
the remainder of the proof.

A quick note on the regularity and positivity of the solution, if u is a solution
to (2.2) then so is |u|, also since w is real valued then |V |u|| = |Vu| almost
everywhere on RY. As a consequence I(u) = I(|u|). Furthermore it can be
shown [33, 51] that v € C' and u is a nontrivial solution of (2.2). Hence by
Vézquez [54] it can be shown that u > 0.

Moving back to the original problem. By the definition of « in (2.2), we can

write

I
a=  inf I(L> =  inf () 5 (2.3)
ofueH ®YN) \||ullpprrimey/ orueH®Y) pr1 ) 71
Jen 1l

We solve (2.3) by considering a minimising sequence:

u, € HY(RY),
lun oy = 1, (2.4)

LP+1(RN)

I(u,) — «a.

where o = inf IIH“’A
0#ucHL(RN) 1" p+1&N)

therefore by Banach-Alaoglu, u,, — v in HY(RY). For u € H*(RY) we define

I(u) =3 |u||§{1(RN) and

Since u, is minimising, |[un||m@yy < C

1

1
== [ltn = g vy + Nl vy — 200 — 1, 0)] = F (g — ) + 1) + 0(1)

14



Which, by our assumption, means that
I(un, —u) + I(u) = o (2.5)

We break solving (2.3) into 3 steps.
Step 1: The following alternative holds:

o [lullppri@yy = 1.

e u=0.
By the definition of o we have

o [ ] < 1),
RN

for all u € H*(RY). From this we can use the result in (2.5) to get
oz(—I(un—u)—f—](u)za[/ |Un—u|p+1]”“+a[/ |U|P+1]m. (2.6)
RN RN

Set B = [on |u]p+1, by Fatou, 5 € [0,1]. Here we can assume, if passing to a

subsequence, we have almost everywhere convergence in R™. We have by Brezis-

o(1) +/ \u]erl +/ [, — u\’”’l :/ |un]erl =1.
RN RN RN

As n — oo in (2.6), this implies a > (1 — B)P% + aﬂ#. Dividing by o we

obtain

Lieb lemma,

1> (1-B)rt + Brit, Bel0,1].

On the RHS we have
7(8) = (1 - Bysir 4 g7,

15



Figure 1: Sketch of f(f).

Observing the behaviour of this function we can see in Figure 1 that if f(5) <
1, this is only possible if g =0, 1.
Step 2: If f = 1 we have a solution to the minimum problem. If B = 0 there
exists a sequence y, € RY such that the translated sequence v, := u,(- — y,) does
not contain any subsequence weakly converging to zero.
If 8 =1 it follows by the weakly lower semicontinuity of the norm I(u) = a. If

B =0, recall that [|uy||r+1@~) = 1. By Lions Lemma 2.1

2
sup / |un|” =+ 0,
yeRN J B(y,r)

implies there exists p > 0 and a subsequence (y,), C RY such that

/ ]un|2 >p>0.
B(yn,l)

Here we use in particular r = 1. If we set v, := u,(- — y,) we get
/ vi2p>0, Vn € N,
B(0,1)

which implies that (v,), € RY does not contain any subsequence weakly con-
verging to zero.
Step 3: If B =0, construct v,, as above. v, is also a minimising sequence. Note

that, because of the first two steps:

v, — 0, does not hold by step 2,

vy = v, |[v|l gy =1,  we have a solution.

16



Note that:

/RN |an|2 == /RN |vun|27
/ [0 :/ Jun [ = 1.
RN RN

Also, ||vn||%2(RN) = ||Un||%z(sz) < C and this implies that ||vn]|%2(RN) — k by

and

Bolzano-Weierstrass. We are left to show that

limsup/ V(z)v? < liminf/ V(z)u2,
RN RN

n—oo n—o0

as this would show that v, is also a minimising sequence. Set

v :=liminf V(y) > V(x),

ly|—o00

then
lim sup/ V(z)v2 < lim sup”y/ v2 = k.
RN RN

n—o0 n—oQ

If we can show that

n—oo

vk < liminf/ V(z)u2,
RN

then we are done. We split the integral to the integral over a ball and its com-

plement,
/ V(:I:)ui:/ V(:z:)u,%#—/ V(z)u?,
RN Br Be,
however
V(z)u2 < c/ u? — 0.
Br Br
Thus,

n—oo n—oo

liminf/ V(w)ui:hminf/ V(z)u2,
RN |z|>R

for all R > 0. By definition of v it follows that for all € > 0, there exists R. such
that V(x) > v — ¢ on Bg_and

/ Viewd > (v <) / o
‘ZB|>R5 |1U|>R€

implying, from the invariance by translations,

lim inf/ V(z)u2 > (y — ek,
|z|>Re

n—oo

17



which concludes that v,, is also minimising.
Conclusion: Let (u,), be a minimising sequence for (2.2). Then considering

if necessary the modified sequence v,, := u, (- — y,), we have up to a subsequence

v, = v#0 in LPTYRY),
v, = v in H'(R"Y),

Uy, 1s minimising.

This and the weakly lower semicontinuity of the norm imply

I(v, 1
a = liminf (V) — > () — > Q.
n—o00 1 p+1
(Jarloal™ )™ (faw ™)™
Which implies lim,, o0 1(v,) = I(v), and imy, o0 [|Vn ]| g1 @yy = [|0]] g1 @vy = |lvn—

UHHl(RN) — O
Hence, all the minimising sequences for (2.2) are relatively compact in H'(RY)
up to translations. We then use the Lagrange multiplier rule to show the existence

of a solution. OJ

We turn our attention to a similar problem to Theorem 2.1 which has a
coercive potential. When dealing with such a potential the following compactness

result emerges.

Lemma 2.2. If limy,o V(z) = +00 and V(z) > ¢ > 0 then H{,(RY) is com-
pactly embedded into LPTL(RY) for 1 < p < 2*—1if N > 2 and forp > 1 if
N =2.

Proof. Assume (u,), C HL(RY) and ||u,|| Hi@®yy < C for some finite constant

C'. This implies, passing if necessary to a subsequence, there exists w,, — u in

LP+ 1

P (RY) by Rellich and also u,, — u almost everywhere on RY. We want to

show that [|uy,, — ul|3. @~y — 0. Writing the norm explicitly we have
[ =l = [ =l [, =l 2.)
RN Br B

Notice that by Rellich we already have the first integral over Bgr goes to zero,

also by our assumption on V(z), namely that it is never zero, we can re-write

(2.7) as
/RN |y, — ul” = /B P gggdm (2.8)

c
R
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By definition, lim; . V(2) = +oo holds if, and only if, for all M > 0 there
exists R > 0 such that for |z] > R, V(z) > M. Or, inversely, V(z)™! < M1

Therefore, by Fatou and since the sequence is bounded in H{, it follows that

2 V(z) / 2
< —_ < .
/B U, — U V(g;)dx € i, V(2) |tn, — ul Ce

c c
R R

We extend this to a general p term. We want ||u,, — u|pr1yy — 0. By

interpolation we have

[ty = wll s vy < Nttm, = vl o) ltin, = ull 55, - (2.9)
By Sobolev’s inequality, ||u,, — ul ;fiRN) < C. Thus, as we have already shown

that H'U/nk — UH%Q(RN) S Cg?
||unk - U||Lp+1(]RN) < OS.

Hence, H},(RY) is compactly embedded into LFTH(RY) for 1 < p < 2* —1. In the

case of N = 2 we can see that (2.9) becomes
i, = ll oy < N, — oy, — 0ty (2:10)

where ¢ > p+ 1. Thus, from the Sobolev embedding, it follows that (2.10) holds
for all p > 1. O

As a consequence of this Lemma we can obtain the following result.

Theorem 2.2. Let N > 2, V(z) € C(RY), V(z) > ¢ >0, V(z) < lim V(y) =

ly|—o0

+oo for all x € RN. Then, for 1 <p < 2* —1,

—Au+V(z)u=|uf "y, zeRV,
(2.11)
u > 0,

has a nontrivial weak solution u € H,(RN). In the case of N = 2 the result holds

for all p > 1.

Proof. We apply the Lagrange Multiplier rule meaning for I(u) = 3 [ox IVu|* +

V (x)u® we want to find some « such that

a:= inf  I(u), 2.12
ueHY, (RY) () ( )

1
llullp =1
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We construct a minimising sequence such that

u, € HL(RY),

HunHi—ﬁl(RN) =1,

I(u,) — «a.

Indeed, by the weakly lower semicontinuity of the norm and the compact embed-
ding of H{,(RY) into LPT1(RY) given by Lemma 2.2, it holds that

I 1
() — < liminf (un) = q,

2
i1 n—o0 i1
(e lap*) ™ (i laa”1)7"

which can only be true if the above is a strict equality, thus a = I(u). Hence,

there exists a minimiser for o and the rest of the proof, including the remarks
about the regularity and positivity of u, are identical to the proof of Theorem
2.1. L]

2.2 The Mountain Pass Theorem

Many of the techniques contained in this thesis rely heavily on the Mountain
Pass Theorem (MPT). The pioneering work by Ambrosetti-Rabinowitz in 1973
[4] involves analysing the family of curves around the well centered at the origin
to find minimax type solutions to corresponding PDEs under certain conditions.
Before we can state the Mountain Pass Theorem we have a few preliminaries.
Firstly the functional we are working with needs to have a certain geometry,

known as the Mountain Pass geometry.

Definition 3 (Mountain Pass Geometry). Let X be a Banach space. A functional
I € C'(X,R) is said to have the Mountain Pass Geometry if

. 1(0) = 0.

o There exists r,a > 0 such that I(u) > a for all uw € S,, S, = {u € X :

[ullx =7}
o There exists v € X where ||v||x > r such that I(v) < 0.

As a consequence if we have a functional I that has these geometric properties

then we can define the family of paths joining v = 0 and u = v as

I':={yeC(0,1],X) : v(0) = 0,7(1) = v}. (2.13)
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We set

= inf max I((t)). 2.14
¢ := inf max I(y(t)) (2.14)

It is not automatic that the functional at ¢ has a critical point and we use
the Palais-Smale condition (Definition 4) to overcome this problem, an example
of why this is so is given in [3, p. 121].

By the above definition we can conclude that for each € > 0 there exists u € X
such that ¢ —2¢ < I(u) < ¢+ 2¢ and || I'(u)]|« < 2¢. We can construct a sequence
such that €, — 0 as n — oo, then there exists {u, },eny € X such that, I(u,) — ¢
and ||I'(u,)|« — 0, i.e. I'(u,) — 0, as n — oo. Such a sequence {uy}nen is
known as a Palais-Smale sequence at level c.

The following compactness condition is required to show that the levels ¢ are

in fact critical.

Definition 4 (Palais-Smale condition). Let X be a Banach space, ¢ € C*(X,R)
and ¢ € R. The function ¢ satisfies the (PS). condition if any sequence {u,,}, C
X such that

P(u,) — ¢, U'(u,) —0
has a convergent subsequence.

With the notion of Mountain Pass geometry (Definition 3) and the above
compactness condition on Palais-Smale sequences (also known as the Palais-
Smale condition, (PS). for short) we can state the Mountain Pass Theorem of
Ambrosetti-Rabinowitz [4].

Theorem 2.3 (Mountain Pass Theorem). Under the assumption of definition 3,
if I satisfies the (PS). condition (Definition 4), then c is a critical value of I.

The proof of the above Theorem is omitted for the sake of brevity but may
be found in [55]. The discussions contained in Chapter 5, namely section 5.2.1
(Relation to deformations), offer an insight as to how critical levels are obtained

using the Mountain Pass Theorem.
2.3 Mountain Pass solutions to a local Schrodinger prob-

lem

We look at a problem similar to one which will be discussed in the latter part
of this Thesis where difficulties arising from a low power of our nonlinearity
create a situation where the boundedness of Palais-Smale sequences might not
be achievable. In this case we look at the scenario where p < 3 and the so called

Ambrosetti-Rabinowitz condition is not satisfied.
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Consider the following PDE:

—Au+V(x)u = f(u). (2.15)

Studying the variational form of (2.15) yields

Iw%:%ANWMﬁJ%mﬁ—Aﬁﬂm,F@kzé?ﬁMt

Since I is a C'* functional, we can show that critical points of I are solutions to
(2.15). To begin we first show that I has the Mountain Pass Geometry (Definition

3). Namely we want to show
[':={y € C([0,1], H) | 7(0) = 0 and I((1)) < 0}

is nonempty, and

= inf I(~v(t)) > 0.
¢ := Inf max (v(1))

Methods such as Ekelands variational principle can show that I indeed has the
Mountain Pass geometry. This implies the existence of a sequence {u,} C H
such that

I(u,) = ¢, I'(u,) =0, asn— .

As described in the previous section, at this stage we would like to show [ satisfies
the Palais-Smale condition. To begin this analysis we need to show u,, is bounded.
This fails due to the assumptions placed on f, i.e. due to the absence of the

Ambrosetti-Rabinowitz condition: There exists € > 2 such that

0<6/Osf(7)d7'§sf(s), (2.16)

for all s € R.

Louis Jeanjean and Kazunaga Tanaka developed a method to overcome these
difficulties [28, 29] taking advantage of the so called “monotonicity trick” by
Struwe [50]. Their approach is as follows, for pu € [%, 1], consider the family of

functionals I, : H — R defined as

@@p:%éNwm%Hd@ﬁ—ﬂ/‘F@y

RN

Thanks to the perturbation by u it can be shown that for any u € [%, 1], there

exist bounded Palais-Smale sequences for I,,. Namely the following Lemma was
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proved by Jeanjean [28] for generic interval Z for p,

Lemma 2.3. Let X be a normed Banach space and let T C RT be an interval.
Consider the family of C*-functionals (1,),ez on X of the form

L(w) = A(w) - uB(w), VpeT,

where B(w) > 0 for allw € X and such that either, A(w) — +o00 or B(w) — 400

as ||lw||x — +oo. Assume there are two points (vo,v1) in X such that setting

['={y e (0,1}, X) | 7(0) = vo, (1) = v1}

the level

¢u = Inf max 1(y(t)) > max{1,(vo), L, (v1)}

holds for all w € Z. Then, for almost every u € I, there exists a sequence
{vn} € X such that

1. {v,} is bounded,
2. 1,(v,) = ¢y,
8. I'(vy) = 0 in X~ (The dual of X).

It is important that I' is defined independent of p and p +— ¢, be mono-
tone, hence ¢, exists almost everywhere to be able to prove the existence of the
Palais-Smale sequences. The results of Jeanjean [28] yielded continued research
by Jeanjean and Tanaka [29] resulting in the following Theorem. In this case
the above Lemma 2.3 shows the existence of bounded Palais-Smale sequences for
almost every p € Z by means of Struwe’s [51] “monotonicity trick”. The sequel
shows the sequence of critical points obtained from the family of perturbed func-
tionals form a bounded Palais-Smale sequence for an unperturbed functional [

in the case p € [3,1].
Theorem 2.4. Suppose f € C(RT R) satisfying:

(f1) f(0) =0 and f'(0), defined as lim f(s)s™!, emists,

s—0t

(f2) there is p < oo if N =2 orp < (N+2)/(N—2) if N > 3 such that
lim f(s)s™? =0,

s—+00

(h) Jim_ = f(s)s"" +o0.
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Suppose further the following conditions on V(x):

(Vi) f'(0) < info(—A + V(z)), where o(—A + V(x)) denotes the spectrum of
the self-adjoint operator —A + V(z) : H*(RY) — L*(RY), i.e.,

Jon |Vul* + V(2)u? da

info(—A+V =
inf o( +V(r)) weH BN\ (0} fRN |u|2 A

)

(Vo) V(z) = V(o) € R as |z| = +o0,
(V3) V(z) <V(x), a.e., v € RY,

(Vi) there exists a function p € L*(RY) N W1 (RYN) such that

2| [VV(2)] < ¢(2)?, V2 eRY.

Then there exists a nontrivial positive solution to
~Au+V(z)u = f(u), uec HY(RY)

for N > 2.

The full proof will not be given and can be found in [29], instead a brief sketch
will be provided.

Sketch of proof for Theorem 2.4. The core concept involved is showing that the
sequence of critical points obtained from Lemma 2.3 {u;} € H*(RY) of I, where
JINS [%, 1] and p; 1. The proof involves the use of a Pohozaev type identity
(Similar to the one we provide in Lemma 3.9) which is used to show that the
sequence {u;} C H'(RY) is bounded. By the boundedness of {u;} and the fact
the critical levels of I,,, given by ¢, in Lemma 2.3 are monotone, Jeanjean and
Tanaka prove that this sequence is infact a bounded Palais-Smale sequence for
I which satisfy sup;_,, I(u;) < c and [[u;|| g1@~yy - 0. This means there exists
a bounded Palais-Smale sequence for I at the level ¢ which does not converge

to 0, hence by the Mountain Pass theorem there exists a nontrivial solution to

(2.15). O

The above describes an interesting situation where even the boundedness of
the Palais-Smale sequences is not obvious. To look at how one might find Moun-

tain Pass solutions in a setting which the Ambrosetti-Rabinowitz condition is
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satisfied we can look at the problem described in Theorem 2.2. In this case we

look at the problem

—Au+V(z)u=|uf"u, xRV,
(2.17)
u > 0.

where N > 2, V(z) € C(RY) such that V(z) > ¢ > 0 and V(z) < lim V(y) =

ly|—o0

+oo for all z € RN p € (1,2* — 1).

The above has the corresponding energy functional

Iw) = 3l = 55 [l
To apply the Mountain Pass Theorem 2.3 we have three requirements; To show
that I satisfies the Mountain Pass geometry (Definition 3), show that the Palais-
Smale sequences for I are bounded, show that I satisfies the Palais-Smale condi-
tion (Definition 4).
To show that I satisfies the MPG, consider u; := tu(z), then

t? 2 tr p+1
Tw) = Gl oy = 5 [ 1l
It is clear that 0 is a local minimum and [(u;) — —oo as t — oo. Moreover,
I(u;) > 0 when ¢ € (0,r), where r is such that, for all t > r, I(u;) < 0. Hence, [
satisfies the MPG.
To show boundedness of the Palais-Smale sequences for [ we can see by defi-
nition of a Palais-Smale sequence:

p—1
¢+ 0(1)||u||H‘1/(RN) > (p+ DI(up) — I'(un)u, = THUTLH%I%/(RN)'

Assuming [|un|| g1 wvy — +00 as u, — 0o we can see there is a contradiction as
the RHS will grow faster than the LHS. Thus, u, is bounded in H{(RY).

Finally the compactness of the embedding H{,(RY) < LPTL(RY) is given by
Lemma 2.2. Therefore we can apply the Mountain Pass Theorem 2.3 to (2.17)
giving the existence of a weak solution u* € H;(R"Y) such that I(u*) = ¢ and
I'(u*) = 0 where c is given by (2.14).

2.4 Poisson Equation

In this section, we discuss some preliminary results on the Poisson equation. The

space we use is the space of distributions D?(R") as defined in (1.7). The results
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of this section are from a critical review from lectures presented to myself by Carlo

Mercuri during his time at Swansea University.

Proposition 1. Assume N > 3, p : RY — R is a nonnegative measurable
function and pu® € L}, .(RY), such that

2
/ / y)u ) drdy < oo.
RN JRY ICE - y|

Then,

is the unique weak solution to —A¢ = pu? in DY2(RY) = {u € L¥ (RY) | du €
L*(RM)}. Moreover, it holds that

[bullr2@ny = / Pupt’® —/RN /RN lx_y|y)u2( )dxdy.

Proof. Firstly we will show the uniqueness.

Uniqueness

—Ao¢y = pu?
{ h=p in DY2(RY),

— Ay = pu’

with ¢; — ¢9 an subtracting we obtain

/ V(1 — o) = 0,
]RN

hence, by Sobolev’s inequality, ¢; = ¢s.
Observe also that the identity

2 2
p(z)u?(x)p(y)u®(y
||¢>u||2D1,2(RN):/ ¢upu2:/ / (z)u*( )p(N)_2( ) d dy
RN RV JRY  wlz —y

easily follows testing —A¢, = pu® with ¢,,.

Finally, we are left to show that ¢, € D'?(R") and that [,x V¢, V¥ =
Jan pu¥ for all ¥ € DY?(RY). Namely, that ¢, is the weak solution to —A¢ =
pu? in DY2(RY). We break the proof into multiple steps.

Step 1: Set f, = min(p%u,n)x{‘xkn}. We note that:
(i) fn has compact support,
(ii) f, is nondecreasing,

(iii) fo p2u almost everywhere,
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(iv) fn € L(RY).

Claim: Then ¢, == [px _fa) dy is such that

wlz—y|V

- DAV = o, 2.18
o= [ (2.18)

for all W € C*(RY). Moreover ¢, € C*(RY) and ||¢y|| pregyy < C for all n.
In fact (2.18) follows by Theorem 6.21 in [33], from which
oG
Oipn = | () f3(y) dy

RN 8.TZ

where ) .
G X)) .= =
12) (N=2) sV |z —y["?  wlz—y/N?

is the Greens function for N > 3,

oG, B 2— N N
9% T o ‘x - y‘ (1’1 yl)

and
G, () AU(z) dz = —W(y)

RN

for all ¥ € C>*(RY). By (iv) and Theorem 10.2 in [33] ¢,, € C*(RY). Moreover
N
[wal =3 [ @2
RN — Jry
al 1z — vy 1z —x;
- (L st ([ L2 e a) a:
— Jry \Jry W |z — g RN W |z — x|

N
1 1
<[ pwa [ pee] e
i—1 /RN RN RN |2 — |z — x|

Using the substitution w = z — y, the final integral becomes

/ 1 1
N1 ~v—1 dw.
RN |w] [w — (7 —y)

By the semigroup property of Riesz potentials [32, p.45], it holds that

1 1 1
/ N-1 ' v1dw=C- N_2
RN [w| |w — (v —y)| |z — |
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for some constant C' > 0. Hence

[vers [ [ AR 0r,

is the claimed uniform bound.
Step 2: Since {¢,, }nen € DV2(RY) is uniformly bounded in DY2(RY), ¢,, —
¢ € DV2(RYN) by Banach-Alaoglu.
Claim: It holds that ¢ = ¢, = W * pu?.
Indeed by Theorem 8.6 in [33], ¢, — ¢ in L} (RY), p < 2* and a.e. hence, by

loc

monotone convergence,

2

N wlz -yl

a.e. and we conclude by uniqueness of the limit. Roughly speaking {¢,} approx-
imate ¢, weakly in DY2(RY), a.e., ¢, € DV2(RY).
Step 3: We claim that

nguV\If:/ pu2\If

RN RN

for all ¥ € DY?(RY). Note that [on Vo, VU = [y f2F for all ¥ € C(RY).
Indeed, if ¥ € C°(RY) by Fubini, integration by parts and by —AG, = §, we

have

a 0Gy | |
[vemr=[ ([, Grenmw) ave i

- [ ([ uar-autnar) sy

From this, [pn V@, VU = [on f20 follows for all ¥ € C°(RY). Hence, since
¢n — duwehave oy Vo, VU = [oy pu?¥ forall U € C°(RY). Since D'?(RY) =
Coo®M)V 12 pote that [y V. VU = [, f20 holds for all & € D'2(RY).

. D1’2(RN) . i
Pick ¥, ———= W, since it holds that

V(;ﬁuV\I/k:/ pu .

RN RN

and that [on Vo,V — [on V@, VI, we are left to show [,y pu® Ty — [on u?P.
Namely, we shall prove that ¥ f]RN pu?V is a linear and continuous functional
in DY2(RY). To show this test —Ag, = f? with |¥,| € DV?(RY), (this is an
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admissible test function by Stampacchia’s classical result):

[ 21900 = [ V6,9 1] < 1960 s [0 e
RN RN

Hence by Fatou, as n — oo

/N qu |‘;[/k| S C”V\I/kHLz(RN).
R

Hence by Fatou again and ¥, — ¥ as k — oo we have

[ooeu<|[ o0l < oo
RN RN

and this completes the proof. [

2.5 Relations between Local Schrodinger and Schrodinger-
Poisson

The most obvious difference between these two type of problems is the existence
of a nonlocal term in the Schrodinger-Poisson case. One might ask how this
effects our repertoire of tools highlighted above as the most common approach is
to tackle the Schrodinger-Poisson problem as a single Schrodinger type equation
by substituting the solution of the Poisson equation into the Schrédinger problem
as a nonlocal term.

The initial problem that arises here, as may have been noticed by the reader
after reading the previous section, is the space in which we work. Obtaining
solutions to the Poisson equation in section 2.4 requires us to work in the space
DY2(RY) whereas all our examples on the Schrédinger problem involved working
in H*(RY). The key issue that arises is finding a suitable functional space. From
the analysis on the Poisson equation we see that the boundedness of the double
integral term is vital, when working in other spaces it is not obvious whether this
term is bounded when using the Hardly-Littlewood-Sobolev inequality as shown
in (HLS), instead we work in the space E(RY) C H'(RY) to ensure this bound
exists. The space F(R”) is good enough for us find solutions to the Schrédinger-
Poisson system, however, some key properties of Hilbert spaces are not retained,
for instance we do not have the inner product structure that is so convenient for
Hilbert spaces.

Many of the techniques used in the Schrodinger equation can be applied

to Schrodinger-Poisson albeit with some caveats. While the introduction of a

29



nonlocal term does not necessarily mean we no longer satisfy the Ambrosetti-
Rabinowitz condition (2.16), in cases where ¢ € (2,3) the condition is no longer
satisfied, instead the method described in section 2.3 by Jeanjean-Tanaka [29]
is required as we can no longer show Palais-Smale sequences bounded in this
scenario.

In our work we look to Ambrosetti-Ruiz [5]. Their generalisation of results
shown by Jeanjean-Tanaka to a more general Schrodinger-Poisson system is effec-
tive at overcoming the problems we face when ¢ € (2,3) and in search of possible

multiplicity of solutions within this range.
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3 Preliminaries

Some preliminaries are in order before we may discuss the intricacies of the
Poisson-Schrodinger system described in (SP). In this chapter many of the prop-
erties can be found in [23] and will lay out the foundations of the functional setting
in which we will be working and the properties of our functional I (1.1). We end
this chapter with some remarks on positivity and regularity of solutions to (SP)
and a discussion on what happens when the exponent of our nonlinearity g < 2,

namely, we can show nonexistence of nontrivial solutions.

3.1 Functional Setting

We introduce some properties of our functional setting E(RY). The following

Lemma is vital for proving multiplicity results for (1.2).

Lemma 3.1 (Properties of E(RY)). Assume N > 3, and p > 0 is in LS (RY).

loc

The space E(RY) is a separable Banach space that admits a Markushevic basis,
that is a fundamental and total biorthogonal system, {(em,€’,) tmen C E(RY) x

E*(RY). Namely, < ey, e, >= 0pm for alln,m € N, the e,,’s are linearly dense
in BE(RY), and the weak*-closure of span{e’, }men is E*(RY).

Proof. Following [40], we note that we can equip E(RY) with the equivalent norm

1/2\ 12
2
||u|rEm<RN>=<|ru||z1<RN)+A(/RNUMWW\) ) SENCE)

Here, we have set « = 1in I, : RY — R, the Riesz potential of order o € (0, N),
defined for z € RY \ {0} as

A F(N—oe)
I = A =_—*2 7
a(x) |I|N—a7 « F(g)WN/zza’

and the choice of normalisation constant A, ensures that the kernel I, enjoys the

semigroup property
Ioip = 1, Ig for each o, 8 € (0, N) such that a + 5 < N.

We first notice that the operator T : E(RY) — HY(RY) x L*(RY; L2(RY)) defined
by
() (o, w1,22) = [u(wo), (a2 = ) pln)) ()],

is a linear isometry from F(RY) into the product space H'(RY)x L*(RY; L2(RY)),
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endowed with the norm

/
Ml = (el oy + Il evinzqany)

Here LY(RY; L?>(RY)) is the mixed norm Lebesgue space of functions v : RN x
RY — R such that

1/4

2
HUHL‘*(RN;B(RN)) = (/ (/ ’U($1,$2)’2 d951) dx2> < 400,
RN \JRN

see [12]. Since L*(RY; L?(RY)) is a separable (see e.g. [44, p. 107]) Banach
space (see e.g. [12]), it follows that the linear subspace T(E(RY)) C HY(RY) x
LYRY; L2(RY)), and hence F(RY), also satisfies each of these properties. Since
every separable Banach space admits a Markushevic basis (see e.g. [27]), the

proof is complete. [

Reasoning as in [47] and [40] it is easy to see that C°(RY) is dense in E(RY)
and that the unit ball in E(RY) is weakly compact, moreover, this space is
uniformly convex and hence is reflexive. The following variant to the classical
Brezis-Lieb lemma will be useful to study the convergence of bounded sequences

in F(RY), some examples can be found in [8] and [40].

Lemma 3.2 (Nonlocal Brezis-Lieb lemma). Assume N > 3 and p(x) €
LOO

loc

un — u almost everywhere in RY. Then it holds that

(RYN) is nonnegative. Let (uy)neny C E(RY) be a bounded sequence such that

Jimn (1960 ) ~ V0wl = V00l Fam,

Proof. The proof follows [40, Proposition 4.2] and [8] replacing u with u,/p. [

The next simple estimate is based on an observation of P.-L. Lions, given in
[37] for p = 1; other forms of this estimate can be found in [47], and [9], [40].

Lemma 3.3 (Coulomb-Sobolev inequality). Assume N > 3, p(z) € L (RY)

loc

is nonnegative. Then the following inequality holds for all u € E(RY),

/RN p(x) Jul® < (/RN IVu|2>; (/RN ‘V¢u‘2>é. (3.2)

Proof. Testing the Poisson equation (1.5) with |u|, the statement follows imme-

diately by Cauchy-Schwarz inequality. [
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3.2 Properties of [

The present section looks at the min-max properties of I. Here we will discuss
the Mountain-Pass geometry for our functional and its relation with groundstate
solutions. We also include some relevant uniform lower bounds on Palais-Smale

sequemnces.

Lemma 3.4 (Mountain-Pass Geometry for [,). Assume N = 3,4,5, p(z) €
L (RYN) is nonnegative and q € (2,2* — 1]. Then, it holds that

loc

(1) Ix(0) = 0 and there exist constants r,a > 0 such that Iy(u) > a if

”uHE(RN) =
(ii) there exist v € E(RN) with ||v||pgyy > r such that I (v) < 0.

Proof. Statement (i) follows reasoning as in Lemma 3.8. To show (i), pick u €
C1(RY), supported in the unit ball, B;. Setting v;(x) = t?u(tx) we find that

tG—N t4_N
I(v) = / |Vul® + / u?
2 RN 2 R

N u®(y)p($)u?(2)p(%)
+ T)\ /RN /I%N w’l’ — y!N*Q dy do (33)

t(2q+2_N) .
R / [+,
q + 1 RN

Since for every t > 1 and for almost every x € By we have p(x/t) < ||p||z(8,),
the fact that 2¢ +2 > 6 in (3.3) yields I)(v;) — —o0 as t — +o0, and this is

enough to conclude the proof. [

To prove our results for ¢ < 3, we will need to work with a perturbed func-
tional, I, , : E(RY) — RY | defined by

1

A2 1
I — \V4 2 2 -~ " 2~ q+1 3.4
=5 [ 0vap i)+ [ pot =t [ @

for p € [%, 1]. As in Lemma 3.4, I, y has the mountain-pass geometry in F(R")
1
29
imply that we can define the min-max level associated with I, ) as

for all p € [ 1}. This, as well as the monotonicity of I,y with respect to p,

) 1
cur = inf max L0 (0, we |51 (3.5)
where
Ty = {7 € CO0, 1, B®Y) : 7(0) =0, T, (x(1)) <0} (36)
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Since the mapping [1/2,1] 3 1+ ¢, » is non-increasing and left-continuous in g
(this has been discussed in 2.3 briefly and may also be found in [5, Lemma 2.2])
and the non-perturbed functional I has the mountain-pass geometry by Lemma
3.4, we are now in position to define the min-max level associated with I, for all
qge(2,2—1).

Definition 5 (Definition of mountain-pass level for I,). We set

Cl,)n q € (27 3)7 (3 7)
C\ = . * .
f L(A(t €[3,2* — 1),
inf max A1), g€l )
where c;  is given by (3.5) and Ty is the family of paths defined as
[y = {7 € C([0,1]; ERY)) : 4(0) = 0, In(y(1)) < 0} . (3.8)

In order to show the relation between mountain-pass solutions and ground-

state solutions we provide the following Lemma from [55]. First we define
Nyi={ue ERY)\ {0} : Ii(vw)u=0}, (3.9)

as the Nehari manifold.

Lemma 3.5. Let g € (3,2 — 1), N = 3. Suppose p(x) € L5 (RY) is nonegative

and assume there exists to =: t(u) > 0 such that t(u) - uw € Ny and t(u) is the

mazximum of g(t) := I\(t(u)). Furthermore, assume

CN = 1'/{[15 I)\(U),

cp = ueg&gw) I?gaox I(t(w)).
u#0

is such that u — t(u) is continuous and the map u — t(u) - u defines a homeo-
morphism of the unit sphere of E with N\. Then, we have that

cny =c¢ =cy >0,
where ¢y is defined by (3.7).

Proof. The proof may be found in [55] and is omitted here. O

The next few Lemmas are devoted to further characterisations of the min-max
level ¢y for ¢ < 3. This case is extremely delicate and depends largely on some

homogeneity conditions on p(x). We first require the following technical lemma.
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N 2
Lemma 3.6. Suppose N >3, q>2 and v > max{g, E}.

Lethh c <u<3f2q)72’ 4:/7572). Define f : R — R as

f(t) — qt2vteN + pr2v—N + ct4u—N—2—2E . dtl/(q—i—l)—N? t>0,

where a,b,c,d € R are such that a,b,d >0, ¢ > 0. Then, f has a unique critical

point corresponding to its mazimum.

Remark 3.1. We point out that our range of parameters ensures that f(t) —
—o0 as t — 400 and it holds that

(V(3—2q)—2741/—é\7—2)ﬂ((V+1)(32—q)—274(V+1)2—N—2> 4

In Theorem 4.4 and Theorem 6.3, we use Lemma 3.6, assuming

- N 1
k‘>max{z,q_—1}(3—q)—1

for k to belong to one of these intervals.

Proof of Lemma 3.6. Note that by our assumptions, we can write

k
f(t) = Z aitpi - tpa
=1

where a; > 0, 0 < p; < p and both a;, p; # 0 for some i. Setting s = ¥, we find

k
f(s) = Zais% —s.
i=1

It follows that f(s) is strictly concave and has a unique critical point, which is a
maximum. Since our assumptions ensure that f(t) — —oo as t — 400, we can

conclude. O]

Lemma 3.5 is only possible for very specific cases for our problem, namely
when N = 3 and ¢ € (3,2* — 1), therefore we need another result to show this
relation in cases when ¢ € (2, 3] or higher dimensions. To state our next result,

for any v € R, we set

My, = {ue E®RV)\ {0} : Jy,(u) =0}, (3.10)
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where Jy, : E(RY) — RY is defined as

20+2-N 2v— N
Iao(u) = UT/ |Vul® + ? 5 u?
RN RN

v — N —2 -2k
4

vig+1)— N
q+1 RN

N ppuu® — et
RN

(3.11)

Notice that, if p is homogeneous of order k, Jy,(u) is the derivative of the poly-
nomial f(t) = I \(t"u(t-)) at t = 1.

Proposition 2 (Mountain-pass characterisation of groundstates). Let
N = 3,45, q € (2,3 if N =3 and ¢ € (2,2* — 1) if N = 4,5. Suppose
p € L2 (RY)NW,.EHRN) ds nonnegative and is homogeneous of degree k, namely

loc loc

p(tz) = t*p(x) for allt > 0, for some

- N 1
k‘>max{z,q_—1}(3—q)—1

Then, there exists v > max{%, q%l} such that

cy= inf I (u) = inf max I (t"u(t-)),
A uEM, , /\( ) ueE(RN)\{0} t=>0 )\( ( ))

where ¢y and My, are defined in (3.7) and (3.10), respectively.

Proof. We first note that under the assumptions on the parameters, it holds that

4V—N—2> (v+1)(3—q) —2
2 2 '

It follows from this and the lower bound assumption on k that we can always find

at least one interval

3—q)—2 4v—-—N-2 N 2
(l/( 2q) : 4 5 )7 Withy>max{5,q_—l},

that contains k. We fix v corresponding to such an interval. We break the re-

mainder of the proof into a series of claims.

Claim 1. inf,cp@nvy (o) max>o (¢ u(t-)) < infyepn,, In(u)
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To see this, let u € E(RY) \ {0} be fixed and consider the function

g(t) = I\(t"u(t-))

B (3.12)
— at2u+2—N + thV—N + Ct4V_N_2_2k _ dty(q+1)_N, t > O,
where
1 1 A2 1
a= —/ Vul?, b= —/ u?, c="— pou?, d= —— |9t
2 RN 2 RN 4 RN q+1 RN

By Lemma 3.6, it holds that ¢ has a unique critical point, t = 7,, corresponding

to its maximum. Moreover, we can see that

AL (tu(t))

/
t
_ 2v+2—N ] t2y+1_N/ |vu|2 + 2v—N ‘tQV—N—l/ U,2
2 RN 2 RN
4 v — N —2 -2k plv—N-3-2k )\2/ pbuu?

4 RN

. vig+1) =N _tu(q—i-l)—N—l/ |u’q+1
q—|— 1 RN ’

and so
Jdt) =0 = tut) € M,,.

Taken together, we have shown that for any u € E(RY)\ {0}, there exists a
unique ¢ = 7, such that 77u(r,) € My, and the maximum of Iy(t"u(t-)) for
t > 0 is achieved at 7,. Thus, it holds that

ueE(%C)\{O} max [y (t"u(t)) < max L(t"u(t) = I(r/u(re)),  Vu € E(RM)\ {0},

from which we can deduce that the claim holds.
Claim 2. C) S infueE(RN)\{o} maxyg>q I)\(t’/u(t')).
By the assumptions on our parameters, we can deduce that v(¢ + 1) — N >
2v+2—Nand v(g+1) — N > 4v — N — 2 — 2k. It follows that I)(t"u(t-)) < 0
for every u € E(RY)\ {0} and ¢ large. Similarly, Iy 5\ (t"u(t)) < 0 for every

u € E(RY)\ {0} and t large. Therefore, we obtain

ey < r?g)xlk(t”u(t-)), vu € E(RY)\ {0},
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and the claim follows.
Claim 3. inf,c v, , In(u) < ey

We define
Ay, ={ue€ ERM)\ {0} : Jy,(u) > 0} U {0},

and first note that A, , contains a small ball around the origin. Indeed, arguing
as in the proof of Lemma 3.8, we can show that for every v € EF(R") \ {0} and
any [ > 0, we have

2v— N dy — N — 2 — 2k b —
D) 2 2 g, — (22 )( ) e

4 N —
(= )(5 )Hwam>

S 4w (Q+1) N)

1
- [iyrane
q+1 (
v q+1 1/(g—1)
We now pick § = (% and note that since v > &, it follows

that 6 > 0. We assume ||u||p@~y < § and choosing § > 1 sufﬁciently near 1 we

2v—N  [dv—N-2-2k\ (B—-1) ., )
Doty 2 [P (M2 (Bl o,
dy — N —2-2k\ [(B—1 4
() (B Mt

dv—N—2-2k\ (-1 A
> (M) () it

which is strictly positive by our choice of v. This is enough to prove that A, ,

obtain

contains a small ball around the origin. Now, notice that if v € A, ,, then
g'(1) > 0, where g is defined in (3.12). Since g(0) = 0 and we showed in Claim 1
that 7, is the unique critical point of g corresponding to its maximum, it follows
that 1 < 7,. Using the facts that 7,(0) = 0 and ¢'(t) = W > 0 for all
t € [0,7,], we obtain that I,(t"u(t-)) > 0 for all ¢t € [0, 7,] and, in particular, at
t = 1. Thus, we have shown I,(u) > 0, which also implies that I%V/\(u) >0, for
every u € Ay,. Therefore, every v € I'y and every v € I'y, where I'y and Iy
are given by (3.6) and (3.8) respectively, has to cross M, ,,, and so the claim holds.

Conclusion. Putting the claims together, it is clear that the statement holds.
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]

We recall that a sequence (u,),eny C E(RY) is said to be a Palais-Smale

sequence for I at some level ¢ € R if
I(u,) = ¢, I'(u,) — 0, asn— oo.

If any such a sequence is relatively compact in the E(RY) topology, then we say

that the functional I satisfies the Palais-Smale condition at level c.

Lemma 3.7 (Boundedness of Palais-Smale sequences). Assume N = 3,4,
p € L2 (RY) is nonnegative, q € [3,2* — 1], and (up)nen € E(RY) is a Palais-

loc

Smale sequence for I at any level ¢ > 0. Then, for any fired A > 0, (up)nen @S
bounded in E(RY).

We stress that our assumption on N yields 3 < 2* — 1.

Proof. For convenience, set

an = [|tn|| g (),

1
2

RN

wni(f5) ()

and note that, as n — 400,

C1+ o(Dunll gy = (g + 1) In(un) = I3 (un) (un)

_ (%) 2 (%) " (3.13)

for some C; > 0. Assuming |[u,||g@~y) — +00, we show a contradiction in each

of the cases:
(i) an, by, — +00,
(ii) a, bounded and b, — 400,
(iii) @, — +oo and b, bounded.

First consider ¢ > 3. If b, — +o00, for large n we have b> > b, and by (3.13) we
get

Cr + o(V)unllm@y) > eqlltnl[pEn), n — +o0,
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a contradiction in case (i) and (ii). If @, — 400 and b, is bounded, then

||un||E(RN) ~ a,, hence
Cl+0< )CLn >Cq " n—>+OO,

a contradiction in case (iii). This makes the proof complete for ¢ > 3.

Consider now ¢ = 3. By Sobolev inequality we have

1
Cy > I\(uy) > 2an+ 46721 Cgai,

for some Cy, C5 > 0, which yields a contradiction in case (ii). On the other hand

if a,, — +o00, from the same estimate we have

b, S aZ, n— +oo. (3.14)
Note that (3.13) yields
Cy + o(D)||un||pwyy = az, n — +oo. (3.15)
Dividing by ||u,||pwy) = (a2 + b ) we get Qib = 0(1), n — 400, hence

b, > at, n— +o0,

n ~ “'ny

a contradiction in case (iii). This and (3.14), give

at <a?, n— +oo,

n ~v n’

a contradiction in case (i). This completes the proof. O]

Lemma 3.8 (Lower bound uniform in )\ for PS sequences at level c,).
Assume N = 3,4,5, X > 0, ¢ € (2,2* — 1], p € L(RY) is nonnegative. There

exists a universal constant a« = a(q) > 0 independent of \ such that for any
Palais-Smale sequence (un)nen C E(RY) for Iy at level cy, it holds that

.. 1
hggﬂ‘unugﬂmzv) > a.

Proof. For every u € E(RY), denoting Sq+1 the best constant such that
Sq+1||u||Lq+1(RN) < ||u||H1(RN), we have

(g+1)

1 2 A? 2 Sq+1 g+1
I)\(u) > §Hu||H1(RN) + Z p¢uu - H | HY(RN)"
R3
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2
Since WA? [, n pouu’® = <||u||%(RN) - ||u||§{1(RN)> , estimating the term

[l [y [lul 31 gy With Young’s inequality, we have for any 3 > 0

1 1/8-1 1/8-1
B0 2 3l — 3 (57 ) Mulle + 3 (757 ) by (316)
—(g+1)
o Squ(i | ||q+1
o1 el

1/(g—1)

o and assume ||u|| g~y < 0, which also implies

4

q+1
We now pick § = <w

that ||u||g1 e~y < 0. Then, choosing 8 > 1 sufficiently near 1 we obtain

1 1/8-1 1 /p-1
—— <T) 52] el vy + = <4—> )

1/8-1
> 2 (257 lultian

We note here that both ¢ and # depend on ¢ but not on A. Thus, we have shown
that if ||u||g@yy = /2, then I)(u) > ¢, for some ¢ > 0 independent of . So, since

[)\(U) 2

every path connecting the origin to where the functional I, is negative crosses
the sphere of radius §/2, it follows that

¢y > ¢ for every A > 0.

For convenience, set

%
oo =l tn=A( [ buioto))

where (u,,)nen is an arbitrary Palais-Smale sequence at the level c,. It holds that

cx + 0(1) = [[13(un) || @) l[tn | pvy < Ia(un) = 13 (un)un

1 1
=(z=1)a®+(-—1)0
(3-1)e+(5-1)%
1
+ (1 - m) [ |27

1
By concavity note that ||u,||p@~y) < @, + bi, hence the above yields

1 1
e+ 0(1) =5 (un) vy (an + B7) + 5 (e + 7)< unllfs,

. /
~~

Cn
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and it is easy to see that liminf ¢,, > 0. The conclusion follows then with « := ¢
O

3.3 Remarks on Regularity and Positivity

This section uses standard elliptic regularity theory and the maximum principle to
provide a result yielding the regularity and positivity of solutions to the following

Schrodinger-Poisson system.

Proposition 3. /[Regularity and positivity/ Let N € [3,6] and q € [1,2* — 1],
p € L2 (RY) be nonnegative and p(x) # 0 and (u, ¢,) € E(RY) x DV2(RY) be a

loc

nontrivial weak solution to

{ —Au+ bu + cp(x)pu = dlu|ru, xRN, (3.17)

_A¢ - p(x)u2, T e RNa

with b,c,d € Ry. Then, u, ¢, € W2 (RN), for every s > 1, and so u, ¢, €

loc

C’l’o‘(RN); moreover ¢, > 0. If, in addition, uw > 0, then u > 0 everywhere.

loc

Proof. Under the hypotheses of the proposition, both u and ¢, have weak second
derivatives in L{ (RY) for all s < +00. To show this, note that from the first
equation in (3.17), we have that —Au = g(z,u), where

= |(=bu — cp(x)puu + dlul "'yl
< C(L+ lpdul + Jul" ") (1 + |ul)
= h(x)(1+ |u]).

|9(, )

Using our assumptions on p, ¢,, u, and that ¢ < 2* — 1, we can show that h €
LY?(RN), which implies that u € L (RY) for all s < 400 (see e.g. [51, p.270)).

loc loc

Note that here the restriction on the dimension implies that ¢,, € LfZéQ(RN ). Since

u?p € L; (RY) for all s < 400, then by the second equation in (3.17) and the

loc

Calderén-Zygmund estimates, we have that ¢, € W25 (RY) (see e.g. [26]). This

loc

then enables us to show that g € Li (R") for all s < 400, which implies, by
Calderén-Zygmund estimates, that u € W25 (RY) (see e.g. [26]). The CL%(RY)

loc loc
regularity of both u, ¢, is a consequence of Morrey’s embedding theorem. Fi-
nally, the strict positivity is a consequence of the strong maximum principle with
L2 (RY) coefficients [43], and this concludes the proof. O

loc
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3.4 Nonexistence

In this section we look specifically at nonexistence results. Nonexistence of solu-
tions can be shown in the critical case and when the power of the nonlinearity is
small. We use a Pohozaev type condition to show this but it is not the only use

case of this condition.

Lemma 3.9. [Pohozaev-type condition/ Assume N € [3,6], ¢ € [1,2* — 1],
p € L (RM)NWEHRY) ds nonnegative, and kp(x) < (z,Vp) for some k € R.

loc loc

Let (u, ¢,) € E(RY) x DVY2(RY) be a weak solution to (3.17). Then, it holds that

N -2 Nb
— [ [Vufdr+— [ «*dx
2 RN 2 RN (3 18)
N +2+ 2k Nd .
+ (V+2+ 2k)c po u? dz — —/ lu|" dz < 0.
4 RN q+ 1 RN

In particular the above is an identity, provided kp(x) = (x,Vp) (by Euler’s the-
orem, this is the case if p is homogeneous of order k, i.e. Lp(tz) = Stkp(x) =

kp(z))-

Proof. With the regularity remarks of Proposition 3 in place, we now multiply
the first equation in (3.17) by (z, Vu) and integrate on Br(0) for some R > 0.
We will compute each integral separately. We first note that

2—N
—Au(x,Vu)dr = —5 |Vul*dx
Br BRi A (3.19)
- = (2, Vu)|* do + = |Vul? do.
R Jop, 2 JoBg
Fixing + = 1,..., N, integrating by parts and using the divergence theorem, we

then see that,

/ bu(z;0pu)dr =b {— / u? dz + % 0 (uPay) dx}
Br

Br

1 2
/ u2dx+—/ uQﬁda] .
BR 2 8BR |x|

So, summing over i, we get

N
/ bu(z, Vu)dz = b [——/ u? dx + E/ u? da} : (3.20)
Br 2 /By 2 JoBg

Again, fixingi = 1,..., N, integrating by parts and using the divergence theorem,
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we find that,

1 1
[ covuuroaas = [ —5 | eoatde—3 [ outsiopa
Br Br Br

1 1
— = / puti(0;b,) do + = Oi(ppyu’z;) dw
2 /B, 2 /B,
1 2 1 2
=Ccl =3 pouu” dz — S puuri(0;ip) dx
2 Br 2 Br

1/ u?z; (00 )da:+1/ J0) uQx’?d}
- 5 \ViPu ). u T4ao|.
2 BRp 2 Jony ||

Thus, summing over ¢, we get

N 1
/ cpdyu(z, Vu) de = c[ - — pdut dr — = puu’(x, Vp) dz
Br 2 /By 2 /By
1 2 R 2
- = pu”(z,Vo,)dr + — poyudo|.
2 /By 2 JoBg
(3.21)
Finally, once more fixing i = 1,..., N, integrating by parts and using the diver-
gence theorem, we find that,
-1 —1 +1 1 1T
dlu|" u(z;0u) de = d | —— lu| de + —— |u|T™ —=do| ,
Br q+1 /g, q+1 Jog, |z
and so, summing over ¢, we see that
-1 —-N +1
dlu|"" u(z, Vu)dz = d o |u|T" dz
Br 4% = bn B (3.22)
+ — |2t dal :
q+1 Jog,
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Putting (3.19), (3.20), (3.21) and (3.22) together, we see that

2—N 1
— | |Vufdr - = ](x,Vu)Fda—l—E |Vul*do
2 sy R Jopy 2 Josg

N
+b{——/ u2d$—|—5/ u2d0]
2 Jp, 2 Jogy

N 1
+ c[ - — / pbyutde — = puu*(z,Vp)dz
2 JB, 2 /B,

1
- _/ pu2<xa vqbu) dz + E p¢uu2 d0:|
2 /e 2 Jor
—N R
—d {—/ e+ — [ ! dg] _o.
q+1J/g, q+1Jom,

(3.23)

We now multiply the second equation in (3.17) by (z,V¢,) and integrate on
Bgr(0) for some R > 0. By a simple calculation we see that

/ pu®(m, V(bu)d:r:/ —A¢y(z,Vo,)dx
Br

Br
2— N 1
= — |V¢u\2dx - = |(z, V¢u)|2da
2 Br R Jop,
+ A Vo) do.
2 JoBg

Substituting this into (3.23) and rearranging, we get

N —2 N N
—/ |Vu|2dx+—b/ u2dx+ﬂ/ phyu’ dx
2 Br 2 Jp, 2 Br

2—N Nd
+u/ \V¢u|2d$——/ lu|9tt dz
4 Bgr q

N -2 Nb N
< / |Vul*dz + — / w?do + —- ppuu? dz
2y, 2

2—-N N
+ ¢ ¢uu2(x, V,O) dz + M / |V¢u|2 dr — _d/ |u|q+1 dz
2 /5, 4 q

1 R
=—— |(z, Vu)|* do + — Vul*do + — u?do
R Jop, 2 Jomg 2 JoBy

cR c
+— ppu’ do + — 2, V,)|? do
2 o 2R I( )l
R dR
_C Ve Pdo — Z1 [l do,
4 Jopg q+1 Jog,

(3.24)
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where we have used the assumption kp(xz) < (z,Vp) for some k € R to obtain
the first inequality. We now call the right hand side of (3.24) Ig, namely

1 b
Ip = —— |(x,Vu)|2da+§ \Vu|2da—i——R u?do
R O0BRr 2 O0BRr 2 O0BRr
cR c
+ = pbyu? do + — z,Vo,)|* do
> Js 2R o I )|
R dR
S Weufdo - S5 [t do
4 Jopy q+1Jom,

We note that |(z, Vu)| < R|Vu| and |(x,Ve,)| < R|Vé,| on dBg, so it holds
that

3R bR
[Ir| < —/ |Vul*do + — u® do
2 Jopy 2 Jopg
R 3cR dR
+ 2 ppntdo+ 2 [ (VeuPdo + —— [ |yl do.
2 JoBg 4 Jong q+1 Jopy,

Now, since |Vul?, u?* € LYRY) as u € E(RY) C HY(RY), pp,u?, |Vo,|* €
LY(RY) because [pn poyu®de = [ |Véy|>dz and ¢, € DV*(RY), and |u]*™! €
LY(RY) because E(RY) — L¥(RY) for all s € [2,2*], then it holds that Ir, — 0
as n — —+oo for a suitable sequence R,, — +00. Moreover, since (3.24) holds for
any R > 0, it follows that

N -2 N N
—/ |Vu|2dx+—b/ u2dx+ﬂ/ phyu’ dx
2 RN 2 RN 2 RN

2—N Nd
—I—C(—)/ |V¢u|2dx——/ lu|™ da <0,
4 RN q+1 RN

and so, we obtain

N —2 Nb
—/ |Vu|2dm—|——/ u? dz
2 RN 2 RN

N+ 2+ 2k
+( rer >C/ pbyu* dz
4 RN
Nd

— ?/ |u]q+1 dx < O,
q RN

using the fact that [pr [Vu|*dz = [pn pédyu® dz. This completes the proof. [

Although we will use the above necessary condition mainly for existence pur-
poses, this also allows us to find a family of nonexistence results in a certain range

of the parameters N, q, A\, k. The following result looks at the so called “critical
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case”, i.e. when the power of the nonlinearity is equal to the critical Sobolev

exponent.

Proposition 4 (Nonexistence: the critical case g = 2* — 1). Assume N €
3,6], ¢ = 2 — 1, p € L(RY) N WLHRYN) nonnegative, kp(x) < (x,Vp) for

some k > %5 and X\ > 0. Let (u,¢,) € E(RY) x D¥*(RY) be a weak solution
to (1.2). Then, (u,d,) = (0,0).

Proof. Combining the Nehari identity I} (u)(u) = 0 with Lemma 3.9 yields
N —2 N N N-=-2
- Vul?d (— . —) / 24
( 2 q+1>/RN’ Wdet (5 =——5—) ) wde

2 - N
+ (i))ﬁ/ P¢uu2 dr < 0.
4 RN

Hence,

/ wde < 0,
]RN

and this concludes the proof. [

The following proposition looks at the case when ¢ is “small”, we note that

atl
q—1
supercritical cases 3 > g+ 1 > 2* where E(R") does not embed in LI (RY).

the following is stated to cover also the dimensions N > 2 < ) , namely the

Proposition 5 (Nonexistence: the case g € (1,2]). Assume N > 3, q € (1,2],
p € L2 (RY) and p(z) > 1 almost everywhere and X > 5. Let u € E(RY) N

loc

LITY(RY) satisfy
1
—Au+u+ N (W * qu) plx)u = |u|  u, in D' (RY). (3.25)

Then, u = 0.

Proof. By density we can test (3.25) by u and so we obtain
/ \Vul? + u? + Np(z)pu® — |ul™ = 0. (3.26)
RN

Following [46, Theorem 4.1], by Lemma 3.3 and Young’s inequality we have

/RN pl) ful” < /RN [Vuf” J&/RN p(x)puri”. (3.27)
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Combining (3.26) and (3.27), we have for all A\ >

1

2

0> / &+ p(@) Juf* — Jul™ > / f(u),
RN RN

where f(u) = u? + |ul® — |u|"" is positive except at zero. Hence u = 0, and this

concludes the proof. O

Remark 3.2. Similar nonexistence results have been obtained in the case of
constant potentials and for N = 3, in [22]. We point out that the in the above
proposition A > 0 is arbitrary and the condition on p is compatible with (p1), as
well as with (pz). It is interesting to note that for N = 6 we have ¢ = 2* —1 = 2,
namely nonexistence occurs in a ‘low-¢’ regime, under both conditions (p;) and
(p2). The proof shows also that for supercritical exponents ¢+ 1 > 2* and higher
dimensions, under further regularity assumptions required for Lemma 3.9 to hold,

nonexistence also occurs.
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4 Existence Results

This chapter is split in two to focus on our main assumptions on p.

(p1) p~1(0) has non-empty interior and there exists M > 0 such that
|z e RY : p(z) < M| < o0,

(p2) For every M > 0,
|z € RY : p(z) < M| < o0.

In both cases we suffer from lack of compactness phenomenon, in the latter a
more standard approach to recover compactness can be made when ¢ € (1,2*—1)
culminating in showing that the Palais-Smale condition is satisfied for ¢ € [3,2* —
1). In the former a different approach is needed. Here we show that when A > A,
we see that certain Palais-Smale sequences possess weak limits, furthermore this
allows us to show a precise variational characterisation of our problem where the
Nehari manifold and these weak limits coincide in cases where ¢ > 3. The results
of this chapter are from [23].

4.1 Preliminaries for p vanishing on a region

Throughout this section we will make the assumption that

(p1) p~1(0) has non-empty interior and there exists M > 0 such that

xGRN:p(x)§M}<oo.

In what follows it is convenient to set
A(R) ={z e RY : 2| > R, p(x) > M},

B(R)={x ¢ RN : || > R, p(z) < M},

for any R > 0.
We begin with the following Lemma that shows a key vanishing property
under assumption (p;). This Lemma is vital when splitting integrals over RY

into integrals over balls and outside.

Lemma 4.1 (Key vanishing property). Suppose p is a measurable function
and that for some M € R it holds that

B:=|zeR": p(z) < M| < .
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Then
lim |B(R)| =0.

R—o0

Proof. The conclusion follows by the dominated convergence theorem as B(R) C
B yields

B(R)| = / v () dz < B,
[]

It is worth having a brief discussion on the dimensions of the domain RY.
The reader may notice that we begin working in N = 3,4, with some parts valid
for an even larger range of NV, later we reduce this to simply N = 3. The issues
we face is to do with our range of ¢, ultimately it is not possible to work in a

larger dimension than N = 3 due to the critical Sobolev exponent.

Lemma 4.2 (Uniform bounds in A for PS sequences at level ¢,). Assume
N = 3,4, p € LE(RY) is nonnegative, satisfying (p1), ¢ € [3,2* — 1], A > 0.
There exists a universal constant C = C(q, N) > 0 independent of \, such that
for any Palais-Smale sequence (up)nen C E(RYN) for Iy at level cy it holds that

||un||E(]RN) <C.

Proof. Let v € C=°(RY) \ {0} have support in p~'(0). Pick ¢, > 0 such that
Iy(t,v) < 0 and set v, = tt,v. Then, by definition of ¢y,

< = =:C
cx < g{?ﬁ I(vy) max Iy(tv) =:c. (4.1)

Note that since (u,) is bounded by Lemma 3.7, it holds that

cx = lim (I (uy,) — !

_ 1 1 ) 2! 1 )
= Jim ((5 = 7)) el +22(3 = 5 7) [ Guapl@)i).

The conclusion follows immediately in the case ¢ > 3. For ¢ = 3 the above

yields a uniform bound independent on A for the H!(R") norm and hence for the

L7 L(RY) norm as well by Sobolev’s inequality. Since

Nlimsup | 6,,u%p(x) < 4 ( +timnsup (e, + ||un||q;i1m))) ,

n—o00 RN n—o00
this concludes the proof. [

It is worth highlighting that (4.1) has weaker restrictions than the assumptions

given on Lemma 4.2 and holds in dimensions N = 3,4,5 and for every q €
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(2,2*—1). Furthermore, as recovering some form of compactness in this setting is
required, the following lemma is essential to control the tails of bounded sequences

on RV,

Lemma 4.3 (Control on the tails of uniformly bounded sequences).

Assume N = 3,4,5, p € L2 (RY) is nonnegative, satisfying (p1), and (up)nen C

loc

E(RY) is bounded uniformly with respect to X. Then, for every 3 > 0 there exists
Ag >0 and Rz > 0 such that for A > \g and R > Rg,

|[un] |:Z3(RN\BR) < p.

Proof. By Lemma 3.3 we have
3
Aol <l < € (4.2
for some positive constant C’ independent of \. Hence

C/
IR
A(R) M

Also observe that by Hoélder’s inequality and Lemma 4.1 we have

/ u |3<(/ " 2*>23*</ 1>2*2:3
B(R) Ny B(R)

2*—3

< C"lunll @y - |BR)] >

< C"|B(R)|F 0.

as R — 00, again for some uniform constant C” > 0. Note that our assumption

on N yields 3 < 2*. This is enough to conclude the proof. O

The following proposition may be thought of a sort of concentration compact-
ness principle (Lemma 2.1) in our setting, namely, we can show that, given a A
large enough, there exist nonzero weak limits of Palais-Smale sequences at the

level c,.

Proposition 6 (Nonzero weak limits of PS sequences at level ¢, for A
large). Let N = 3, p € L (RY) be nonnegative, satisfying (p1), and q € [3,5).

loc

There exist universal positive constants Ao = Ao(q, M) and oy = (q), such that

if for some A\ > \o, u € E(R3) is the weak limit of a Palais-Smale sequence for
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Iy at level cy, then it holds that

/ lu|® dz > ap.
R3

Proof. Let (up)nen C FE(R?) be an arbitrary Palais-Smale sequence at level c,.

Note that we can pick a(g) > 0 independent of A and of the sequence such that
lm i sy = (a).

Indeed by interpolation

5-g a2
Lo (L) 7 (el
R3 R3 R3

and the claim follows by Sobolev inequality and the uniform bound given by
Lemma 4.2 and by Lemma 3.8. In particular, recall that by Lemma 4.2, there
exists a universal constant C' = C(q, N) > 0 independent of A and of the sequence,
such that ||u, || pe~) < C. By Lemma 4.3, it follows than that we can pick X(q, M)
and R, > 0 such that such that for every A > A\g and every R > R, we have

: 3 o)
lim sup||up |75 @s\ ) < 3
n—oo

By the classical Rellich theorem, passing if necessary to a subsequence, we can

3
loc

assume that u, — u in L} (R?). Therefore, for every R > R,, we have

. .. . o
[ull 7250 = gggoHunlliqBR) 2 117?_l>glf||un“?i3(ue3) - hgl_)s;}pH“”H%(W\Ba) =5

The conclusion follows with g = «/2. O

The following proposition finishes our preliminaries on (p;). Given A large
enough we find the mountain-pass levels ¢, are indeed critical in the range ¢ €
(3,5) given the sufficient conditions on Palais-Smale sequences in Proposition 6.
The case when ¢ = 3 is more delicate, instead we find lower estimates of the

energy but whether this level is critical remains uncertain.

Proposition 7 (Energy estimates for \ large). Let N = 3, p € L5S(R3?) be

loc

nonnegative, satisfying (p1), and q € [3,5). Let Ny be defined as in Proposition
6. There exists a universal constant A\ = Al(q,M) > 0 such that, if A\ >
max (A, \1) and u is the nontrivial weak limit in E(R3) of some Palais-Smale

sequence (Uup)nen C E(R3) for Iy at level cy, then it holds that

52



o I)\(U) = Cy, forq € (375)a
o infien, Li(v) < Ih(u) <cn, forq=3.

In particular, for all A > max (Ao, A1), the mountain-pass level ¢y is critical for
q € (3,5), as well as the level I(u) for g = 3.

Proof. By Proposition 6, for every ¢ € [3,2* —1) and A > )¢, passing if necessary
to a subsequence, we can assume that u, — u € E(R?)\ {0} weakly in E(R?)
and almost everywhere, for some Palais-Smale sequence (uy,),en C F(R?) for I
at level c,. By a standard argument w is a critical point of I,. For sake of clarity
we break the proof into two steps.
Step 1: We first show that there exists a universal constant C' = C(gq) > 0 such
that for every A > Ao, R > 0 and n € N, it holds that
Lt — ) > (}l 5,57 </ i — u|6) ) V(- )
A(R) 1 R3 (4.3)

5—q
—CIB(R)| " — — Jy, — ul
g+ 1 Jz<r

2

where .
‘1

2(5—Q))q |

1= (- 23l + 117 (202

S = 3(m/2)*3 is the Sobolev constant, and M is defined as in (p;). Reasoning as

in Lemma 3.3 and by Lemma 4.3 we obtain,

1 1
I —u) > |vwn—mf+—/van—mF
R3

1
2 [ bl = o) = = [ =

q+1
1 A
V - a n - n ot
>3 [ =P+ 3 [ e —f q+1/ru ul
1 M 1
=P+ 25 [ = [ =
4 2 A(R) q+]_

(4.4)

Note that

/ |y, — :/ —I—/ +/
R3 lz|<R A(R) B(R)

Using that (uy,)nen is uniformly bounded in E(R?) and arguing as in Lemma 4.3
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and by Sobolev inequality, we have
5—q 5—q
/B(R) [t = ul™ < Cillun = ul| Jogs) |B(R)| S < Co|B(R)| S (4.5)

By the interpolation and Young’s inequalities we obtain for all 6 > 0 that

5—q q—2
1 1 1 3\ ° 6) °
1 L = g L) (o)
q A(R) q A(R) A(R)

,
5 5 \7a
<(5) () Lt
3 qg+1 A(R)
—9\ _
+ <q_> (5q32/ luy — ul®
3 A(R)

In particular, we can set

Hence

1 AM
- |, —u|Th < / U — ul’? +S,\/ |ty — ul®
a+1Jam A(R)

B 2 A(R)

+ 8,571 (/ |t — u|6) IV (un — u)]?, (4.6)
A(R) R3

where we have used Sobolev’s inequality written as

6 g 2
S(/ |t — ul ) < |V (u, —u)|”.
A(R) R3

Putting together (4.4), (4.5) and (4.6), the claim (4.3) follows.
Step 2: Conclusion. By the classical Brezis-Lieb lemma and Lemma 3.2 we

have

cx = lim Iy (u,) = Ly(u) + lim Iy (u, — u). (4.7)

n—oo n—oo

Note that there exists a positive constant \; = (g, M) such that for every

A > \; it holds that

1 _
- S\S3C" > 0, (4.8)
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where C is defined via Lemma 4.2 by the property ||un|z®s < C. Note that,

again by the Brezis-Lieb lemma, we have

/ iy — uf° = / unl® — / ul® + 0u(R),
A(R) A(R) A(R)

with lim,, o 0,(R) = 0 for any fixed R > 0; since by Sobolev’s inequality it holds

that ;
/ Ju,|® < 573 (/ \vunﬁ) < 53¢,
A(R) R3

we obtain the estimate

lim sup lim sup/ |ty — ul® < S—3¢C°. (4.9)
A(R)

R—o0 n—00

We conclude, by (4.3), (4.8), (4.9) and the classical Rellich theorem that

1 3
lim Iy (u, — v) > liminfliminf | = — S,5™* (/ |t — u|6) IV (t, — ) ]?
n—00 R—oco0 n—oo 4 A(R) R3

1 —

> [— - SAS—?’C“} liminf [ |V (u, —u)]> >0,
4 n—o0 R3

and hence by (4.7) that I)(u) < ¢y. On the other hand, since u € N, it holds

that

Uierjl\f[A I(v) < Iz(u) < cy,

and this completes the proof for ¢ = 3. For ¢ € (3,2* — 1) we can use Lemma 3.5

hence,
C\ = Uigrjl\% I,\(U)
and it follows that I(u) = ¢y, and this concludes the proof. O

4.1.1 Some reflections on the Palais-Smale condition

When ¢ > 3, the fact that lim I(u, — u) = 0 for A\ large suggests that the
Palais-Smale condition at the mountain-pass level ¢, can be recovered in some
cases. To illustrate this, note that the assumption (pq) is compatible with having,
say p(z) — 2M, as |r| — oo, namely a situation where lack of compactness
phenomena may occur for the system (1.2) as a consequence of the invariance
by translations of (1.9), which plays the role of a ‘problem at infinity’, such
an example may be found in the work by Mercuri and Tyler [41]. We stress

here that p may approach its limit from below as well as from above. To see
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that in this case the Palais-Smale condition is satisfied for A large, denote by
I ;\E2M the functional associated to (SP) with p = 2M, and observe that in this
situation F(R3) ~ H'(R3), with equivalent norms by (HLS). We reason as in

[41, Proposition 1.6] which we will recall here,

Proposition 8 ([41] Proposition 1.6). Suppose p € C(R?) is nonnegative and
p(x) = po > 0 as x| — +oo. Let g € (2,5) and p € [1/2,1], and assume
(un)nen C HY(R?) is a bounded Palais-Smale sequence for I,. Then, there exists
| €N, a finite sequence (v, .. .,v) C HY(R?), and | sequences of points (y2 ) nen C
R3, 1 < j <, satisfying, up to a subsequence of (Un)nen,

(1) wvo is a solution of (4.10),
(it) v; are nonnegative, possibly nontrivial, solutions of (4.11) for 1 < j <lI,

(iii) |yl| — +oo, |yh — 3 | = +00 asn — 400 if j #

(iv) |Jun —vo — Zé‘:l v; (- = Yyl wsy — 0 as n — o0,
!
(v) HunH%P(R«?) — Zj=oHUjH?{1(R3) as n — 1090,
. l oo
(vi) I(un) = I(vo) + Zj:l 1 (vj) +o(1).
I, and I? are the energy functionals correspending to
—Au+u+ p(x)dyu =p|ul' (4.10)
— AU+ U+ paout =g |ul" u (4.11)
respectively.

The above is primarily used in the case p € (2,3). In our case, we take y =1
and there exist [ € N U {0}, functions (vy,...,v;) C H'(R?), and sequences of

points (i )peny C R3, 1 < j <1, such that, passing if necessary to a subsequence,
« v; are possibly nontrivial critical points of 1 f\EQM for 1 <j <1,
o |yi| = 4oo, [y) — 9| = +o0 as n — oo if j #£
o ||lup —u— Zl 0;(- — ¥2) || rey = 0 as n — +o00,

i=1

e o= Lu) + X 7Y ().
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It is standard to see that I{— =2 g uniformly bounded below on the set of its
nontrivial critical points by a positive constant, independent of A. It then follows
that for all A > max (Ao, A1), Proposition 7 and the above yield ¢\ = I,(u) and
at the same time [ = 0; as a consequence the Palais-Smale condition is satisfied

at the level c¢,. These considerations yield the following

Proposition 9 (Palais-Smale condition under (p;)). Let N = 3 < g and
p > 0 be locally bounded such that (py) is satisfied and such that p(x) — pe > M
as |x| = o0o. Let A\g and Ay be as in Proposition 7. Then, for all A > max (Ao, A1),

I, satisfies the Palais-Smale condition at the mountain-pass level cy.

It is not obvious how to prove the above proposition in the case ¢ = 3;
nevertheless the same considerations on strong convergence apply instead to ap-
proximated critical points of I constrained on the Nehari manifold, see the proof

Theorem 4.1 and Proposition 10 below.

4.2 The case of p vanishing on a region

Now that we have the necessary preliminaries we present the proof of Theorem
4.1.

Theorem 4.1 (Groundstates for ¢ > 3 under (p;)). Let N = 3, p € L (RY)

loc

be nonnegative, satisfying (p1), and q € [3,2*—1). There exists a positive constant
A = A\(q, M) such that for every A > \,, (SP) admits a positive groundstate

solution u € E(R?). For q > 3, u is a mountain-pass solution.

Proof. We recall the Nehari manifold (3.9),
Ny = {u € BRY)\ {0} : Ga(u) = 0},
where
Ga(w) = Bu)(w) = el + 2 | p6u = lulf e

Since g € [3,2*—1), it is standard to see that N, is nonempty and will be omitted.

Moreover, we show that the conditions
(i) Ir>0:B.NN, =0,
(i) Gi(u)(u) #0, YueN,,

are satisfied, which means, by standard arguments, the Nehari manifold N, is a

natural constraint for our problem (a detailed proof as to why these conditions
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imply a natural constraint can be found in [3] but will be omitted here for the
sake of brevity). Starting with (), we notice that if u € Ny, then writing G, (u)
explicitely and

1 (g+1 1
0 = el + 4 | p6 = gz hesy > Il e, = S8l

where S,y is the best constant such that Sqii||ul|periryy < ||uf|grgy). The

above gives the following inequality

]| pes) > [Jullaes) > SOV vu e N (4.12)

If we set r = Sq(fgl (@D _ § for some small § > 0 then we arrive at (i). For
(1), we notice that if u € Ny, then by the definition of the Nehari manifold, the
assumption ¢ > 3 and (4.12), it holds that

Ga(wla) = 2l + 43 [ oo = (a+ Dllulfihes

o B 2 o 2 2

— (1= Dl + 6= 03 [ o (413
< (- sy

< 0.

Thus, the claim holds and so the Nehari manifold is a natural constraint. Now,
we focus on the case ¢ € (3,2* — 1), setting A, = max{Ag, A1}, the conclusion
follows immediately from Proposition 7 and the following characterisation of the
mountain-pass level,

cy = inf I)(v).

UE./\/’)\

On the other hand, assume ¢ = 3 and A > max{\g, \;}. We note that

Y= inf [
&= ol hv)

is well-defined since N, is nonempty, and so, we take (W,)nen C N, to be a
minimising sequence for I on N}, namely, I)(w,) — ¢. As described in [21],
by the Ekeland variational principle there exists another minimising sequence
(Wn)nen C Ny and &, € R such that

I(wy,) = c, (4.14)
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and
I3 (wy,) — &G\ (w,) — 0, in (E(R?)). (4.16)
Now, by Proposition 7, (4.1), (4.14) and (4.15), it holds that

lim (]A(wn) -

n—-+o0o

o Bw)w)) G < <e

for some ¢ independent of \. We can therefore argue as in Lemma 4.2 to show
that
|wnl|p@sy < C, (4.17)

where C' > 0 is the same constant independent of A given by Lemma 4.2. More-

over, since (wy,)nen C Ny, it follows using (4.12) that

sy = sl ey + 32 [ st = ey > 51> 0

Thus, by interpolation it holds

2 1

3 3

st [ |wn|4s(/ |wn|3) (/ |wn|6) 7
R3 R3 R3

and so, by the Sobolev inequality and (4.17), it follows that we can pick a > 0
independent of A such that

im i 3 > q.
l1g£f ||wn||L3(]R3) Z @
Moreover, by Lemma 4.3, we can set A\, = max{Ao, \;} and R, > 0 such that

such that for every A > A, and every R > R, we have

. 3 a
lim sup||wy |7 @\ g, < 5
n—oo
Now, since (wy)nen is bounded, passing if necessary to a subsequence, we can
assume that w, — w in E(R?) and w,, — w in L} (R3). It follows that for every

loc
A> A and R > R,,

el = T inf 1wl gay = timsupllownFa gey ) > 5

and so w # 0. We now notice that by (4.15), (4.16), and (4.17), it holds, up to a
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constant independent of A, that

o(1) = |1\ (wn) — &G\ (W)l (s
2 ’[;\(wnan) - fnGlA(wn)(wn)’
=[£G\ (wn) (wn)],

for some &, € R. Since (w,) C N,, by (4.13), we have that G} (w,)(w,) <
—281 < 0, and so the above yields &, — 0. Moreover, using (4.17) and the
positivity properties of the Coulomb integral (Theorem 9.8, [33]), we have the
inequality

ID(f,9)* < D(f, f)D(9g,9),

where we define

D(f.g) ::/ f(@)g(y) dudy,

R Jrs [T — Y
for f, g measurable and nonnegative functions, it follows that G (w,,) is bounded.
Taken together, we have that &,G’ (w,) — 0, and using this and (4.16), we obtain
I{(wy,) — 0. Hence, (wy,)nen is a Palais-Smale sequence for I, at level ¢, and so,
since we have also shown that w,, — w # 0 in E(R3), a standard argument yields
that w is a nontrivial critical point of I. Namely, w € Ny, and thus

oy < I(w). (4.18)
On the other hand, arguing as in Proposition 7, replacing u,,, u, and ¢, with w,,,
w, and c}, respectively, for every A > \,, we obtain

I(w) < c. (4.19)

For convenience we recall that A; is chosen in Proposition 7 so that for every
A > Ay, it holds that $ — S\S73C* > 0, where C is defined via Lemma 4.2 by the
property ||u,||g®s < C. Going through the same argument with (w,)nen, since
(Wn)nen is bounded by precisely the same uniform constant, namely ||wy, || p@gs) <
C, we conclude that (4.19) holds for every A > A, as A, > Ay by construction.
Putting (4.18) and (4.19) together yields

I\(w) = inf I,(v).

UEN)\

Since Iy(w) = I\(|w|) and w € N, if and only if |w| € Ny, we can assume w > 0,

and it follows that w > 0 by Proposition 3. This completes the proof. 0
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As a byproduct of the above proof, we have the following

Proposition 10 (Constrained Palais-Smale condition under (p;)). Let
N =3=¢q and p > 0 be locally bounded such that (p1) is satisfied and such that
p(x) = poo > M as |z| — oo. Let \g and N\, be as in Proposition 7. Then, for
all X > max (Ao, A1), the restriction I,|y, satisfies the Palais-Smale condition at
the level

cy = inf I)(v).

UEN)\

That is, every sequence (un)neny C E(R?) ~ HY(R3) such that
I(u,) = ¢}, VI\(un)|ny — 0 in HH(R?)

is relatively compact.

Proof. The proof follows the reasoning discussed in section 4.1.1. We leave out
the details. [

4.3 Preliminaries for Coercive p

In the present section A > 0 is an arbitrary fixed value, and on p we make the

assumption that

(p2) For every M > 0,
|z € RY : p(z) < M| < o0.

The above assumption on p allows for the following compactness property.

Lemma 4.4 (Compactness property). Let N = 3,4,5, p € L (RY) be non-

loc
negative, satisfying (p2), and q € (1,2*—1). Then, E(RY) is compactly embedded
into LITH(RY).

Proof. By Lemma 3.3, multiplying by A we obtain
1\3
3 [ o)l < (2) el (4.20)
RN w

Set
AR) ={z e RY : |z| > R, p(z) > M},

B(R) ={z €¢RY : |z| > R, p(z) < M}.
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Without loss of generality, assume that (u,),eny C E(RY) is such that u, — 0.

For convenience, write

R N
RN\Bp A(R) B(R)

where Bp is a ball of radius R centred at the origin. Fix § > 0 and pick M, r,
1 .
C, such that M > & (1) sup,,||un[[} gy, 7= % > 1 and

3
o> sup i@y
 weERN)\{0} HuH?ﬁ;(RN)

Let % + % = 1. By Lemma 4.1, for every M > 0, and every R > 0 large enough,
it holds that

0 } (4.21)

B(R)| < |
2C sup,, [|un |3 gr)

Since N = 3,4,5, we can pick r = % > 1 such that by Hoélder inequality it holds

that
. “\ %
[ (VL)
B(R) B(R) B(R)

< Nualiter v, - BRI

)
< OHun”SE(RN) [B(R)|" < 2

Moreover, by our choice of M and (4.20), we see that

1
1 1\2 )
3 3
n < - n S -
/A(R) = 3 (w> lnl ) < 5

By the classical Rellich theorem, and since ¢ was arbitrary, this is enough to prove
our lemma for ¢ = 2. By interpolation the case ¢ # 2 follows immediately, and

this concludes the proof. O

Using the above lemma, and for ¢ > 3, we can show that the Palais-Smale

condition holds for I, at any level.

Lemma 4.5 (Palais-Smale condition). Let N = 3, p € L2 (RY) be nonneg-

ative, satisfying (p2), and q € [3,2* — 1). Then, I, satisfies the Palais-Smale

condition at every level c € R.

Proof. Suppose (u,)neny C E(RY) is a Palais-Smale sequence for I. It follows

from Lemma 3.7 that u,, is bounded in E(RY), and thus, up to a subsequence
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u, — u. By the weak convergence, consider
)

0(1> = ];\(un> : (Un - U)
= [[unll3 @y = NullZ gy + o(1) (4.22)

[ i = 0p) = [ = )

We look at each part of the RHS seperately. To begin we know by Lemma 4.4
that E(RY) is compactly embedded into LIT1(RY) for all ¢ € [3,2* + 1), hence

/ || 7 (1, — w) — 0, (4.23)
as n — oo, i.e Hun|§il(RN) — Hu\qLﬁl(RN). By Lemma 3.2 we have that
IV ou, 2@y = [IVoull 2@y as n — co. Therefore we are left only to show
|t || gy = |||l ey From (4.23) we see that (4.22) becomes

0(1) = [l @y = llullzn vy + /RN Pup U (Un — w)p(x) + 0(1).

Splitting the nonlocal integral into the integral over a ball B of radius R > 0 and

outside,

P U (Un — w)p(2)| < +

RN

/B Gt — 1) ()

/]RN\B Duntn(tin — W)P(2))|

Looking at the integral over B, by Holder and Sobolev inequalities, setting r =

4N
N1z we get

< (@)l 3) | Punll z2* () llun = ull L)l tn | £ 5)

/B Gutn (1t — 1)p(2)

< C||¢Un”D1’2(RN)||un - UHLT(B)-

As ¢,, € DV?(R") is a solution to the Poisson equation, ||¢y, ||pr2@y) < C by
some constant C' > 0. By local compactness, ||u, — ||z — 0 for all r < 2*.
Thus [px Gu, tn(ty — u)p(z) — 0. The integral outside the ball can be bounded
similarly to Lemma 3.2 using the bounds found in [16, p. 1077], for every 6 > 0
there exists a ball of radius R such that

/ b2 () / buntntp(2)
RN\B RN\B

Therefore, making R large enough this integral tends to 0 and we obtain the

< + < 20.

. et = )
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result
[n |21 ey = llall 7 vy = 0(1) (4.24)

implying, |[unl|7 gy = [lullF1 gy Combining all these into (4.22) concludes

the proof. O

4.4 The case of coercive p

Now that we have all the necessary preliminaries in place we present the following
Theorems 4.2, 4.3, 4.4.

Theorem 4.2 (Groundstates for ¢ > 3 under (p2)). Let N =3, p € L (R?)
be nonnegative, satisfying (p2), and q € [3,2*—1). Then, for any fired A > 0, (SP)
has both a positive mountain-pass solution and a positive groundstate solution in

E(R3), whose energy levels coincide for q > 3.

Proof of Theorem 4.2. Using Lemma 3.4 and Lemma 4.5, the Mountain-Pass
Theorem yields the existence a mountain-pass type solution for all ¢ € [3,2* —1).
Namely, there exists u € E(RY) such that I,(u) = ¢\ and I{(u) = 0, where c,
is given in (3.7). For ¢ > 3, by Lemma 3.5 the mountain-pass level ¢, has the

characterisation

cx= inf L(u), Ny={u€ E®RY)\ {0} | I} (u)(u) = 0},
and it follows that u is a groundstate solution of I). Since I)(u) = I \(Ju|), we
can assume u > 0, and so u > 0 by the strong maximum principle, Proposition
3. For ¢ = 3, we can show the existence of a positive mountain-pass solution
applying the general min-max principle [55, p.41], and observing that, in our
context, we can restrict to admissible curves +’s which map into the positive cone
P = {u € E(R?) : u > 0}. In fact, arguing as in [42, p.481], since I satisfies
the mountain-pass geometry by Lemma 3.4, it is possible to select a Palais-Smale

sequence (uy,)nen at the level ¢y such that
dist (un, P) — 0,

from which it follows that (u,)_ — 0 in L%(R3), see also [15, Lemma 2.2]. Then,
by construction and up to a subsequence, there exists a weak limit v > 0, and
hence, by Lemma 4.5 a nontrivial nonnegative solution, the positivity of which
holds by Proposition 3.

The existence of a positive groundstate can be shown with a mild modification to

the proof of Theorem 4.1, using here that all the relevant convergence statements
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hold for any fixed A > 0 as a consequence of assumption (ps) and Lemma 4.4.

This is enough to conclude. O

Theorem 4.3 (Groundstates for ¢ < 3 under (p2)). Let N = 3,4,5, q €
(2,3) if N =3 and q € (2,2* — 1) if N = 4,5. Let A\ > 0, and assume p €

L2 (RN N WEHRN) s nonnegative and satisfies (pz). Moreover suppose that
kp(x) < (x,Vp) for some k > %. Then, (SP) has a mountain-pass solution

u € E(RY). Moreover, there exists a groundstate solution.

Proof of Theorem 4.3. We can argue as in [41, Theorem 1.3], based on [29] and on
the compactness of the embedding of E(RY) into L¢**(RY). The latter is provided
in our context by Lemma 4.4. By these, there exists an increasing sequence
o = 1 and (up)nen € E(RY) such that I, a(un) = ¢, x and I}, (uy) = 0,
where I, » and ¢, » are defined as in (3.4) and (3.5). By Lemma 3.9, we see
that

N -2 N +2+2k
S [ ey () [ g,
2 RN 4 RN

_ N,un/ ]unlq+1<0.
q+1 /g B

(4.25)

Setting On = fRN(|vun’2 + u%)v Tn = A2 fRN p<$>¢unuiu (Sn = Hn fRN |un|q+1, we
can put together the equalities I,,, \(u,) = ¢, » and [;/m/\(un)<un) = 0 with (4.25)

obtaining the system

o, F Yn - 0, = 0,

%an + zllfYn - (14%1571 = Cup,) (426)
N—2 N+2+2k N

o + (FFE)m - 54 <0,

which yields

Cunn(6— N +2k)(q+ 1)

o= 20q—2)+k(g—1)

2C, 2 (2(q +1)— N(q— 1))
=T -2 kg1
O = O — Vn-

We note that k£ > 7(2(1(31)2) > N;6 since ¢ < 2* — 1, and so since «y,,V,,d, are
all nonnegative, it follows that «,,,~,,d, are all bounded. Hence the sequence
(tn)nen is bounded and there exists u € E(RY) such that, up to a subsequence,

u, = uin E(RY). Using Lemma 4.4 and arguing as in [16, Theorem 1] we obtain
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that [|w|g e~y — [lu/l%gy) and
Cup A — ]#n,,\(un) — ]A(u) (427)

It follows that u, — u in E(RY), which combined with the left-continuity prop-
erty of the levels [5, Lemma 2.2], namely c¢,, » — c1), = ¢\ as p, 7 1, yields
I\(u) = cy. Since w is a critical point by the weak convergence, it follows that
u is mountain-pass solution. Finally, the existence of a groundstate solution is
based on minimising over the set of nontrivial critical points of I, and carrying
out an identical argument to the above to show the strong convergence of such a

minimising sequence, again using Lemma 4.4. This concludes the proof. [

Under an additional hypotheses on p, we now prove that the energy level of

the groundstate solutions coincide with the mountain-pass level.

Theorem 4.4 (Homogeneous case for ¢ < 3 : mountain-pass solutions
vs. groundstates). Let N = 3,4,5, ¢ € (2,3] if N =3 and q € (2,2* — 1) if
N =4,5. Suppose A > 0 and p € L (RY) N W,EHRN) is nonnegative, satisfies

p2), and s homogeneous of degree k, namely p(txr) = tip x) jor allt > 0, for
dis h d k [ K [l 0

k> (max{g,rll}-(S—q)—l)Jr.

Then, the mountain-pass solutions that we find in Theorem 4.2 (¢ = 3) and

some

Theorem 4.3 (q < 3) are groundstates.

Proof. By Proposition 2, it holds that

coy= inf I\(u),
ueEMy
where M, is defined in (3.10). Since Jy,(u) = 0 is equivalent to the Pohozaev
equation given by Lemma 3.9 minus the equation vI}(u)(u) = 0, it is clear that
M, contains all of the critical points of I, and thus the mountain-pass solutions
that we find in Theorem 4.2 (¢ = 3) and Theorem 4.3 (¢ < 3) are groundstates.
This completes the proof. O
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5 Category Theory

In this chapter we look at certain topological properties of the set of critical points
obtained from an invariant functional which satisfies the Palais-Smale condition.
In the spirit of Ambrosetti-Rabinowitz [4] and Ambrosetti-Ruiz [5] we analyse
the properties of “genus” and look at the role of deformations in a minimax
setting. Our goal is to define minimax levels of our functional over a certain closed
symmetric set, to do this we take advantage of Lusternik-Schnirelmann theorems,
which will be described in the latter half of this chapter. Before these LS-theorems
can be discussed an understanding of Brouwer degree and its properties is needed,
this will provide context to what we do when working with the concept of “genus”.
The contents of this chapter were taken from a series of lectures presented by Carlo
Mercuri and are based from the content of “Variational Methods in Differential
Equations” by Costa [21].

5.1 Brouwer Degree

Before we can discuss the Lusternik-Schnirelmann theory and the concept of
“genus” we need to understand the notion of Brouwer degree. This degree theory
will form a basis for what will come in the sequel, many of these properties can be
applied when working with the notion of category and these properties and their
applications (e.g. Borsuk Theorem) will be vital to show existence of multiple

critical points.

Definition 6. Consider N > 1, Q € R" open and bounded. f € C1(Q,RY)N
C(QRM), beRY and b & f(09), i.e. 0 < e < dist(b, f(0z)) for € > 0.
Consider ¢ € C((0,+00), RY), supp ¢ € (0,¢) such that

/R el de=1.

We define the degree as:

deg(.6.9) 1= | el1f(@) = b)Jy(a) da.

The above is said to be the Brouwer degree.

5.1.1 Properties of Brouwer Degree

Under certain assumptions on a generic function f acting on a domain Q C RV

we list the following properties of Brouwer degrees.
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(BD 1) Stability: Consider fi,fo € CY{QLRY) N C(Q,RY), b € RY and b ¢
f1(092) U f2(0%2). Then,

1
If || f1 = f2l Loy < €, this implies

deg(f17 bv Q) = deg(f?a b7 Q)

We can drop the f € C1(2, RY) assumption thanks to the following theorem.

Theorem 5.1. Let Q be open and bounded. f € C(Q2), b & f(O) and let
(fi)ren C CHOQLRM)Y N C(Q,RY) be such that

| fr — f||Loo(RN) — 0, ask — 0.

One can define
deg(fv b7 Q) = khnl deg(fk’a b> Q)
—00

This allows us to write (BD 1) as follows:

(BD 1.5) General stability property: Consider f, f, € C(Q,RY), b €¢ RN, b ¢
f1(092) U f2(09). Take 0 < & < 1dist(b, f1(0Q) U f2(09)).

If || f1 = f2llpeemyvy < € then, this implies
deg(f1,b,Q) = deg(f2,b, ).

(BD 2) Stability with respect to b: Let © be open and bounded. f € C(Q,R")
and b, belong to the same connected component of f(0Q2)°. f(02)¢ is an
open set, every open set can be written as the disjoint union of its connected

components. Then:

deg(f,0,Q) = deg(f,V,Q).

(BD 3) Additivity: Let Qy,€ be open, bounded and disjoint sets. f € C(Q; U
Qo, RV, If b & £(09) U £(09Qy), this implies

deg(f7 b7 Ql U Q2) = deg(fa b7 Ql) + deg(f7 b7 QQ)
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(BD 4) Excision: Let Q be open and bounded. f € C(Q,RY), K C Q be compact
and b ¢ f(0Q) U f(K). Then, this implies

deg(f,b,Q) = deg(f,b,Q\ K).

(BD 5) Solution property: Let Q be open and bounded. f € C(Q,R") and
b f(O). If deg(f,b,€) # 0, this implies f(x) = b has a solution in €.

(BD 6) Stability with respect to Homotopy: If H : Q x [0, 1] — R¥ is contin-
uous, b ¢ H(9 x [0,1]). Then, for all ¢ € [0, 1], it holds that

deg(H(,t),b,Q) = deg(H(-,0),b,Q).

(BD 7) Boundary property: Let © be open and bounded. f,g € C(Q,R") and
f=gondQ Ifb¢ f(OQ) (or g(02)), this implies

deg(f, b, ) = deg(g,0,92).

Proposition 11. Let Q be open and bounded, b € RY. Consider 1 as the identity
map 1 : RV — RN, Then,

deg(1.b. Q) 1, be,
eg ) ) - J—
0, b¢gQ,
and
(=), beq,
deg(_laba Q) = —
0, b¢&X.

Definition 7. Let f,g: X — Y be continuous. We say that f, g are homotopi-
cally equivalent (or that f is homotopic to g) if there exists H : X x [0,1] —» Y

continuous on X X [0, 1] such that

H(z,0) = f(z), H(x,1)=g(z).

In the following, and for the remainder of this chapter, we define J;(x) as the

determinant of the Jacobian matrix of f at the point x.

Theorem 5.2 (Sard’s Theorem). Let Q be open and bounded, f € C1(2,RY)

and define the singular set
S:={xeQ| Jp(x) =0} (5.1)
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Then, f(S) is a zero measure set:
LY(f(S)) =0.

From definition 6 it is difficult to quantify if deg(f,b,{2) € R or a subset. Here

we claim the degree is indeed an integer.

Claim 1 (deg € Z). Let Q be open and bounded, f € C*(Q,RYN)NC(Q,RY). Set
S as above and assume b & f(OQ) U f(S). Then,

deg(f,0,2) = > sen(Js(x)),

z€f~1(b)

where sgn is the sign function defined as

1, r>0,
sgn(r) =

-1, r<0.

By assumption on b above, definition of S and as a consequence of the inverse
function theorem we have that b is a regular value of f and hence the set f~1(b)
is finite and the above sum is also finite.

We wish to generalise the claim to functions that are only continuous on £.
We can take advantage of Sard’s theorem 5.2 and Theorem 5.1 to drop the C*
regularity and f(S5).

Proposition 12. Let Q be open and bounded. f € C(Q,RN), b f(0S2). Then,
deg(f,0,Q2) € Z.

Sketch of proof. Details for the proof of Proposition 12 can be found in [3, p. 27-
28,36], we will provide a sketch. It is possible to construct a sequence of approxi-
mating functions f;, € C* (€, RY)NC(Q,RY) that converge uniformly on Q to f €
C(Q,RY). Using Theorem 5.1 we can see that deg(f,b,Q) = kh_}rgo deg(fx, b, ).
Similarly, using Sard’s Theorem 5.2, we can construct a sequence b; & f(99) U
f(S) that converge uniformly to b ¢ f(0€) yielding jli_>n010 deg(f,b;,Q) = deg(f,b, Q).

The combination of these concludes

Jj—o0

by claim 1. n
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5.1.2 Some applications

We wish to describe some applications of the properties of Brouwer degree, namely
the Brouwer fixed point theorem and Borsuk theorem. We begin with the follow-

ing proposition showing that the unit sphere is not a retract of the unit ball.

Proposition 13. Consider the unit ball B(0,1) C RY, S¥=! = 9B(0,1). There

is no continuous function o : B(0,1) — SNt such that

QO|SN—1 =1.

(i.e. The unit sphere is not a ‘retract’ of the unit ball).

Proof. Assume the contrary:
deg(p, 0, B) = deg(1,0,B) =1 # 0.

Thus, by the solution property (BD 5), ¢(z) = 0 has a solution x € B. This is a

contradiction to the fact that ¢ : B(0,1) — SV~1. O

Theorem 5.3 (Brouwer Fixed Point Theorem). Let B(0,1) C RY be the unit ball
in RY centered at the origin. Assume that f : B(0,1) — B(0,1) is continuous.

Then there ezists x € B(0,1) such that

f@) =,
Namely, x is a fixed point of f.

Proof. Assume there exists € S¥~! such that f(z) = x, then we are done.

Otherwise, assume = — f(z) # 0 on SV, Define
H(z,t) =2 —tf(z), tel0,1], z € B(0,1).
We claim that for all ¢ € [0,1] and for all z € S’ we have

r—tf(x) =b#0.

If t = 1 this is done. For t = [0,1) assume by contradiction that there exists
r € SV such that = — tf(z) = 0. This would imply

tHf (@) = [z[ =1 =t[f(2)] =1,
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however, |f(z)| < 1 and t < 1, hence a contradiction. Therefore, setting
H(z,t) =z —tf(x) #0, VoeSV
and by the homotopy invariance (BD 6) we get
deg(H(-,1),0, B) = deg(H(-,0),0, B) = deg(1,0,B) = 1 # 0.

By the solution property (BD 5), the above yields that there exists z € B(1,0)
such that f(z) = x. O

Definition 8. Let A C X be a vector space and
—A={zreX| —ze A}l
We say A is symmetric with respect to the origin O € X if
A=—A.

Theorem 5.4 (Borsuk Theorem). Assume € is an open and bounded subset of
RN that is symmetric with respect to 0 € RN. f € C(Q,RY), f is odd, 0 € f(O52).
Then,

o if0€ Q= deg(f,0,9Q) is odd.
o if0€ Q= deg(f,0,Q) is even.

Corollary 5.1. Assume the same as above however, assume in addition f €
CHLRY) and 0 € f(S), where S is defined by (5.1). Then the same conclusion

follows.

Proof of Theorem 5.4 and Corollary 5.1. Assume 0 € Q and f~'(0) # 0. It fol-
lows that deg(f, 0,€) = 0 by the solution property (BD 5). If f~!(0) is non-empty,
then,

FH0) = {a;, —z;}, 2,€Q,i=1,...,m.

And
deg(f,0,) Z sgn (Jr(z;)) 4+ sgn (Jp(—x;))]
=1

= QZ sgn (J¢(z;)) is even.

=1
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If 0 € Q, then either f~1(0) =0 or

FH0) = {0} Uz, —2i}, i=1,....m.

In the former case, deg(f,0,Q2) = £1. In the latter case,

deg(£,0,9) = 1+ 3 [sgn (Jy(2:)) + sgn (Jy(—z:))

i=1

=+1+ Zngn (J(x;)) is odd.

=1

5.2 Lusternik-Schnirelmann Theory

The LS-theory was developed by L. Lusternik and L. Schnirelmann in the first half
of the 20" century. The idea was a topological concept of category cat(A, X) of a
closed manifold A on a metric space X. This theory can be applied to variational
problems, particularly those involving even functionals ¢ acting on some closed
invariant subset A.

In this section we use the LS-theory to define a minimax characterisation c;
of an even functional ¢ over a suitable set A briefly described above, namely we
want to define

= inf
= 8, )

where p € C'(X,R), X is a Banach space and {Ay}ren are closed subsets of X.
Here we take advantage of the fact that deformations are odd mappings and have
certain properties around critical levels ¢ to show that we can obtain at least k
pairs of distinct critical points corresponding to these critical levels under some
suitable compactness assumption.

First we must state a few definitions for convenience in the latter part of this

section.

Definition 9 (Isometric representation). Let X be a Banach space and G be a
compact topological group. The set {T'(g) : g € G} is an isometric representation
of Gon X if T(g) : X — X is an isometry for each g € G and the following hold:

(i) T(g1 + g2) =T(g1) 0 T(g2) for all g1,92 € G
(ii) 7(0) = 1, where 1 : X — X is the identity map on X
(iii) (g,u) — T(g)(u) is continuous.
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Definition 10 (Invariant subset). A subset A C X is invariant if, and only if,
T(g)A = Aforall g € G.

Definition 11 (Invariant functional). A functional ¢ : X — R is invariant, if

and only if, p 0o T'(g) = ¢ for all g € G.

Definition 12 (Equivariant mapping). A mapping R between two invariant
subsets A; and Ay, namely R : A} — Ay, is said to be equivariant if Ro T'(g) =
T(g)o R for all g € G.

Definition 13 (The class A). We denote the class of all closed and invariant
subsets of X by A. Namely,

A={AC X :Aclosed, T(9)A = A Vg € G}.
Definition 14 (G-index with respect to A). A G-index on X with respect
to A is a mapping ind : A — NU {+o0} such that the following hold:
(i) ind(A) =0 if and only if A = 0.
(ii) If R: A; — A, is continuous and equivariant, then ind(A;) < ind(A).
(iii) ind(A; U Ay) <ind(A;) + ind(As).

(iv) If A € A is compact, then there exists a neighbourhood N of A such that
N € A and ind(N) = ind(A).

An interesting case of the above definition is the scenario when G' = Zy =
{0,1}. This case yields the following definition of genus and is attributed to
Krasnoselksii [30].

Definition 15 (Krasnoselskii Genus). Define T'(0) = 1, as the identity on X,
T(1) = —1,. Given any closed, symmetric w.r.t. origin set A C A, define
¢(A) = k € N is the least possible dimension of R* such that there exists an odd

continuous mapping

d:A— R\ {0}

Then the mapping ¢ : A — N U {oco} is a Zs-index. We set p(f)) = 0 and
©(A) = oo if there is no such mapping.

Notice that, since A C A implies T'(g)A = A for all g € G. Applying this to the
above definition for the Krasnoselski genus, T'(1)A = —A DL 4,
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We define the notion of equivariance for our class of subsets A. We recall

R: Ay — Ay, for Ay, Ay C A is equivariant if, and only if,
RoT(g)=T(g)oR, VgeG={0,1}.

Namely,

T(0)oR = Rol=10R,

RoT(0)
T(l)oR = Ro(—1)=(-1)oR.

RoT(1)

This final line implies

(Ro(=1))(x) = R(—x)

R(—z) = —R(x).
<<_]1>OR><@:_R@>}‘:’ 0=

which implies an odd mapping. From here on we denote ~(+) as the genus.
We verify that Krasnoselski Genus satisfies property (i7) in definition 14, as
this will be relevant for future discussions regarding how we use the genus.
Indeed, if y(Az) < oo, namely, there exists a map ® : Ay, — RF\ {0},

continuous and odd. Here y(As) = k implies
PoR:A — R
is odd and continuous. Therefore,
V(A1) <k =7(42).

If v(As) = oo then (ii) is obvious.

The following proposition gives us the genus for some special subsets of a

Banach space X.
Proposition 14. 1) If ¢ C X is closed and ¢ (—c) =0, then

Y(eU(=c)) =1.
2) If A € A and if there exists an odd homomorphism h : A — SF=1 then
V(A) = k.

3) If A € A, such that 0 ¢ A. Then v(A) > 2 implies that A has infinitely

many points.

Proof. 1) Consider ® : cU (—c¢) — R\ {0}. Then ®(¢) =1 and ®(—c) = —1.
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2)

Since h : A — S*~1 C R\ {c} is odd and continuous implies y(A) < k. We
show that if we assume v(A) < k yields a contradiction. If v(A) = j < k,

then there exists
d:A— RN\ {0}

odd and continuous. Then set 1) := ® o A=t : S$¥"1 — RJ \ {0} odd and
continuous, pick uy = (0,...,2), * € R*¥7J  such that |ug| > 1 (ie. 0 =
ug € RI, 0 # up € R* \ RY). Consider the homotopy vy = (1 — ¢)¢ + tug
for t € [0,1], then, by the solution property (BD 5), 1; = wy implies
deg(ug, 0, Br) = 0. Therefore by the homotopy invariance (BD 6)

deg<wa 07 Bk) = deg(u07 07 Bk) =0

Since we are working in a symmetric domain and v is an odd mapping this

is a contradiction of the Borsuk theorem 5.4, the degree should be odd.

Since 0 ¢ A and A is symmetric w.r.t. the origin, then A = cU (—c¢), if A
is a finite set, and such that ¢ N (—c) = () and, by 1), v(A) = 1 which is a
contradiction.

O]

Remark 5.1. A consequence of 2): Set A = S*~! and h = 1 which is an odd
mapping. Then, v(S¥1) = k.

5.2.1 Relation to Deformations

In this section we give a flavour of how one might obtain multiplicity results from
the above concepts. We consider the role of deformations in critical point theory.
Indeed results like the Mountain Pass Theorem by Ambrosetti-Rabinowitz [4]
rely heavily on deformations. Here we look at an example problem using the
equivariant form of the deformation theorem. To begin, consider the following

example in a Hilbert space H.

n(u,t) € X =H

and J: H =R, J € CYH,R), VJ(u) : H— H.

{%nw,t) = —VJ(n(u,t)),
n(u,0) = u.

For each u in ‘H the above has a unique solution 7(u,-) € R and is continuous

on H x R. This choice of space makes sense as we wish to use the notion of
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gradient, unfortunately we do not have the gradient for general Banach spaces

X. Therefore, we want to show the existence of a pseudo-gradient.

Definition 16 (Equivariant Pseudo-Gradient). Consider an invariant functional
¢ € C1(X,R), i.e. we have a G-compact topological group and a T(g)-isometric
representation, ¢ possesses an equivariant pseudo-gradient, that is, a locally Lip-

schitz mapping v : ¥ — X, where

YV ={ueX|¢(u)#0},
satisfying:
(@) llo@@llx < 2[l¢" (W)l
(i) ¢'(u) - v(w) = [l (W3,
(ifi) v is equivariant,

The following theorem details the properties of equivariant deformations of
a functional which satisfies the Palais-Smale condition. These deformations are
used heavily as they show the existence of a critical point implies a change in
topology and is key in proving that critical points of a functional exist at certain

levels.

Theorem 5.5 (Equivariant Deformation). Let ¢ € C'(X,R) be invariant and
satisfying the Palais-Smale condition. If U is an invariant open neighbourhood of

K., where
K.={ue X |p(u)=c¢(u) =0},

for c € R. Then for small € > 0, there exists n € C([0,1] x X, X) such that, for
anyu € X, t € (0,1], it holds:

(i) 1(0,u) =0,
(i) n(t,u) = u if u € p~ e — 2¢, ¢+ 2¢,
(i) n(1, "=\ U) C ™,
(iv) n(t,-) : X — X is an equivariant homeomorphism.

Assume we have T'(g) of G, X a Banach space and assume we have a G-index.
Set
A; ={A C X | A compact, invariant, ind(A) > j}.
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Set

%= At et

Remark 5.2. From our definition of A, we have the following collection of sets,

A1 D Ay D ..., and the corresponding for ¢;, —oo <¢; <cp < ...

Theorem 5.6. Let o € CY(X,R) be invariant and satisfy the Palais-Smale con-
dition for all levels c; defined above. If ¢; > —oo for some j > 1, then c¢; is a
critical value of ¢. Moreover, if ¢, = ¢; = ¢, for k > j, then ind(K.) > k—j+1.

Proof. We split the proof into two steps.
Step 1: Since ¢ is invariant, K, is invariant and compact by the assumption ¢
satisfies the Palais-Smale condition. We want to show —oo < ¢; is critical. By
definition, pick A € A, compact, with ind(A) > j such that max4 ¢ < ¢; + ¢ for
some small € > 0.

If ¢; is not critical then we can deform the level into some sublevel. Pick 7(-, )

as in the equivariant deformation theorem 5.5. Set
Ca=n(1,A) C 9",

this implies

maxy < ¢ — &,
and C'4 is compact and invariant. Therefore
j < ind(A) < ind(Ca) < j — 1,

a contradiction.
Step 2: We want to show ¢; = ¢,. Consider N D K., closed and invariant
neighbourhood such that

ind(N) = ind(K,).

Set U = int(NN), i.e. the set of interior points of N, open and invariant neigh-

bourhood of K.. Now setting ¢ = ¢, means pick A € A such that
<
mjnx p<cH+e,
and set B = A\ U, compact. Then by properties of G-index:

k <ind(A) < ind(B) + ind(N) = ind(B) + ind(K.,).
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Set ¢ = ¢;. Since B C ¢\ U, then
Cp=n(1,B) C ¢,

Cp is compact, from B, and invariant, from 7 equivariance. Since ¢ = ¢;, then

maxc, ¢ < c—¢e = cj — ¢, thus,
ind(Cp) <j—1
Using property (ii), ind(B) < ind(Cp) < j — 1, which implies
k<j—1+ind(K.).

O

Finally, we obtain the following multiplicity result yielding at least k pairs of

distinct critical points.

Theorem 5.7. Let ¢ € C'(X,R) be even and satisfy the Palais-Smale condition.
Suppose:

(i) ¢ is bounded from below.
(i) There exists a compact set K € A, symmetric, such that
Y(K) =k, and supp < p(0).
K
Then, @ has at least k pairs of distinct critical points corresponding to levels
below p(0).
Proof. Set G = Zy, A; = {A C X | A compact, A = —A,v(A) > j}. Define ¢;
as before, i.e. ¢ <y < ...,

—oo<i§f<p§clgc2§...,

implying ¢; > —oo. If we consider ¢; < ¢(0) as a consequence of ii). If all ¢;,
j=1,...,k, are distinct we obtain at least k pairs of critical points corresponding
to critical levels

—0o < < < < Cke

If ¢; = ¢; for some i < j < k then setting ¢ = ¢; = ¢, y(K.) > j—i+1> 2, and,
as 0 ¢ K., then K, is made up of infinitely many points. O
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6 Multiplicity Results

In this final chapter we focus on multiplicity results for (1.2), namely we show the
existence of high energy solutions to our PDE in the case where p satisfies (p2).
Under this assumption the role of A is diminished and can be chosen arbitrarily

therefore, we fix A = 1 and drop the subscript on our functional to define

I(u) = E/RN(IVUF +u?) +i/RN /RN u? () p(x)u?(y)p(y) dz dy
1

2 |z —y|V?

s
q+1 Jgn

We follow the work of Ambrosetti-Rabinowitz [4] and Ambrosetti-Ruiz [5] who
have developed techniques to study the existence of high energy solutions on

special subsets of Banach spaces. The results in this chapter are from [23].

6.1 Divergence of min-max levels

We begin with a preliminary result vital to showing multiplicity in our problem.
We follow [4] and define the following set

Ay ={ue ER"): I(u) >0}, (6.1)
with the following definition of paths which cross this set:

I'* = {h € C(ER"Y), E(RY)) : h(0) = 0, h is an odd homeomorphism of F(R")
(6.2)
onto E(RY), h(B;) C Ay}

In what follows, we invoke Lemma 3.1 which shows us that our space E(RY) is
separable and emits an orthogonal basis, what we mean by that is, for any m € N

we can write E(RY) as
E(RN) = span{ey, ..., e, } ®Span{emi1,... }.
We define these two components as

E,, = span{ey, ..., en},

Bt =span{emit, ...},
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and note that, for any m € N, E,, and EX define algebraically and topologically
complementary subspaces of E(RY).

The following Lemma shows the min-max levels over the paths described
above diverge. This is important for the latter results in sections 6.2 and 6.3 to
show that the pairs of critical points found are indeed distinct.

Lemma 6.1 (Divergence of min-max levels d,,). Let N > 3 and ¢ > 1.

S
loc

Suppose p € LS. (RYN) is nonnegative, satisfying (p2). Define

dn' =sup inf  I(h(u)), (6.3)

hel* uEBBﬂTE 1

where T'* is given by (6.2). Then, d,, — +00 as m — +o0.

Proof. To begin we set

T = {u e BRM)\ {0} : [ullfs ) = [ullfh am }

where

dn =t il

m

and we claim that Jm — +00 as m — +oo. To see this we reason as in Szulkin
[53], assume to the contrary that there exists u,, € T'N E- and some d > 0 such
that ||um||peyy < d for all m € N. Since < e}, u,, >= 0 for all m > n and the
e’’s are total by Lemma 3.1, then it follows that u,, — 0 in E(R"). Since E(R")
is compactly embedded into L4 (RY) by Lemma 4.4, it follows that u,, — 0 in
L7 (RY). However, since u,, € T, it follows from the Sobolev inequality that

q+1

1
at > Sq+]_|| m’ La+1(RN) _‘qu+l||u7nHH1 (RNY)>»

||um’ H! (]RN
from which we deduce

1)/(g—1
[l |Fois vy = S/ g

This shows that u,, is bounded away from 0 in L9 (RY), a contradiction, and

so we have proved that
dy — +00 as m — 400, (6.4)

Now notice that since E,, and E: are complementary subspaces, it holds that

'd,,’s are bounded as shown in the proof of Theorem 6.2, further reference in [5, Thm. 2.8,
2.13]

81



there exists a C' > 1 such that each u € By can be uniquely written as

w=uv+w, withv € E,,w € Er, (6.5)
o]l pyy < Cllul|pryy < C, (6.6)
|w]|peyy < Cllul|pryy < C, (6.7)

as a consequence of the open mapping theorem, an example of which can be found
in [17, p.37]. Define h,, : E;- — E- by

B (1) = (CK) ™ Ydu,

4\
K > max 1,(—) ,
q+1

and note that h,, is an odd homeomorphism of E- onto E-. Now, for any
u € E(RY)\ {0}, there exists a unique B(u) > 0 such that S(u)u € T, namely

B(u) = ("““H—>) o (65)

1 La+1(RN)

where

If we define

1
Io(u) = Sllullf gy = o1l ul o gy

then for each u € E(RY)\ {0}, it holds that

? 2 ot q+1
IO<tU) = §||UHH1(RN) - g+ 1||u| La+1(RN)

is a monotone increasing function for ¢ € [0, f(u)] with a maximum at ¢t = S(u).
Note that for each u € (E: N Bg) \ {0}, by the definition of d,, and S(u), we

have
Cc~'d,, < C'_IHﬁ(U)UHE(RN) < B(u), (6.9)
and so since K > 1, it holds that

(CK)'d,, < C7'd,, < B(u), foralluc (E5NB:)\{0}.
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Putting everything together, it follows that
Io(hm(w)) = I((CK)Yd,u) >0 for all w € (B N Ba) \ {0}.

Moreover,
hm(0) = 0.

Therefore,
hin(E;, N Be) C {u € E(RY) : Iy(u) >0} . (6.10)

Now, for each m € N and some ¢ > 0, define Bm Y E#z — FE,, X E’#L by

R ([v, w]) = [dv, (C’K)’lcimw].

Notice that ﬁm is an odd homeomorphism of F,, x E#l onto £, x Enﬁ Moreover,
by (6.5), the function g,, : E,, x EXx — E(R") defined by

gm([v,w]) = v+ w,
is an odd homeomorphism. Hence, defining H,, : E(RY) — E(RY) as
H,, = 9m © Bm 097:117

we see that H,, is an odd homeomorphism of E(R"Y) onto E(RY). By (6.5)-(6.7),
it holds that
By C gm({Em N Be} x {E;, N Be}),

and so

Hyu(B1) © Hyn(9m({Ew N B} x {E,, N Be})) (6.11)
= gm(hm({Em N B} x {E;, N Be}))
= gn({0(Em N Be)} x {CT K™ d,u(E;; 0 Be)})
= {u e ERY):u=v+4w,ved(E,NBs),weC K td,(E-n B@)}

= Zm’(g.
Now, fix m € N. We claim that
Zpns C {u€ ERY): Iy(u) > 0} U{0}

for some 6 = §(m) > 0. To see this, assume, by contradiction, that there exists
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6; — 0 and u; ¢ {u € E(RY): Iy(u) >0} U {0} such that u; € Z,5,. Then, by
definition of Z,,s,, it holds that

uj|| vy < ||vjllp@y) + W)@y < 6,C + K d,,,

which implies u; is bounded. Thus, up to a subsequence u; — @ in E(R") and
so it follows that u; — @ in H'(RY). Moreover, since E(R") is compactly em-
bedded into L4T'(RY) by Lemma 4.4, it follows that u; — @ in LT (RY) and
||| a+1®yy > 0 by previous arguments. Thus, by the weakly lower semiconti-
nuity of the H*(RY) norm and the strong convergence in LIT(RY), we deduce
that | |

§||ﬂ“%11(RN) < P 1|’U||%t+11 RN))
which implies @ ¢ {u € E(R"): Io(u) >0} U {0}. On the other hand, since
d; — 0, then v; — 0. Tt follows from this and (6.10) that @ € C~'K~'d,,(EX N
Be) C {u € E(RY): Iy(u) > 0} U {0}. Hence, we have reached a contradiction
and so the claim holds. Thus, using this and (6.11), for each m € N, we pick
d = 0(m) > 0 so that

Ho(By) € {u€ BRY): Iy(u) >0} U{0} C {ue ERY): I(u) >0} = A,

namely H,, € ', where Ay and I'* are given by (6.1) and (6.2), respectively. We
can therefore see that

dpyr =sup inf  I(h(u)) > inf  I(H,(u)). (6.12)

hel'* u€OBINEL u€OBINEL

Now take u € By N E;,. Then, using (6.8), (6.9) and the fact that [,y po,u® =
1 = ||ul3 ]RN)) , it holds that

1 - .~ 1 - .~
I(Hn(w) = 5(C K el e, + (€K [ pound
]RN
1
- OByl
1 - . 1 - .~
= (O K )l s, + (O 1dm)4/ oo
]RN
_ ~ ~ —1
(CE) ', ((dn \" |
- q+1 5(“) HuHHl(RN)
1 - = 2K 14
> 5(0 TK1d,,)? (1 v > HUH?{l(Rw)

84



1 - ~ 2
+ (O KT ) (1= [l )

> min { K32, Kot | (1l oy — 1ol By + 1)
3 . -

2 Z min {Kld?n; szfn} 5

where Ky > =37 by our choice of K and K, =

(6.12), and (6.4), we obtain

e Finally, using this,

dpyr > inf  I(Hpy(u))

u€coBy ﬁETﬁ

3 . -
> 1 min {Kldfn,Kgdfn} — +00, as m — +o00.
This completes the proof. Il

6.2 Multiplicity result in the case of high q

In order to prove Theorem 6.2 the concepts outlined in Chapter 5 will be used,
namely the notion of Krasnoselskii-genus (Definition 15) and its properties on
special subsets of Banach spaces. For the proof of Theorem 6.2, we recall a

classical result of Ambrosetti and Rabinowitz, [4].

Theorem 6.1 ([4]; Min-max setting high ¢). Let I € C*(E(RY),RY) satisfy
the following:

(1) 1(0) = 0 is a local minimum and there exists constants R,a > 0 such that
I(u) 2 a if |[ul| g~y = R

(1) If (un)nen C E(RY) is such that 0 < I(u,), I(u,) bounded above, and

I'(u,) — 0, then (uy)nen possesses a convergent subsequence
(iii) I(u) = I(—u) for all u € E(RY)

(iv) For a nested sequence Ey C Ey C --- of finite dimensional subspaces of
E(RY) of increasing dimension, it holds that E; N Ay is bounded for each
i=1,2,..., where Ay is given by (6.1)

Define

b = inf maxI(u),
K€Dy, uek

with

I, ={K C E(RN) : K 1s compact and symmetric with respect to the origin
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and for all h € T, it holds that v(K N h(0By)) > m},

where I'* is given by (6.2). Then, for eachm € N, it holds that 0 < a < by, < bp41
and by, is a critical value of I. Moreover, if b1 = --+ = bpir = b, then
v(Kyp) > r, where

Ky ={uec E(RY): I(u) =0b, I'(u) =0},

is the set of critical points at any level b > 0.

Proof. The full proof can be found in [4, Theorem 2.8|, instead here we will
provide a sketch. By construction b,, > a > 0 and since I',,,.1 C 'y, b1 > by
If v(K3) < r then by definition 14 (iv) there exists a neighbourhood N (Kj}) such
that v(N(K,)) < r. By the properties of deformations (Similar to the equivariant
deformations we describe in Theorem 5.5) it can be shown that there exists an
odd homeomorphism 7 : E — E such that n(Ape \ N(K3)) C Ap_. for some
e € (0,). Letting K € I';,,4, such that max,cx [(u) < b+ e. Setting @ € ['iq
to be the closure of the above we are left with b < max,c,q){(u) < b — ¢ which

is a contradiction. O

The above yields the min-max characterisation for I necessary to prove our

multiplicity results contained in the following theorem.

Theorem 6.2 (Infinitely many high energy solutions for ¢ > 3). Let N = 3,
q € (3,2 —1) and X > 0. Suppose p € L2 (R?) is nonnegative and satisfies (pz).

Then, there exists infinitely many distinct pairs of critical points +u,, € E(RY),
m € N, for I such that I\(uy,) — +00 as m — +oo.

Proof of Theorem 6.2. We aim to apply Theorem 6.1 and therefore must verify
that I satisfies assumptions (7)-(iv) of this theorem. By Lemma 3.4, [ satisfies the
Mountain-Pass Geometry and thus (i) holds. By Lemma 4.5, (i7) holds. Clearly,
(#7i) holds due to the structure of the functional 7. We now must show that (iv)
holds. We first notice by straightforward calculations that for any v € 0B; and
any for ¢ > 0, it holds that

t2 2 t4 2 tQ+1 +1
[t = — — » — q
(00 = Sy + 5 [ oo = 25 [

t2 N t2 ) 2t‘1‘1/
=—|]u + = WU — ulit) .
s (Ml + 5 [ oot =222 [
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We now set

1 2
) 2 . 2 ) +1
o = ||u||y >0, [f:=-= pou” > 0, = — ul >0,
|| || 1(]RN) 2 /N /7 q 1 ]RN| |

and look for positive solutions of

t2
Fla+pt =t =0.

Since ¢ > 3, it holds that a + 8t — 4t9~! = 0 has a unique solution t = ¢, > 0.
That is, we have shown that for each u € 0B, there exists a unique t = ¢, > 0
such that [ satisfies

I(t,u) =0
I(tu) >0, Vt <1,
I(tu) <0, Vt > t,.

Now, for any m € N, we choose E,, a m-dimensional subspace of E(RY) in such

a way that F,, C E,, for m < m/. Moreover, for any m € N, we set
Wy ={we ERY):w=tu, t >0, u€ 0B, NE,,}.
Then, the function h : E,, — W,, given by
h(z) =t with ¢ = [|2]
z2)=t—0/, wi =]z
|||l

defines a homeomorphism from E,, onto W,,,, and so W; C W5 C --- is a nested
sequence of finite dimensional subspaces of F(RY) of increasing dimension. We
also notice that

T, = sup t,<+o0
u€dB1NEm,

since 0B, N E,, is compact. So, for all t > T,, and u € 0B; N E,,, it holds that
I(tu) < 0, and thus W,, N Ay is bounded, where Ay is given by (6.1). Since this
holds for arbitrary m € N, we have shown that (iv) holds. Hence, we have shown
that Theorem 6.1 applies to the functional I. If b, are distinct for m =1,...,7
with 7 € N, we obtain j distinct pairs of critical points corresponding to critical
levels 0 < by < by < --- < bj. If by = -+ = by = b, then y(K,) > r > 2.
Moreover, 0 ¢ K, since b > 0 = [(0). Further, K} is invariant since I is an

invariant functional and K is closed since [ satisfies the Palais-Smale condition,
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and so K, € A. Therefore, by Proposition 14 (3), K}, possesses infinitely many
points. Finally, we note that by [4, Theorem 2.13], for each m € N, it holds that

Ay < by,
where d,,, is defined in (6.3). It therefore follows from Lemma 6.1 that
by, — +00, as m — +o00.
This concludes the proof. O

6.3 Multiplicity result in the case of low q

The scenario where ¢ < 3 becomes more delicate, the setting described above is
no longer suitable due to the structure of the functional in this ¢ € (2, 3] range.
Therefore we take an approach in the same vein of Ambrosetti-Ruiz [5], before
proving Theorem 6.3 we must establish some preliminary results that we will need
to use. Similar issues from before arise in this environment, the boundedness of
Palais-Smale sequences is not obvious and hence a mild perturbation is applied to
the nonlinearity of the functional. The following min-max setting when working

with perturbed functionals by Ambrosetti-Ruiz [5] is required.

Lemma 6.2 ([5]; Abstract min-max setting for low ¢). Consider a Banach
space E, and a functional ®,, : E— R of the form ®,(u) = a(u) — pb(u), with
p > 0. Suppose that o, § € C' are even functions, 1imj,|—+e @(u) = +00,
B(u) >0, and B, B map bounded sets onto bounded sets. Suppose further that
there exists K C E and a class F of compact sets in E such that:

(F.1) K C A forall A€ F and sup,cx P, (u) < c,, where ¢, is defined as:

Cy = /llrelg-'r'z?eaj( P, (u). (6.13)

(F.2) If n € C([0,1] x E, E) is an odd homotopy such that
e 1(0,-) =1, where I : E — E is the identity map on E
e n(t,-) is a homeomorphism
e n(t,x)=x forallz € K,

then n(1,A) € F for all A € F.
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Then, it holds that the mapping p — c, is non-increasing and left-continuous,

and therefore is almost everywhere differentiable.

Proof. See [5, Lemma 2.2]. Here the fact F is independent of u and 5 > 0,
it follows that p — ¢, is nonincreasing. Let i, ,* p, then ¢,, > ¢,. Fix
e > 0, let A € F be such that max, ®,(u) < ¢, +¢e. If p, is close enough
to p then, since A is compact we have maxyca [®,, (u) — ®,(u)] < e. Then,

cu < ¢y, <maxy ®,, (u) < ¢, +2¢. Since € is arbitrary the proof is complete. [

Under the hypotheses of the previous lemma, we can now define the set of

1

values of u € [5, 1] such that ¢, given by (6.13), is differentiable. Namely, we

define
1 . o .
J =3ue 5,1 : the mapping p — ¢, is differentiable .

Corollary 6.1 (On density of perturbation values p). The set J is dense
in [1,1].
Proof. Fix z € [1,1] and 6 > 0, and denote by |-| the Lebesgue measure. Since

[%, 1} \ J has zero Lebesgue measure by Lemma 6.2, we have
1
TN (x—6,x+6)| = Hﬁ,l} ﬂ(x—&m—l—é)‘ > 0.

It follows that J N (x — 0,z 4 J) is nonempty and so we can choose y € J N (z —
0,z + 9). Since x and 0 are arbitrary, this completes the proof. [

With the definition of 7 in place, we can also recall another vital result from

[5], which will be used to obtain the boundedness of our Palais-Smale sequences.

Lemma 6.3 ([5]; Boundedness of Palais-Smale sequences at level c¢,).
For any p € J, there exists a bounded Palais-Smale sequence for ®, at the level
¢, defined by (6.13). That is, there exists a bounded sequence (u,)neny C E(RY)
such that ®,(u,) — ¢, and @} (u,) — 0.

Proof. The proof may be found in [5, Proposition 2.3]. ]

Moving toward a less abstract setting, for any p € [l 1], we define the per-

27
turbed functional I, : E(RY) — RY as

1 a2yt wH(@)p@)@)p©y) goq B[ e
Lu(u) o 2/RN<|V | * >+4/RN /RN |x—y|N—2 d dy q+ 1 /RN(6 ‘14) .
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The next result that we will need in order to prove Theorem 6.3, follows as a

result of Lemma 3.6.

Lemma 6.4 (On the sign of the energy level of /, along certain curves).
Assume N = 3,4,5 and q € (2,2* — 1]. Suppose further that p is homogeneous of
degree k, namely, p(tz) = t*p(z) for all t > 0, for some

- N 1

Then, there exists v > max {%, q%l} such that for each fixed p € [%, 1] and each

u € E(RY)\ {0}, there exists a unique t = t, > 0 with the property that

I,(t"u(t)) > 0, Vt < t,,
I,(t"u(t)) <0, Vt > t,,

where 1, is defined in (6.14).

Proof. We first note that under the assumptions on the parameters, we can show

that
dv—N-2 (v+1)(3—¢q)—2

>
2 2

It follows from this and the lower bound assumption on k that we can always find

at least one interval

1/(3—(])—2741/—]\[—2 ,  with ¥ > max E,—Q ,
2 2 27¢—-1

that contains k. We pick v corresponding to such an interval and fix pu € [%, 1].
Then, for any v € E(RY)\ {0} and for any ¢ > 0, using the assumption that p is

homogeneous of degree k, we find that

t21/+2—N ) 7521/—N )
IL,(t"u(t)) = 5 / |Vul* + 2 /RN u
t41/ N-— 2/ / Y (l’)p(%) _utu(q+1)N/ ’u|q+1
RN JRN W|$ —y|N-2 q+1 RN
t21/+2 N sy (2v—N fAv—N—-2-2k )
— \V4 _— u
2 / Vul+— /RN“ T /RN pout

tl/(qul) N
e L
g+1 RN
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We therefore set

1 1 1
a= —/ Vul?, b= —/ u?, ¢ = —/ pou?, d= B |9t
2 RN 2 RN 4 RN q + 1 RN

and consider the polynomial
f(t) — qtvt2-N + pr2v—N + Ct4u—N—2—2E . dtu(q—i—l)—N’ t>0.

Since u € E(RY)\{0}, we can deduce that a, b, d > 0 and ¢ > 0, and so, by Lemma
3.6, it holds that f has a unique critical point corresponding to its maximum.
Thus, since I,(t"u(t-)) = f(t) and, by assumptions, v(¢+1) — N >2v+2 - N
and v(q+1)— N > 4v— N —2—2k, it follows that there exists a unique t = ¢, > 0

such that the conclusion holds.
O

With the previous results established, we are finally in position to prove The-

orem 6.3.

Theorem 6.3 (Infinitely many high energy solutions for ¢ < 3). Let N =
3,4,5. Assume q € (2,3] if N =3 and q € (2,2* — 1) if N =4,5. Suppose A >0
and p € L2 (RN) N WL RY) is nonnegative, satisfies (ps), and is homogeneous

of degree k, namely, p(tz) = tEp(a:) for allt > 0, for some

o (o5 o)

Then, there exist infinitely many distinct pairs of critical points, *u,, € E(RY),
m €N, for I such that I)(uy,) — +00 as m — +00.

Proof of Theorem 6.3. We first note that by Lemma 6.4, we can choose v >

max {%, q_il}, so that for each u € 0By, there exists a unique t = ¢, > 0 such

that I, with 4 = 3, defined by (6.14), satisfies

~

N

(Eulter)) = 0,

I (t"u(t-)) > 0, Vt < t,,
)

N|=

I (t"u(t-)) < 0, Vt > t,. (6.15)

N|=

Now, for any m € N, we choose E,, a m-dimensional subspace of E(R") in such

a way that F,, C E,, for m < m'. Moreover, for any m € N, we set
W= {w € ERY) :w=t"u(t), t >0, u€ B, N E,}.
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Then, the function h : E,, — W,, given by

h(e) = trult), with t = [|e]|p@ny, v = ———,
el prny

defines an odd homeomorphism from FE,, onto W,,,. We notice that it holds that

T,:= sup t,<+o0, (6.16)
u€dB1NEm,

since 0By N E,, is compact. So, the set
Ay ={w € ERY) 1w =t"u(t), t €[0,T},), u€ 0B, N E,}
is compact. We now define

H = {g: E(RY) — E(R") : g is an odd homeomorphism
and g(w) = w for all w € 0A,,},

and
Gm ={9(A,) g€ H}.

We aim to verify (F.1) and (F.2) of Lemma 6.2. We take G,, as the class F and

K = 0A,, and define the min-max levels

= 08, )
Then, since T,,, > t, for all u € 9B, N E,, by definition, it follows from (6.15)
that

1
I,(w) <Ii(w) <0, VwedA,, Yue [5,1] :

(SIS

Moreover, since G, C G4 for all m € N, it holds that ¢, > cpp1 > -+ >

c1,, > 0. Taken together, we have shown that

sup I, (w) <0< cpmyp, (6.17)

WED A,
and thus (F.1) is verified. Moreover, for any 7 given by (F.2) and any g € H,
it holds that g = n(1, g) belongs to H, and so (F.2) is satisfied. Since (F.1) and
(F.2) are satisfied, Lemma 6.2 applies. Thus, for any m € N, we denote by 7,
the set of values u € [%, 1} such that the function p +— ¢, , is differentiable. We
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then let

M = ﬂ Tm.-
meN
We note that since
1 1
meN

and [3,1] \ J, has zero Lebesgue measure for each m by Lemma 6.2, then it
follows that [%, 1} \ M has zero Lebesgue measure. Arguing as in the proof of
Corollary 6.1, we obtain that M is dense in [%,
6.3 with ®, = I,. Namely, for each fixed m € N and u € M we obtain that
there exists a bounded sequence (u,)nen C E(RY) such that I,(u,) — ¢pm, and
I(u,) — 0. The embedding of E(R") into LT (RY) is compact by Lemma 4.4

so, arguing as in the proof of Theorem 4.3, we can show that the values ¢, , are

1] . We can now apply Proposition

critical levels of I, for each m € N and p € M. We then take m fixed, (in)nen
an increasing sequence in M such that ju, — 1, and (u,)neny C F(RY) such that
I, (un) =0 and I, (u,) = ¢y, - We note that since p is homogeneous of degree
k by assumption, it follows from [25, p. 296] that kp(z) = (z,Vp). So, setting
an = [on (IVtn|* + 1), Yo = fon p(2)bu,u2, 60 = pin frn || and using the
Pohozaev-type condition deduced in Lemma 3.9, we obtain the system

Op + ’yn - 671 - 0,

L R T (6.18)
N-2 NA+24-2k N
I G i R s L

Since the assumptions on k guarantee that k > _(2;3;)2) > =6 for ¢ € (2,3]
if N =3 and for ¢ € (2,2 — 1) if N = 4,5, it follows that we can solve this
system and show that a,,, vy,, 0, are all bounded as in the proof of Theorem 4.3.
Moreover, continuing to argue as in the proof of this theorem and using the
compact embedding of E(RY) into L}(RY), we can then prove that for each
fixed m there exists u € E(RY™) such that, up to a subsequence, u, — u in
E®RM), I(u) = I(u) = ¢, and I'(u) = I;(u) = 0. It therefore remains to show

that I(u) = ¢;,1 — 400 as m — +o0. In order to do so, we define

T, ={g € C(E, N By, E(RY)) : g is odd, one-to-one,
I(g(y)) <0V y € 0(Enn B},
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G = {A C ERY): A=g(E,NB),ge fm} ,
by, = inf maxI(u).
AcG,, UEA

We then note that by [4, Corollary 2.16], it holds that
d < by,

where d,,, is given by (6.3). It therefore follows from Lemma 6.1 that

b — 400, as m — +00. (6.19)

We will now show G,, € G,,. We take 4 € G,,. Then, by definition, there exists
g € H such that A = g(A,,). We define an odd homeomorphism ¢ : E,, N By —
A by .
p(e) =t"u(t), with t = Tp|le||pmn), u = Tel®Y)’

where T, is defined in (6.16), and set § = goy. Since we can write A = §(FE,,NBy),
then by the definition of G,, we need only to show that § € T',,. Clearly, § €
C(E,, N By, E(RY)) is odd and one-to-one. Moreover, for every y € 9(E,, N By),
setting w = ¢(y) € 0A,,, we have I(g(y)) = I(g(w)). Since g € H and w € 0A,,

then by definition it holds that g(w) = w. Putting everything together, we have

1(g(y)) = I({g(w)) = I(w) < sup [(w) <0,
wEIAm

where the final inequality follows from (6.17). Hence, we have shown g € T,, and
50 Gy, C Gyn. Therefore, for each m € N, it follows that

b, = inf I(u) < inf I(u) =
I = e N = g et = em

and so, by (6.19), we conclude that
Cm,1 — +00, as m — +0o0,

as required. Il
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