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Abstract

In this capstone project we prove the existence of a non-trivial solution to the following
quasi linear boundary value problem.

—2Apu(z) + V(z)|u(z) P 2u(z) — |u(z)| u(z) = 0, =xeRN (G.)
u(x) — 0, as|z] — oo, c
where
Ayu = div(|VulP~*Vu)
and
l<p<qg+1<p’, (1)
with .
P .
‘ , if N > 3;
p=y N-p
oo, it N=1,2.
Additionally, we assume that
V € O(R") is non-negative and (C)
lim V(x) = oc. (L)
|z| =00
By rescaling as v(x) = u(e’z),z € RY, 3 € R, (G.) is equivalent to
—Apu(z) + Ve(@)|u(@)P?u(z) — |u(@)[* u(z) =0, = €RY, (E.)
u(z) — 0, as |z| — oo. §

By working on the manifold defined by

M. = {/RN )| de = 1}

we prove the existence of a non-trivial solution by applying the direct method of Calculus
of Variations. We minimize the functional J. : M. C W, — R, given by

L) = [ [Va@ + V@)@l do. )

The regularity of the functional, the completeness of M. and the fact that J. satisfies the
Palais-Smale condition, allow us to prove the existence of a critical point on the manifold
that corresponds to a non-trivial solution for (G.).

Keywords: Nonlinear Schrodinger equation, critical frequency, p-Laplacian, existence,
Calculus of Variations.
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Resumen

En este proyecto de titulacién se demuestra la existencia de soluciones no triviales para el
siguiente problema cuasi lineal con valores de frontera.

—2Apu(z) + V(z)|u(z) P 2u(z) — ju(z)|" u(z) = 0, =xeRN (G.)
u(z) — 0, |z| = o0, c
donde
Ayu = div(|VulP~*Vu)
y
l<p<q+1<p’, (3)
con N
P .
. , siN>3;
p=y N-p
oo, siN=1,2.
Adicionalmente, asumimos que
V € C(RY) es no negativo y ()
lim V(x) = cc. (L)
|z| =00
Mediante el rescalamiento v(z) = u(e’z),z € RN, 3 € R, (G.) es equivalente a
—Apu(z) + Ve(@)|u(@)P?u(z) — |u(@)[* u(z) =0, = €RY, (E.)
u(x) — 0, |z| = oo. §

Al trabajar en una variedad definida por

M. = {/RN )| e = 1}

demostramos la existencia de una soluciéon no trivial por el método directo del Calculo de
Variaciones. Minimizamos el funcional J. : M, C W, — R, dado por

L) = [ [Va@ + V@)@l do. ()

La regularidad del funcional, la completitud de M, y el hecho de que J. satisface la
condicién de Palais-Smale, nos permite demostrar la existencia de un punto critico en la
variedad para el funcional que a su vez corresponde a una solucién no trivial para (Ge).

Palabras clave: Ecuacién de Schrodinger no lineal, frecuencia critica, p-Laplaciano,
existencia, Calculo de Variaciones.
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Chapter 1

Introduction

The evolution of physics from understanding the universe through Newton’s laws and Clas-
sical Mechanics to the introduction of Quantum Mechanics and the famous Schrédinger’s
equation, required remarkable developments in several fields of mathematics. The moti-
vation of the present project is to prove the existence of a ground state for a quasi linear
Schrodinger equation.

We will be particularly interested in a non-linear variant of the Schrodinger equation,
which in its original form is written as

2% 0.0) + B A1) - Vo)) 4 19 OP W) =0, (Selub)

where
h=6.62607015 x 10734 J Hz~!

denotes the Plank constant and 7 is the imaginary unit. A function
U(z,t) = e Bhy(g)

is a standing wave solution of (SchrE) if and only if v is such that

1

§h2Av(x) — (Vo(z) — Byv(x) + jv(z) P o(z) =0, zeRY. (1.1)
For the study of the semi-classical limit of (SchrE), the behavior of solutions as h ap-
proaches zero, is usually rewritten as

EAv+V(zyv+ pflv = 0 zeRY
lim v(x) 0, (1.2)

|z|—o0

where 9

I
e? = 5 and V(z) = VWy(x)— E.

In (1.2) it is also assumed that N >3 and p+ 1 € (2,2%) with 2* = 22
There has been numerous studies carried out under the assumption of positivity over
the potential V' and p = 2. These works use different approaches based either on the

1
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variational method, the Lyapunov-Schmidt reduction or a combination of both. Some of
these works are [8], [9], [14], [32], [16] and [1].

The works [4] and [5] change the assumption of a positive potential and consider instead
{x e RY /V(x) =0} # 0 and p = 2. [4] studies the existence and qualitative properties of
standing wave solutions of the non-linear Schrodinger equation (SchrE) for small 4. In [4] it
is also shown that there exists a positive standing wave which is trapped in a neighborhood
of an isolated component of {z € RY /V(z) = 0} and whose amplitude goes to 0 as i — 0.
By rewriting (1.1) as

EANv+V(zv+r = 0 v>0, zeRY

e =0

(1.3)

the existence of localized solutions for (1.3) under suitable conditions for the potential V' is
proved in [4] (Sec. 2). This is done by rephrasing the original problem as a minimization
problem for the energy functional

FF(u) = /RN E2|Vul? + V2 dz (1.4)

under the constraint [pn [u[P™ dz = 1. In such case, a solution of (1.3) is called a least-
energy or ground state solution if it minimizes (1.4). In order to prove the existence of such a
solution, in [4] the concentration-compactness lemma of Lions, [20], is used. Moreover, the
authors noticed that the asymptotic profiles of localized solutions depend in a very delicate
way on some local properties of an isolated component of the set where V' vanishes. Hence,
by denoting with A the isolated component of the zero set of V| three cases are identified.

1. The flat case: where int(A) is non-empty.

2. The finite case: where A is a single point and V' behaves like a finite-order poly-
nomial near A.

3. The infinite case: where A is a single point and V' is exponentially flat near A.

Alternative approaches to those adopted in [4] have been explored in recent works. For
instance, in [12] where the flat case is considered, the equation (1.2) together with its limit
problem

Au A+ |ufP~tu =0, in Q, (1.5)

with boundary condition v = 0 on 99, where Q = int{x € RN : V(z) = infV = 0} is
assumed to be non-empty, connected and smooth. By considering V' (z) — oo as |z| — oo,
a Ljusternik-Schnirelman scheme is used to prove the existence of infinitely many solutions.
This work motivated several studies that explore similar approaches considering different
assumptions. A numerical approach to the one-dimensional flat case was developed in [26].
Moreover, the N-dimensional finite and infinite case studied in [27] and [25] obtained anal-
ogous results to those presented in [12] in terms of existence, multiplicity and asymptotic
behavior of solutions.

In this work we study a generalization problem (1.3), where we replace the Laplacian
operator with the p-Laplacian operator and prove the existence of a non-trivial solution
by working as in [10]. Specifically, for ¢ > 0, we consider the following boundary value
problem.

{ —2Aju(x) + V(z)|u(@)|P2u(z) — |u(z)|"tu(z) = 0 zeRY

u(z) — 0 as|z| = oo, (Ge)

Mathematician 2 Graduation Project
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where
Ayu = div(|VulP"*Vu)
and
l<p<qg+1<p’,
with

L) N >3
Py s, iEN=1,2

Additionally, we will assume that

V € C(RY) is non-negative and ()
lim V(x) = +4o0. (L)
|z|—o0

This document is organized as follows:

e In Chapter 2, we present the mathematical framework where we will work on. First,
we recall fundamental results from Functional Analysis; namely, the concepts of
metric spaces ans their properties together with an introduction of bounded linear
operator theory. A review of Lebesgue and Sobolev spaces is also provided. Then,
some topics from calculus of variations and its relation with non-linear analysis for
PDE’s are considered. Here the notions of differentiability and the Euler-Lagrange
equation are presented in order to introduce the existence of minimizers, the Palais-
Smale condition and the Mountain Pass Theorem in the context of the variational
approach for solving PDE’s. Lastly, the p-Laplacian operator is introduced.

e In Chapter 3, first we proof some preliminary results about the properties of the space
and functional realted to the weak formulation of our problem. Once these properties
are obtained, we state the main theorem of this work and present its proof.

e In Chapter 4, we sate some conclusions and recommendations.

Mathematician 3 Graduation Project
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Chapter 2

Mathematical framework

2.1 Topics of Functional Analysis

In this section we give a brief overview of some topics of Functional Analysis that are
relevant for our work. The section is structured as follows: first, we recall fundamental
concepts for Banach spaces; then, we cover the main theorems about Lebesgue spaces;
finally, we will introduce Sobolev spaces and embedding theorems.

2.1.1 Preliminaries

In this part we review the notion of ”"space” going from general to more specific. For this
subsection our main guides are [15] and [24].

Definition 2.1.1 (Metric space). A metric space is a pair (X,d), where X is a non-void

set, whose elements x will be called points, and d : X x X — R wverifies, for x,y,z € X,

0 <d(z,y) < o0 (M1)
d(z,y) =0 < x=y. (M2)
d(z,y) = d(y, ). (M3)
d(z,y) <d(z,z) +d(z,y). (M4)
Let g € X and r > 0, generic and fixed. We define
B(zg,r) ={z € X / d(z,zo) < r}, (2.1)
B(zo,r) ={r € X / d(z,xo) <71},
S(zg,r) ={r e X / d(z,zy) =1},
referred to as ball, closed ball and sphere of center xy and radius r, respectively.
We say that U C X is open iff
VeeU,3r>0: B(x,r)CU. (2.4)

5
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We also say that K C X is closed iff K¢ = X \ K is open. It is clear that balls are open
sets and closed balls are closed sets. Its important to point out that the terminology of
open sets and closed sets comes from the more abstract notion of topological space. Let’s
recall this definition.

Definition 2.1.2 (Topological space). Let X # 0 and T a family of subsets of X. We say
that T is a topology on X iff the following conditions hold

DeT AN XeT,; (T1)

VA, BeT: ANBEeT, (T2)

VAher CT: |JAeT. (T3)
AEA

In this case, the pair (X,T) is called a topological space. The elements of T are referred

as open sets and their complements, closed sets.

The following theorem states that a the metric induces a topology in the space X. We
shall denote the topology of the d-open sets, defined by (2.4), as 7.

Theorem 2.1.3. Let (X, d) be a metric space. Then the sets which are open in the metric

sense form a topology.
Proof. Let (X,d) be a metric space and 7y the collection of sets defined by (2.4).
(T1) By vacuity, @ € T;. Also, it is obvious that X € 7.

(T2) Let A, B € Ty, generic. Then, if AN B =0 then AN B € T4 by (T1). Otherwise, let
z € AN B. Then we have that

Iry,re: B(z,m) CA A B(xyre) C B.
Cleary, for r < min{ry,re},z C B(x,r) C AN B and consequently (T2) holds.

(T3) Let A = Uyen Ax with (Ax)xea € Tq- Then, for any fixed xy € A we have that there
exist Ao, ro such that xy C B(zg,79) C Ay, C A. This concludes the proof.

]

Given a topological space (X, 7T), we say that V' C X is a neighborhood of the point
Xo € X iff
JUeT: UCV.

We denote
N(zo) ={V C X / V is a neighborhood of z}.

We also say that F C N (xg) is a fundamental system of neighborhoods or local basis of xq
iff
VV eEN(xg),3iWeF: WCV (2.5)

Mathematician 6 Graduation Project
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In particular, we say that a fundamental system is open iff all its elements are open sets.

Based on the concepts of open and closed sets, we define some concepts that will be
constantly used throughout this text. Let (X, d) be a metric space and A € X. We define
the interior of A, int(A), as the biggest open set contained in A. Analogously, we define

the closure of A, A, as the smallest closed set that contains A. Using these sets, we
also define the boundary of A as A := A\ int(A). We will now present a fundamental
definition for our further study.

Let M C X, (X,d) metric space. The set M is said to be dense in X if
M=X. (2.6)
Moreover, X is said to be separable if it has a countable and dense subset.

Remark 2.1.4. (Density) Point (2.6) is equivalent to

Vee X,Ve>0,dme M: d(x,m)<e. (2.7)

A concept that is essential to metric spaces is that of completeness. Before introducing
this concept, we have to provide a couple of concepts related to sequences.

Definition 2.1.5 (Convergence of a sequence. Cauchy sequence). A sequence (x,)nen in

a metric space (X, d) is said to converge to some limit x € X iff
Ve>0,AIN=N()eN: n>N = d(z,,z)<e¢ (2.8)

In this case we write, nh_>nolo Ty, = or simply x, — x. A sequence (Tp)nen 1S said to be
Cauchy (or fundamental) iff

Ve, AN =N() e N: n,m>N = d(xp,x,) <¢€ (2.9)

The space X is said to be complete if every Cauchy sequence in X converges to some

element r € X.

We are interested in working in complete spaces because they have nicer properties than
incomplete spaces (e.g. convergence of Cauchy sequences). A very important fact is that
any arbitrary incomplete metric space can be "completed”. Before formally understanding
the completion process, we need to familiarize ourselves with the concept of isometric

spaces.
Let (X, d), (Y, p) be metric spaces. Then:

(a) A mapping T : X — Y is said to be an isometry if it preserves distances, i.e.,

Ve,ye X+ p(Tx,Ty) =d(x,y). (2.10)

(b) Moreover, the space X is said to be isometric to Y iff T" is a bijective isometry. Thus,
spaces X, Y are called isometric spaces.

Mathematician 7 Graduation Project
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It is clear that isometric spaces can be understood as two copies of the same abstract
space and differ only by the nature of their elements. As we can notice from Definition
2.1.5, the convergence of a sequence is not an intrinsic property of the sequence itself but
depends of the space on which the sequence lies.

Theorem 2.1.6 (Completion). For a metric space (X,d) there exists a complete metric
space (X, d) which has a subspace W such that:

(1)) X and W are isometric, and
(ii) W=X.
Moreover, X s unique except for isometries.

The proof of Theorem 2.1.6 is quite lengthy and can be found e.g. in [15] and [24].

Let’s recall that a linear space is a set provided with elements called vectors and two
closed algebraic operations: addition of vectors and multiplication by scalars. A linear
space where these operations are considered by the metric produce a richer space, namely
a normed space. As a result, the following generalization of the size of a vector is
introduced.

Definition 2.1.7 (Normed space. Banach space.). Let V be a linear space. We say that
Il : V = R is a mnorm on V iff

N1
N2
N3
N4

VeeV: |z] > 0;
VeeV: |z|| =0 < z=0;
VeeV,VaeR: |ax| =|al|x|;
Ve,y e Voo le+y| <l|lz|| +lyl| (Triangle inequality).

(N1)
(N2)
(N3)
(N4)

Then we say that (V,||-||) is a normed space. A metric d is induced by the by

d(x,y) =z -yl

Whenever the space (X, d) is complete, we say that X is a Banach space.

To finish this subsection, we recall a concept that characterizes norms that can be
compared.

Theorem 2.1.8 (Norm equivalence). Let||-||,||-||, be norms on a vector space X. We say

that they are equivalent iff
Jdei,co >0, Ve eV czf, <zl < ez, - (2.11)

Here, the topologies induced by the norms coincide, i.e., T = Ty.,-

Mathematician 8 Graduation Project
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Remark 2.1.9 (Norms on finite dimensional spaces). Let X be a finite dimensional vector

space, i.e., dim(X) < oo. Then, all norms on X are equivalent.

To conclude we present a useful inequality presented in [19].

Proposition 2.1.10. Let 1 < p < 2. Then
Va,b € RY: ’|b\p*26 - \ayHa\ < 277P|b — alP 7, (2.12)

where | - | denotes the usual Euclidean norm on RY :
N 1/2
YaeRY: |a| = (a1, ...,a5)| = (Zaf) .

2.1.2 Bounded linear operators

In the same way as we consider real valued functions over the real line R in elementary
calculus, we would like to consider mappings over more general spaces such as metric and
normed spaces. In the specific case where we consider a mapping over a normed space, we
would call this mapping an operator. For this subsection our main references are [15], [24]
and [11].

Let’s recall the concept of linear subspace. Let X be a linear space and Y a non-empty
subset of X. We say that Y is a linear subspace of X iff

Vu,veY,Va,beR: au+bveY.

In this context, we will need operators that preserve the operations of the linear space in
the sense of the following definition. Let X, Y be real linear spaces and D a linear subspace
of X. We say that T: D C X — Y is a linear operator iff

Ve,ye DVaeR: T(ax+vy)=aTx+Ty. (2.13)
Assume now that X,Y are normed spaces. We say that T" is bounded iff
de>0,VereD: |Tz|| <c|z]. (2.14)

Moreover, we define the norm of the operator 7', ||T']|, as the infimum of the values ¢ such
that (2.14) holds, i.e.,

|T|| = inf(Or), where Opr={c>0/ VzeD: ||Tx| <c|z|}. (2.15)
Remark 2.1.11. Note that by taking infimum in (2.14) we get

VeeD: ||Tz|| <||T||x| - (2.16)

In the following lemma, we recall an alternative formula to calculate the norm of a
bounded linear operator and also show that this norm satisfies all conditions from Definition
2.1.7.
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Lemma 2.1.12 (Norm of an operator). Let T' be bounded. Then

(i) An equivalent definition of (2.15) is given by

T
I7 = sup 12 (2.17)
zen\{0} |7
so that
|T| = lsugll\Txl\ (2.18)

(ii) The norm defined in (2.15) satisfies (N1) - (N4).

Proof. (i) Let x € D \ {0} such that ||z|| = a,a > 0. Set y = (1/a)z. Then, by the
linearity of T and (2.17) we have that
1
(i)
a
y (2.17) we have that:

(i) B
(N1) is trivial. (N2) holds since we have that [|0]| = 0 and if we assume||T’|| = 0 then

1
|T|| = sup —[Tz||= sup
zeD\{0} O z€D\{0}

= sup || Ty|.
lyll=1

VeeD: Tr=0 = T=0.
By (i), property (N3) also follows since

[T = sup | Tz|| = |allIT]], VaeR.
Finally by (i), for z € D, (N4) follows from
S (T3 + To)al| = sup[Tie + Ty < sup [T+ sup [T
This concludes the proof.
O
Let T' # 0 be a bounded linear operator as in (2.14). Given z,y € D, since D is a
subspace of the linear space X, we have that x —y € D. Let € > 0, generic. Since T is

bounded we have that
[Tz — Tyl <||T|[lx — vl - (2.19)

Let’s choose § = ¢/||T'|| and assume that ||z — y|| < . Thus, (2.19) implies that
| Tz —Ty| <||T)| 0 < e. (2.20)

From (2.20) it is clear that the boundedness of 7" implies it’s continuity.
By Lemma 2.1.12, we already know that (2.15) is a norm. We denote £(X,Y") as the

normed space of all bounded linear operators from the normed space X into a normed
space Y. The following theorem states a condition for the completeness of such space.
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Theorem 2.1.13 (Completeness of L(X,Y)). If Y is a Banach space, then L(X,Y) is

also a Banach space.
Proof. We have to prove that every Cauchy sequence of £(X,Y) is convergent.

(i) Let (Th)nen € L(X,Y) be a generic Cauchy sequence. Then for every ¢ > 0 there is
N € N such that n,m > N implies

T, — Tl <e.
Therefore, for any = € X,
[ Tow — Tl = |[(Tn = Ton)x|| [T = Tonllll]| < ell], (2.21)

so that for every z € X, the sequence (T,,z),eny C Y is of Cauchy. The completeness
of Y that
Vee X,ANTxeY: ILm Tox="Tx. (2.22)

(ii) By (2.22) we have found an operator T': X — Y. Let’s prove that 7" is linear. Let
x,y € X, A € R be generic. By the linearity of T,, we have that

T(Ar+y) = lim [NT,x + Toy] = A lim Tho + lim T,y = ATx + Ty.
Since x,y, A were arbitrary, we proved that T is linear.
(iii) If we pass to the limit with m — oo in (2.21), then for n > N and any = € X,
|(T, — )| < eal] (2.23)

which implies T,, — T € L(X,Y),n > N. Since L(X,Y) is a linear space, the last
provides T' € L(X,Y).

(iv) By (2.23) we have that for n > N
T, —T| <e.
Since € was chosen arbitrarily, we have proved that T,, — T as n — oo.

]

To finish our overview of operators let’s recall the concept of a functional. We call
functional an operator whose range is either on R (or C). Notice that all the previous
theorems also apply to functionals. Specifically, since the space £(X,R) is so important
we will call it the dual space of X and use the following notation:

X* = L(X,R). (2.24)

Notice that (2.24) is always a Banach space by Theorem 2.1.13.
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Remark 2.1.14 (Duality product). Assume X is normed space, v € X andn € X*. It’s

usual to find the notation
(@) = (n,2) (2.25)
where (-,+) : X* x X — R is called the duality product in X.

One of the most important concepts in Functional Analysis is that of reflexivity. Let
X be a normed space, z € X and let’s define a mapping

o, X" — R
n > (P, n) = (n, ).

Clearly, ¢, € X*™* and |||y =]|z||. The cannonical mapping is

J: X — X*
r — J(x) = @, (2.26)

Lemma 2.1.15 (Cannonical embedding). The cannonical mapping given in (2.26) is an
embedding of the normed space X into its bidual X™**, i.e., its an isomorphism between X

and its image through the cannonical mapping J(X) C X**.

Proof. The linearity of J follows from the linearity of ¢,, i.e.,

Vo, € RVz,y € X1 Qastsy(n) = nlax + By) = an(z) + Bn(y) = ap.(n) + By (n).

In particular, ¢, — ¢, = @y, so that

|

The previous shows that J is an isometry. Also, from (N2) it follows that it is injective.

r = @] =||e—s] =llz = wll-

Hence, since J is bijective if we restrict the codomain to its image J(X), the required result
follows. O

In general, J will not be surjective. However, when this does happen we say that the
space X is reflexive, i.e., X is reflexive iff

J(X) = X"

Once we have defined the dual space of a normed space X, we can define a new kind of
convergence.

Definition 2.1.16 (Weak convergence). Let X be a real Banach space and (up)neny C X

a sequence. We say that (u,),eny converges weakly to some v € X, written
up, ~u = YneX': (nu, — nu). (2.27)

Additionally,
el < lim e, | (2.28)
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Remark 2.1.17 (Weak topology o(X, X*)). The convergence in (2.27) is actually the
characterization of the convergence in the weak topology on X, o(X,X*). This is the
smallest topology for which all the elements of X* are still continuous. In particular,
(X, X*) C Ty, i-e., all the weak open sets are open in the topology induced by the norm.

The following theorem establishes a connection between reflexive Banach spaces and
weak convergence.

Theorem 2.1.18 (Weak compactness). Let X be a reflexive Banach space and suppose
the sequence (x,)neny € X is bounded. Then, there exists a subsequence (xp, )ren Such
that

Ty — .

Hence, bounded sequences in a reflexive Banach space are weakly precompact.

The proof of Theorem 2.1.18 can be found in [11].

2.1.3 Lebesgue spaces

In this section we recall some concepts and tools that will be of great help throughout
our study. We assume the reader is familiarized with the basic notions of measure theory,
namely, the concepts of g-algebra, measure space, measurable sets, measurable functions,
integrable functions and Lebesgue measure (see, for example, [17]). Here our main refer-
ences are [17],[15] and [3].

Definition 2.1.19 (Space of integrable functions L'(Q)). Let Q C RN. We define the

space of integrable functions on §2 as

LNQ) = {f QR [l = /Q 1 (2)|dx < oo}

Remark 2.1.20. The integral symbol in Definition 2.1.19 corresponds to the Lebesque

integral and the symbol dx refers to the Lebesque measure on RY .

Now, we present some fundamental theorems that involve integrable functions. In all
of the following, 2 C R¥ is measurable.

Theorem 2.1.21 (Monotone convergence theorem). Let ( f,)nen € L'(Q) be an increasing
sequence. Then there exists f € LY(Q) such that

lim f,(z) = f(x), ae z€Q

n—oo
and

lim /an(az)da::Af(:c)d:c

n—oo

Mathematician 13 Graduation Project



School of Mathematical and Computational Sciences Yachay Tech University

Lemma 2.1.22 (Fatou’s Lemma). Let (f,)nen C LY(Q) be a sequence of nonnegative

functions. Then f(z) = lim inf fn(x) is integrable and

lim inf /Q Fulz)dz > /Q fla)da.

n— oo

Theorem 2.1.23 (Dominated convergence theorem). Let (fn)nen € LY (2) and assume

that it converges to some f pointwise a.e. If there exists G € L'(Q) such that
Vn € N: |fu(2)| < G(2),

then
|lf(x)] < G(x) and  lim /an(a:)dx:/gf(x)dx

n—o0

Theorem 2.1.24 (Fubini). Consider Qy,Qy C RY | measurable, and let f € L'(; x Q).
If f >0, then the following 3 integrals are equal:

/le2 f(z,y)d(z,y) = /Q2 </Ql f(:z:,y)da:) dy = /Q1 </92 f(a:,y)dy) dr.

For a function f € C(RY) we define its support as
supp(f) = {z € R" / f(z) = 0}
We denote the space of continuous functions with compact support as

Co(RY) = {f € C(RY) /supp(f) is compact }. (2.29)

Theorem 2.1.25 (Dense subspace of LY(R")). The space Cy(RY) defined in (2.29) is

dense in L*(RY), i.e.,

Vfe L'RY),Ve>0,3g€ C.RY): [If —gllig <e

Theorem 2.1.25 says that elements of L'(RY) can be approximated by continuous and
compactly supported functions in RY. The previous results are the most important ones
from Measure Theory and their proofs can be found e.g. in [17] and [3].

Now we introduce the Lebesgue spaces, also known as LP spaces. It is necessary to
review the properties of these spaces since they will be used for further results at the end
of this section. Our main guide to the study of these spaces is [3].
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Definition 2.1.26 (LP(Q2)). Let p e R, 1 < p < 00; we set
LP(Q) = {f :Q — R / [ is measurable and |f|P € LI(Q)}

with

17l =151, = (1 £ @)z )

The case when p = oo is special and requires a different definition.

Definition 2.1.27 (L>°(Q2)). We define

f is measurable and

L*(Q):=<f: =R
AC >0 : |f(z)| <C ae onQ

with
[f @) =l1flloo =nf{C / [f(z)| < C >0 ae onQ}

For proving that ||-||,,1 < p < oo, is indeed a norm, we will need Hdlder’s inequality.
Before providing the proof of this very useful result, we first recall a couple of important
concepts.

Remark 2.1.28 (Conjugate exponent). Let 1 < p < oo. We define p', the conjugate
exponent of p, by

Remark 2.1.29 (Young’s inequality). Let 1 < p < co. Then we have that

p /

vab>0: ab<® 4+ (2.30)
p p

Inequality 2.30 follows directly from the concavity of the function In on (0,00):

a? b 1 1 :
In|—+— 1] > =-In(a”?) + — In(b" ) = In(ab).
(p p,) , (a”) p, (o) (ab)

Theorem 2.1.30 (Hélder’s inequality). Let Q C RN, measurable. Assume that f € LP(Q)
and g € LP(Q) with 1 < p < co. Then fg € L*(Q) and

1£glly <I1F11llgll, - (2.31)
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Proof. Let f € LP(Q),g € L (Q), generic. If f =0 or g = 0, (2.31) immediately follows.
Hence, lets assume that f # 0 and g # 0.

i) Let’s first assume that p = 1. Thus,

|1 @g@)ldz <lgllJ 1l

This immediately implies fg € L'(Q2) and (2.31) holds. An analogous reasoning

provides the result if p = oco.

ii) Now, let’s assume that 1 < p < co. From (2.30), we have that

F@)g(@)] < ;\fm\p " ;m(a:)!p’
1 y
— [ 1f@g(@lds < 171+ ol (2:32)

Inequality (2.32) implies that fg € L'(2). Now, by replacing f with Af, (A > 0) in
(2.32) it follows that

| IAf@yg |dx<f||Af||p lall.

[ 1#@)g

By choosing A = HfH;ngHg/p and recalling Remark 2.1.28, inequality (2.33) becomes

1 /
gl (233)

/U \M<|WW”MW1WW,WMMWH@
1
§§+?|meﬂ
<A1, gl
Since f, g were chosen arbitrarily, the required result follows. O

The following remarks are extensions of Theorem 2.1.30. They shall be used in the
following chapter.

Remark 2.1.31 (Extension of Holder’s inequality). Assume (f;)¥_, s.t. f; € LPi(Q),1 <

1 < k with
1 1 1 1
S 44+ —<1
p D1 P2 Pk

Then the product f = fifs...fx belongs to LP(2) and

11l <Al 2ll, 1wl -
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Theorem 2.1.32. (Interpolation inequality) Let Q C and f € LP(Q)NLI(Q), 1 <p<qg<
oo. Then f € L"(Q),¥r € [p,q|. Moreover,

o o 1 a 1—«a
LA <IFIRIFN where ot °€ [0,1] (2.34)

The next result can be found in [29]. It will be crucial in a future proof.

Theorem 2.1.33 (Holder’s inequality for 0 < p < 1). Let 0 < p < 1 and let f,g > 0 be
functions in LP(Q) and L¥' (Q), respectively. Then we have

[ @@ ez ([ s@paz)” ([ oy ar)” 23)

unless / g(z)? dx = 0. Moreover, note that p' < 0.
Q

Now we have all the necessary tools to prove that the functionals given in Definitions
2.1.26 and 2.1.27, are actually norms. The next theorem then states that for 1 < p < oo
the space LP(£2) is a normed space.

Theorem 2.1.34 (LP(f2) is a normed space). Assume 1 < p < oo, then LP(Q) is a vector

space and |||, is a norm.

Proof. i) Cases p =1 and p = oo are trivial.

ii) Assume p € (1,00) and f,g € LP(Q2), arbitrary. We will only show that the triangle
inequality holds since the other norm properties can be easily verified. Since | - | is a
norm on R, by (N4) we have that

@)+ 9@ < (f@)] + lg@)? < 2" (F@)F + [g(@)]")
This implies that f + g € LP(Q2). Moreover, we notice that
I +9l2 = [ 17@) + 9@l (@) + g(a)lde
< [ 1@ + 9@ P (f @) + lg(@)]) da
< [ @) + 9@ f@)ldr + [ |f(@) + 9@l lgla)ldr,  (236)
and by Remark 2.1.28 we observe that
|f+glPt e L¥ since p/(p—1)=p.
Therefore, by Theorem 2.1.30 and inequality (2.36) we have that
1 +gll2 <I1f +gl2~" (1£1, +lgl,)

This concludes the proof.
O
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The following theorem states that the Lebesgue spaces with the norms in Definitions
2.1.26 and 2.1.27 are complete normed spaces, i.e., Banach spaces. The proof of the
following theorem can be found in [3], Sec. 4.2.

Theorem 2.1.35 (Fischer-Riesz). LP(2) is a Banach space for any p,1 < p < 0.

Analogously to the case of the space of integrable functions L'(2) in Theorem 2.1.25,
we would like to have a dense subspace of LP(§2) whose elements are easier to handle.
To conclude with our short overview of LP()) spaces and their properties, we recall the
following density theorem.

Theorem 2.1.36 (Dense subspace). Let @ C RY be an open set. Then, C>(2) is dense
in LP(Q) for any 1 < p < 0.

We conclude with the following summary of the properties of Lebesgue spaces. The
detailed study of each of the following cases and the corresponding proofs can be found in

13].

Reflexive | Separable | Dual space
LP with 1 < p < oo | YES YES ¥
L NO YES L
L> NO NO Strictly bigger than L'

Table 2.1: Summary of the main properties of the LP spaces.

2.1.4 Sobolev spaces

Once we have defined the Lebesgue spaces (LP spaces), we are in position to define the
Sobolev spaces. These spaces are of particular interest as a common framework for the
study of partial differential equations. In this section, we will present some basic concepts
and theorems about these spaces that will be useful for the development of our work. Our
main reference is [3].

Definition 2.1.37 (Sobolev space W?(Q2)). Let Q C RN be an open set and let 1 < p <
oo. The Sobolev space W'P(Q) is defined by

X 91, g2, .-y gn € LP(Q) such that
WHP(Q) == u e LP(Q 0
1) 1) w2’ = —/ gip, Yo e CX(Q), Yi=1,2,..,N
o O0x; 0

In the context of Definition 2.1.37, for u € WP(Q) we denote % = g; and

ou ou
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The space W1P(Q) is equipped with the norm

N1l ou
Jully, =lull, + ; o
= P
or the equivalent norm

1/p

N P

X ou
llly, = (Il +>2 , 1 <p<oo.
i=1 sz »

In the following proposition, we state some properties of the Sobolev space W?(2)
that depend on p.

Proposition 2.1.38. Let Q C RY be an open set. Then, we have that:
i)1<p<oo = WWW(Q) is a Banach Space.
i) 1<p<oo = WHH(Q) is reflexive.
i) 1<p<oo = WW(Q) is separable.
Once we have defined the Sobolev space W'?(Q), we can define more general Sobolev
spaces. Let m > 2 be an integer and 1 < p < oco. We inductively define

ou
al’i

WmP(Q) = {u c Wmtr(Q); cWmP(Q) Vi=1,2,.., N} : (2.37)
Remark 2.1.39. We also state a characterization of Sobolev spaces W™P(Q)) using the

standard multi-index notation,

Voo with |a] < m,3g, € LP(QY) such that
WP (Q) = du € LP(Q)
Jupe = (1! [ gup, Ve € C2(®)

where a = (aq,...,ay), a; €N, i=1,..,N, and

N
olal
la| => a; and D" = Ld

o al an -
= Oxit...0x}

Analogously as we did for m = 1, we define D*u := g,. Moreover, the space W"P(()
equipped with the norm
[ullyms = D [[D%ull,

0<]al<m

is a Banach space.

From the definition of the Sobolev spaces, it is clear that they are subspaces of Lebesgue
spaces. Hence, similarly to the case of a Lebesgue space (Theorems 2.1.25, 2.1.36), we
would like to find a dense subspace in a Sobolev space whose elements are easier to handle.
In order to do this, it is often convenient to work first in W1P(RY). The following theorem
and proposition will provide such space.
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Theorem 2.1.40 (Linear Extension Operator). Assume Q C RY of class C' with T

bounded (or else Q@ = RY ). Then, there exists a linear extension operator
P:WY(Q) — WH(RY) (1 <p < o)
s.t. that for all uw € W'P(Q),
(i) Pulg =u,
(it) ||u||LP(]R") < OHUHLP(Q) ;
(iii) ”UHWLP(RN) < CHUHWLP(Q)a

where C' = C(Q).

The proof of Theorem 2.1.40 is classical and can be found on [3], Sec.9.2. It uses
extensions by reflection, local charts and the partition of unity lemma. A very useful
and direct result from the previous theorem says that smooth and compactly supported
functions in RY are dense in W?(Q).

Corollary 2.1.41 (Density in W'?(Q)). Assume Q C RY of class C and let u € WP ()
with 1 < p < oo. Then
I(u,) C CX(RY) : ulg — u in WP(Q),

i.e., C°(RYN) functions restricted to 0 are dense in WHP(Q).

Embedding theorems

In this section we deal with the following question: if we have some u € W™P(Q), for
what range of values of ¢ does one have u € L%(Q2)? The next couple of theorems answer
this important query. We advise the reader to pay special attention to the nature of the
domain in the following results.

Theorem 2.1.42 (Sobolev, Gagliardo, Nirenberg). Let 1 < p < N. Then

N 1 1 1

WYP(RN) € LP", where p* is given by — = — — —, and (2.38)
p p N

3C = C(p, N),Yu € WP (RN) : [ull,. < C[[Vul,,. (2.39)

A detailed proof of Theorem 2.1.42 can be found in [3]. The following Corollary extends
the previous result.

Corollary 2.1.43. Let 1 <p < N. Then
Vg € [p,p]: WH(RY) C LYRY)
with continuous injection, i.e.,

3C = C(p, N), Vull, < Cllullyp
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Proof. Let q € [p, p*], generic. Then for some « € [0, 1] we have that

B 11—«

«
— + -
p p

|

Let uw € WHP(RY), generic. From (2.

w

0) and (2.34) it follows that

1—
llly IAI AN <Tull, + el -

Theorem 2.1.42 implies that
Jull, < Cllully, -
This concludes the proof. O

Before presenting the next result, we recall the following definitions.

Definition 2.1.44 (Compact linear operator. Compact embedding). Let X and Y be
normed spaces. An operator T : X — Y is called a compact linear operator if T is

linear and if for every M C X bounded, the image T'(M) is relatively compact, i.e.,

T(M) is compact.
Moreover if X CY and Y is Banach, we say that X C'Y with compact embedding if the
identity operator I : X — 'Y is compact.

Now, we have the necessary concepts to conclude this section with a very important
embedding theorem.

Theorem 2.1.45 (Rellich-Kondrachov). Assume that Q@ C RY is of C' class and bounded.

Then, we have the following compact embeddings:

1 1 1
Whtr(Q) c LY(Q) Vg€ [1,p*), where — =~ — —, ifp< N
(@ C L) Vg Lp), where L =1
Whr(Q) C LY(Q)  Vq € [p,00), ifp=N
Wie(Q)  C(Q) ifp>N

In particular, for any combination of N and p we have that W'P(Q) C LP(Q) with compact
embedding.

The proof of Theorem 2.1.45 can be found e.g. in [3] and [11]. In other words, for the
appropriate exponents, a bounded sequence in a Sobolev space has a Lebesgue convergent
subsequence. This will be of critical importance for applications in the study of linear and
non-linear partial differential equations.
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2.2 Some topics from Calculus of Variations

In the last two sections we briefly studied normed spaces and their properties on a very
general context. We also defined the Banach spaces LP, W™P and studied some properties
of these specific spaces. In this section, we present concepts that will allow us to study
functions over Banach spaces in a very simple way. We will first recall some basic calculus
of variations theory. After this, we will present some more sophisticated results that shall
be used later in this text. For this section we used [24, 23, 7, 13] as our main sources.

2.2.1 Fundamentals of calculus on normed spaces

In this subsection we want to extend the concept of derivative of a real valued function over
R and consider analogous concepts for mappings between normed spaces. These notions
of calculus on normed spaces is necessary for understanding some important results from
the area of calculus of variations. All the ideas and concepts that follow can be found in
greater detail in [23, 7, 13].

Since the following definitions share a very similar context, from now on we consider
E, F to be normed spaces, O C F openand f: O C F — F. Let a € O a point and
u € E a direction. If the limit

1
0,f(a) =iy £ [0+ tu) ~ (@) (2.40)
exists, then we call (2.40) the directional derivative of f at a in the direction u.
Assume that 0, f(a) exists for any direction u € E. If
dfi(a) € LE,F),Yue E: 0,f(a) = fi(a)u (2.41)

then we say that f is Gateaux differentiable at a. Moreover, since f{;(a) in (2.41) is
unique, then it is referred to as the Gateaux differential of f at a.

For the next kind of differentiability we need to introduce the concept of a small o. Let
O C E — F such that g(0) = 0. If there exists a mapping € : B(0,7) C F — F such
that

lim €(h) = 0, (1)
g(h) =|[hll e(h), (02)

then we write g(h) = o(h) and say that ¢ is a small o of h. Notice that from the previous
definition, if g(h) = o(h) then by (ol) and (02) it follows that

. g
lim —g(h) = lim ——— = 0. (03)
h=0 ] h=0 Rl

Since the quotients in (03) converge, we know that g(h) converges faster to zero than the
norm of h when h — 0. This is an important fact to define strong differentiability.
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Definition 2.2.1 (Fréchet differential). Let a € O be a point. If
doe LE,F),YheE: a+9geO = f(a+h)— f(a) = ¢(h) + o(h), (2.42)

then we say that f is differentiable (or Fréchet or strongly differentiable) at a.
If it is differentiable at all points of its domain, we simply say that it is differentiable.

Proposition 2.2.2. The bounded linear operator in (2.42) is unique.

Proof. Let p € L(E, F) such that
Fla+h) = f(a) = o(h) + o(h) (2.43)
for any h € E such that a +h € O. Since O is open, by 2.4 we have that
Ir>0: B(a,r)=a+ B(0,7r) CO

Hence, from (2.42) and (2.43) we have that

Vh € B(0,r):  ¢(h) +[[h] e1(h) = ¢(h) +||h] €1 (h), (2.44)
where
}lzig(l) e(h)=0, i=1,2. (2.45)

Let u € E, generic. If u = 0, then by linearity the required result immediately follows.
Let’s consider u # 0 and choose some N € N such that

1 1
VneN: n>N = h,:=— - —uec B(0;r).
nlul

By (2.44) it follows that

G(hn) = o(hn) =||hn| (e2(hn) — €1(hn)) -

Since ¢, p € L(E, F') we have that

L) 6w — @) = (2 )l ealha) — 1 (a))
() ()

n |l null

By passing to the limit with n — 0 and considering (2.45), we obtain

Since u was chosen arbitrarily, we have proved 2.2.2. O

Remark 2.2.3 (Fréchet differential). By Proposition 2.2.2, we rewrite (2.42) as

fla+h) = f(a) = f'(a)h+ o(h)

where f'(a) € L(E, F) is the Fréchet differential of a at u.
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Remark 2.2.4 (Variation). Whenever f is a functional, i.e., F = R then by (2.24) we

have that f'(a) € E* and it is sometimes referred to as the variation of [ at a.

From (2.40), (2.41) and Definition 2.2.1 we have the following implications:
Fréchet differentiable = Gateaux differentiable = Existence of partial derivatives.

This motivates the denomination of strong differential (Fréchet differential) since the im-
plications above are not reversible in general.

For real valued functions on R, we say that a function is of class C* if it is differentiable
and all its partial derivatives are continuous. In the context of functionals, we have the
following definition.

Definition 2.2.5 (Mapping of class C'). We say that f : O — F belongs to the class
CY O, F) iff f is differentiable and the function

f'tOCE— L(E,F) is continuous.

Alternatively, we simply say that f is of class C* if there is no confusion.

Now let us consider again the case when F' = R. The next proposition presented in
[31] states a condition under which a Gateaux differentiable functional is of class C*.

Proposition 2.2.6. If f : O — R has a continuous Gateauzr derivative on O then
f e CY{O,R).

If f:OCFE — R, and there exists a point x € O such that

VyeO: [flx) < fly) (flz)=fy),

then we say that z is a point of local minimum (mazximum). Whenever, O = E we say it
is a global point of minimum (mazximum) and in the case the inequality above is strict we
say x is a strict point of minimum (mazimum). A point of either minimum or maximum
is called a point of extremum. If f is differentiable at z € O, then we say that z is a
critical point of f. The following theorem relates the concepts of extremum and critical
point.

Theorem 2.2.7 (Extremums and critical points). Let E be a normed space, O C E and
f: O — R. Assume that

(i) f has a local extremum at x € O, and
(i) fis differentiable at x.

Then z is a critical point of f, i.e.,

f'(z) =0.
The proof for Theorem 2.2.7 can be found e.g. in [7]. From what we have just seen, a
point of local extremum is also a critical point. However, the converse is false.
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2.2.2 The elementray problem of calculus of variations and the
Euler-Lagrange equation

For many applications, one is interested in minimizing (or maximizing) the value of func-
tionals defined over some functional space. As we mentioned in the last section, we can
find such points by studying the variation of the functional in question. Before formally
introducing the main concepts of this section, let us first look at a concrete example of a
classical variational problem.

Example 2.2.8 (The brachistochrone problem). This problem consists in finding the
minimum-time path that follows a particle moving between two fixed points under the in-

fluence of gravity without friction. The following scheme illustrates the problem at hand.

A= (0,0 1 +

¥ = uk) ds

. B=(xb,yb) dx

Figure 2.1: A simple scheme for the brachistochrone problem, [23]

Since we want to minimize the time it takes to travel from A to B, we need to find
the “curve” that describes the optimal path. This curve will be represented by a function
u € CHRYN). Taking in consideration the law of conservation of energy and the Pythagoras

theorem, the time functional for the situation shown in Figure 2.1 will be given by

T: E —RVN

u |—>T(u):21g/0xb de,

where g denotes the gravitational acceleration constant and
E = {u € C'([0,23)) /u(0) = 0 and u(zy) =y} (2.46)
Finally, observe that the time functional T is bounded from bellow:

inf T'(u) > 0.

uel

Let us generalize the problem shown in Example 2.2.8. Let F € C?*([a,b] x R x R). A
generic element of the domain will be denoted by (x,u,£). The partial derivatives of F
will be denoted as

_OF OF OF

FCC_77 Fuzia ina tc.
B u ¢ e O
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We will be particularly interested in functionals of the form

T CCV([a,b]) — R
v ) = [ Fla ),y @) (2.47)

a

A functional of the form (2.47) is known as the Lagrangian functional and .# is the
set of admissible functions and is defined as

M ={ueCa,b]) / wula)=AAu(b)= B}, (2.48)
Notice the resemblance of .#Z to E from (2.46) in Example 2.2.8.

Remark 2.2.9 (Admissible increments). Notice that (2.48) is not a linear space in general.

Let’s define the set of admissible increments as
S Ha b)) ={h € C'([a,b]) / h(a)=h(b) =0} (2.49)
It is clear that _#'([a,b]) is a linear subspace of C*([a,b]) and that
M+ JC M,

i.e., if we add an admissible increment h to an admissible function u then uw+h € A .

Returning to our initial goal of minimizing or maximizing a functional, let’s recall that
any maximization problem can be stated as a minimization one. Hence, the elementary
problem of the Calculus of Variations is mathematically posed as follows:

Find yy € 4 such that
T) = inf J(u),

or in short,

inf{J(y) / y€ .4} (EPCV)

Let J be a Lagrangian functional of the form (2.47) and let’s assume that y € . is a
point of minimum of J. Then, by Theorem 2.2.7 it follows that

Vhe g1 J(yh=0. (2.50)

Any point that satisfies (2.50) is called an extremal. Notice that an extremum is also an
extremal but an extremal is not necessarily a point of extremum. This condition leads us
to a differential equation known as the Fuler-Lagrange equation.

Theorem 2.2.10 (Euler-Lagrange Equation). Let yo € 4 be a point of extremum of the
Lagrangian functional (2.47). Then, yo is the solution of the Euler-Lagrange equation

Fu(z,y(z),y (z)) - CgiFg(l’, y(x),y'(x)) =0, x€[a,b] (E-L)
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Proof. Let y € #,h € ', generic. Let’s find J'(y)h. Since F is of class C?, we have
that for any x € [a,b] and any u,{, 1,69 € R

F(z,u+e1,§+e3) — F(x,u,§) = Fu(z,u,8)er + Fe(x,u,§)es + o(e1) + o(e2).

Hence, we have that

J'(y)h = /b[Fu(fE, y(@),y (2)h(x) + Fe(x,y(x),y ()b (x)]dz (2.51)

a

Now, since yy € # is a point of extremum of J, it is also an extremal and (2.50) implies
that

Vhe 7' a,b]): /:[Fu(x, Yo(x), yo(x))h(x) + Fe(x, yo(x), yo(x))h (x)]de = 0. (2.52)
Lemma 4 of Chapter 1 in [13] and (2.52) imply that
d

Va € la,b]:  Fu(z,yo(z),y(x)) = %Fg(ﬂiayo(%)ayé(ﬂ?))y

i.e., yo is a solution of (E-L). O

To conclude this section, we present the isoperimetric problem. In many applications
of the calculus of variations, we face problems that not only impose boundary conditions
but also additional subsidiary conditions or side constraints. Thus we will consider a new
set of admissible functions,

M ={w e CY[a,b]) /| w(a)=AAwb)=BAKw)=1} (2.53)
with [ € R prescribed and
b
K(w) = / Gz, w(z), w' (z))dz (2.54)
where G € C?%([a,b] x R x R). In this new case, and admissible increment will be any
h € C*([a, b]) such that
h(a) =h(b) =0 A K(w+h)=1.

The next result states a necessary condition for the constrained problem to have a
solution and its proof can be found in [13] (Sec.12, Theorem 1).

Theorem 2.2.11 (Euler). Let J be as in (2.47). Assume that

(i) y € A is a point of extremum of J, and

(ii) y € M is not an extremal of K.

Then there exists a Lagrange multiplier, A € R, such that y is an extremal of the functional
L:.# — R given by
L(w) = J(w) + AK (w)

i.e., it satisfies

B, (2, /() — - Bl y(), ¥ (2)

where

O =F+\G
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2.3 Variational and non-linear topics for PDE’s

In this section, we shall see how the previous tools are used to solve partial differential
equations. A partial differential equation (PDE) is an equation that involves a function of
two or more independent variables and some of the function’s partial derivatives in respect
to said variables. Using the standard multi-index notation, already used in the Sobolev
spaces section for denoting partial derivatives, we can represent a PDE as

F(D*u(z), D" u(z), ..., Du(z),u(z),2) =0, x € Q, (2.55)
where £ > 1, Q C R¥, and

k—1

FRXR" '« . . xRVxRxO—R

is called a k'"-order PDE. The function u : @ — R that satisfies (2.55) is a solution of
the PDE.

We classify a PDE according to its linearity as follows. Given a PDE of the form (2.55),
we say that it is:

(i) Linear if

> ao(z)D = f(z), (2.56)

|la|<k
for given functions a,(|a < k), f, i.e., F is linear with respect to u and its derivatives.
Moreover, if f = 0 then the linear PDE is homogeneous.
(ii) Semilinear if
> aa(z)D%u + ao(DF ', ..., Du,u, ) = 0, (2.57)
|a|=k

i.e., F' is non-linear with respect to u but linear for its derivatives.
(iii) Quasilinear if
Z ao (D", ..., Du,u, 2) D" + ag(D*'u, ..., Du,u, ) = 0, (2.58)
|a|l=k
i.e., F'is linear for the highest order derivatives of u.

(iv) Fully non-linear if it depends non-linearly upon the highest order of derivatives.

There is no general method for solving PDE’s. The ideas and methods applied vary
depending on the structure of the problem. One thing that can be said in most occasions
is that non-linear PDE’s are harder to solve than linear PDE’s. This section will be mainly
concerned with the necessary ideas used to study non-linear PDE’s following the ideas from
[11].

Let’s assume that we wish to find the solution u of the PDE represented by

F(u) =0, (2.59)
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where F' denotes a (possibly non-linear) partial differential operator. Now let’s assume
that the operator F' is the "derivative” of an appropriate "energy” functional J, i.e.,

F=1J. (2.60)

Then solving the PDE (2.59) is equivalent to finding the critical points of J as defined in
(2.60). Let’s assume now that J has a form similar to

ﬂw%:/l&aw@%Dw@»@z (2.61)
Q
where L = L(z,u,&) = L(zy,...,xN,u, &1, ..., En). If y is a minimizer of J, then y will also

be an extremal, i.e., a solution of the Euler-Lagrange equation associated to J,

N
Lu(xvyu Dy) - Z(L&(I7y7 Dy)):m = 07 x € .

=1

In order to elucidate this approach, we provide some examples of the previous process.

Example 2.3.1 (Minimal surfaces). Let
L(z,u, &) = (1 + [E)V2, so that J(w) = / (1 + |Dw|*)"*dx
Q

is the area of the graph of the function w : @ — R. The associated Fuler-Lagrange equation

18

— T =01in. 2.62
; <<1 + |D“|2)1/2>x, mn ( )
This partial differential equation is the minimal surface equation. The expression on
the left side of (2.62) is n times the mean curvature of the graph of u. Thus, a minimal

surface has zero mean curvature.

Example 2.3.2 (Non-linear Schrodinger equation). Let p > 1,N € N,Q C RY open

connected with smooth boundary, and T € C(§2) non-negative. We look for solutions of

—Au(x) + T(z)u(x) — [u(z)P"lu(z) = 0 z€Q

u(z) = 0 xe€ o, (2.63)

which is the Fuler-Lagrange equation associated to the functional
1
Jw) = 5 | [Vu(@)? + T(@)lu() Pde

with the restriction
||U||Lp+1(9) =1
Thus, a critical point of J weakly verifies (2.63), which serves e.g. to model systems of

a very large number of particles interacting at very low temperatures, like Bose-Finstein

condensates.
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We conclude this section with the concept of manifold.

Definition 2.3.3 (Manifold). Let X be a Banach space and I a set of indices. A topo-
logical space M is a C* manifold modelled on X if

3{U;}ier open covering of M and

v; Uy = X family of mappings

such that the following conditions hold:

Vi = i(U;) is open in X,
Y; is a homeomorphism between U; and V;, and

Yot (U NU;) — (U N U;) s of class OF.

For further information on manifolds we refer the reader to [2].

2.3.1 Ground state solutions

In this subsection we state some conditions that will ensure that J as in (2.61) has indeed
a minimizer, at least within an appropriate Sobolev space. Let 1 < p < 0o. Let’s define

A={weWh(Q) / Vo € 0Q: w(x)=g(z)}, (2.64)

for some function g, as the class of admissible functions (notice the similarity to (2.48)).
Clearly, if g = 0 then A = W, (). We are interested in ensuring that J is bounded and
that it attains its infimum through some compactness property. The most effective way to
ensure boundedness from bellow is to hypothesize that J(w) "grows rapidly as |w| — oo™
This motivates the following definition.

Definition 2.3.4 (Coercivity). Let’s assume that
Ja>0,8>0,V(z,u,&) € QxR xRY . L(x,u,&) > al¢|P — 5.

Therefore,
30>0:  J(w)>6|[Dwl; -, (2.65)

where v := B|Q|. Thus I(w) — o0 as [[Dwl|, — oo.

In general, the previous condition is not enough to ensure that our integral functional
J attains its infimum. To further develop on this, let’s assume that

m := inf J(w), (2.66)

weA

and choose functions u,, € A,n € N, such that

J(up) — m as n — oo. (2.67)
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A sequence verifying (2.67) is called a minimizing sequence. Let’s assume that J
is coercive. Then, from (2.65) it follows that the minimizing sequence lies in a bounded
set of the infinite dimensional space W'?(Q). Notice that from our previous assumption
of 1 < p < co and Proposition 2.1.38 we have that W?(Q) is reflexive. Hence, from the
boundedness of (u,)ney and Theorem 2.27 we conclude that there is some subsequence

(tn, )ken and u € WP(Q) such that

Uy, — u in WHP(Q). (2.68)

Moreover, from (2.68) we also have that v € A. Notice that from (2.68) we cannot
deduce that
J(u) = lim J(up,) (2.69)

k—o0

since J is not continuous with respect to weak convergence. However, the strength of
(2.69) is not really needed. Instead, the next condition suffices.

Definition 2.3.5 (Weakly lower semicontinuity). We say that J is (sequentially) weakly

lower semicontinuous on WP(Q), provided

J(u) < liminf J(u,)

n—oo

whenever
U, — u in WHP(Q).

Thus, if we assume that J is weakly lower semicontinuous then from (2.68) it follows
that J(u) < m. Since (2.66) implies that m < J(u), we can conclude that u is indeed a
minimizer.

2.3.2 Palais-Smale condition

Let J be a functional on a Banach space X. In this subsection we will assume the more
restrictive condition of .J being of class C! in the Frechét sense. We will also impose the
compactness assumption mentioned earlier: the Palais-Smale condition. For this, we follow
the ideas presented in [30](Chap. II, Sec. 2).

In the original work of Palais and Smale, this condition is stated as follows:

Definition 2.3.6 (Original Palais-Smale condition). Let S C X on which
(i) J is bounded and
(i) ||J'|| is mnot bounded away from zero.

Then, there is a critical point in S.

In order to work with a more convenient condition, slightly stronger than Definition
2.3.6, Struwe introduces the following concept.
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Definition 2.3.7 (Palais-Smale sequence). A sequence (u,) C X is a Palais-Smale

sequence for J if
(i) 3¢ >0,YneN: |[J(u,)| <e, and
(i) ||.J' (u,)|| — 0 as n — oc.

In terms of the previous definition, the modified compactness condition states:
Any Palais-Smale sequence has a (strongly) convergent subsequence. (P.S.)

Note that (P.S.) implies that any set of critical points of uniformly bounded energy is
relatively compact. In fact, if we were to strengthen condition 2.3.6 by this requirement,
this new condition would be equivalent to (P.S.). We have the following proposition.

Proposition 2.3.8. Assume that J has the following properties.

(i) Any Palais-Smale sequence for J is bounded in X.

(i) It is possible to decompose J' as
Vue X: J(u) =L+ K(u),

where L + X — X* is a fized boundedly invertible linear map and the operator K

maps bounded sets in X to relatively compact sets in X*.
Then J satisfies (P.S.).

Proof. Notice that if (u,) is a (P.S.) sequence of J then

J (up) = Luy, + K(u,) — 0
implies that

U, = o(1) — L K (uy,)

where

o(1) = 0in X as n — oc.
By boundedness of (u,) and compactness of K, the sequences (L' K (u,)), and hence (u,),
are relatively compact. O]

The (P.S.) condition allows us to identify a certain family of neighbourhoods of critical
points of a functional J. For § € R, > 0,p > 0 let

Js={ueX / J(u) <p},

Kg={ueX [/ Ju)=p N J(u)=0}
Ngs={ueX [ |J(u)—-pl<d A |J(w]|<0},
Uss= U {veX / [lu—v| <p}

UEKﬁ
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Lemma 2.3.9 (PS and neighbourhoods). Assume J satisfies (P.S.). Let 5 € R generic.
Thus, the following holds:

(i) Kz is compact,
(11) {Usp}p=0 is a fundamental system of neighborhoods of Kz, and
(17i) {Ngs}s=o is a fundamental system of neighborhoods of K.

Proof. (i) From (P.S.) we have that any sequence (u,) C Kz has a convergent subse-
quence. Since both J and J’ are continuous, the limit of such subsequence lies in K.

Therefore, K3 is compact.

(i) Clearly, any Ug,,p > 0, is a neighbourhood of K. Let V' any open neighbourhood

of Kg. For the purpose of contradiction assume that

e I(p,) CR: p,—0 as n— oo, and
e J(u,) C X,VneN: wu,eUg, \V.

Let (v,) C Kjp such that ||u, — v,|| < p,. Point (i) implies that there is some v € Kp
such that v, — v. Hence, u,, — v and u,, € V for a sufficiently large n. This is a

contradiction.

(iii) Evidently, Ngs,6 > 0, is a neighborhood of Kjz. Once again for the purpose of

contradiction, assume that there is some neighbourhood W of Kz such that

e 0, — 0, and

e J(u,) C X,VneN: wu, e Ngs, \W.

From (P.S.) we have that u,, — u € Kg C W. The result follows by contradiction.
O
The Palais-Smale condition is a useful technical assumption that occurs frequently in

critical point theory. In the next subsection we will see how it is a key ingredient for one
of the most important minimax methods.

2.3.3 Mountain Pass Theorem

This subsection is mainly based on [28]. Minimax methods are those that characterize a
critical value c of a functional J as a minimax over a suitable class of sets.

c= }Eéfs max J(u) (2.70)

Assume that J is Fréchet differentiable and that J' is continuous on X, i.e., J € C'(X)
where X is a real Banach space. Let B, := B(0;p) C X,p > 0. We will now present the
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usual version of the Mountain Pass Theorem. An important result used in the proof of
this theorem is the Deformation Theorem ([28] Appendix A.4). However, given its length
and technicalities, it will suffice to consider the following special case.

Proposition 2.3.10 (Special case). Suppose J satisfies (P.S.). For s,c € R we define
K.={ueX /| Ju)=c AN J(u)=0} (2.71)

A;={ue X / J(u) <s} (2.72)

If ¢ is not a critical value of J then
Ve >0,3e € (0,8),dn € C([0,1] x X, X) :

Ju) ¢lc—2gc+2 = n(l,u) =u, (2.73)
n(l, Acye) C A (2.74)
From this, we can now prove

Theorem 2.3.11 (Mountain Pass Theorem (MPT)). Let X be a real Banach space and
J € CH(X) satisfying (P.S.). Assume:

J(0) =0, (o)
dp,a>0: Jlgs, > a, (J1)
Jee X\ B,: J(e) <O. (Jo)

Then J possess a critical value ¢ > a. Moreover ¢ can be characterized as

c=inf max J(u), (2.75)
9€T" ueg([0,1])

where
I'={g€C([0,1,X) / g(0) =0Ag(1) =e}.

Proof. From the definition of ¢ it is clear that ¢ < co. Also, from the definition of I, (Jp)
and (J;), we have that if g € I, then ¢([0,1]) N 0B, # 0. Thus, by (J;) it follows that

max J(u) > inf J(w)> a,

u€g([0,1]) weIB,
and consequently ¢ > «a. For the purpose of contradiction, let’s assume that ¢ is not a
critical value of J. Then, by Proposition 2.3.10 with € = «/2 yields ¢ € (0,«/2) and 7 as
in the result. Choose g € I" such that

max J(u) <c+e (2.76)
u€g([0,1])
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and consider h(t) := n(1,g(t)). Clearly, h € C([0,1],X). Notice that g(0) = 0 and (Jy),
J(0) =0 < a/2 < c¢—¢g, imply h(0) = 0 by (2.73). By an analogous reasoning we have
that

gl)y=e N Je)<0 = h(l)=e.

Consequently, h € " and by (2.75)

< J(u). 2.77
TR =

However, by (2.76), ¢([0,1]) C Aci so (2.74) implies

h(]0,1 A, +— J(u) < c—e, 2.78
(0.1) € e () < e .19
contradicting (2.77). This contradiction implies that ¢ must be a critical value of J. [

The intuition behind the MPT is that if a pair of points in the graph of J are separated
by a "mountain range”, then there must be a mountain pass containing a critical point
between them (see Figure 2.2).

JX) A

J(I)

Figure 2.2: Diagram of Theorem 2.3.11 with I" = 0B5,,.

2.4 p-Laplacian operator

In this section we shall present some properties of the p— Laplacian operator, a generaliza-
tion of the well-known Laplacian operator. The classical theory developed for the regular
Laplace equation involves areas such as: Calculus of Variations, Partial Differential Equa-
tions, Calculus of Probability, etc. In a similar way, the p— Laplace equation occupies a
similar role when it comes to non-linear diffusion phenomena. Since our main problem
involves the p—Laplacian operator, we will present some important concepts and results
taken from [19] and [18].
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2.4.1 Definition

The usual Laplacian operator appears in the classical Laplace equation

au= U Ty T
02?2 Ox? oy

This is the Euler-Lagrange equation of the functional,

D) = [ [Vu(e)Pde = [ - /[(axl) +<%(N)>]dda:]v

This is just the particular case p = 2, for the more general Dirichlet integral given by

/|Vu ,pdm_/ /[( o ) ...+<(Z(i)>2rda:1...dx]v. (2.79)

Definition 2.4.1. We call p-Laplace equation to the Fuler-Lagrange equation correspond-
ing to (2.79), i.e

div(|Vu(z)[P~*Vu(z)) = 0.
Thus, we define the p-Laplace operator as
Ayu = div(|VulP 2 V). (2.80)
Notice that the value of p can change. Then we have that:
(i) For p =1 we get the Mean Curvature operator H,

Vu
H=-Au=-V|——].

(ii) For p =2 we have the Laplace operator,

(iii) If we let p — 400, the following equation arises

Nooou Ou  O3u

QD
sw

The p-Laplace operator appears in many contexts. Some examples are:
(i) The non-linear eigenvalue problem
—Ayu = AMu[P~?u =0,
which generalizes the eigenvalue problem —Au = Au.

(ii) The p-Poisson equation

(ili) Equations similar to
Apu + |ul*u = 0,

that are of interest when the exponent « is "critical”.
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2.4.2 Eigenvalue problem

In this section we are interested in the following eigenvalue problem for the p—Laplacian.

—Apu— ANulPu = 0 inQ
{ u = 0 on 01, (2.81)
with Q C RY. In [21], the first eigenvalue is the nonlinear Rayleigh quotient
[Vo@pdr [ |Vu(@)de
AM(Q) = min & = 28 (2.82)

GEW P ()60 / |p()[Pda: / fur () Pdz
Q Q

where the minimum is achieved at some u;. Notice that u; also is a weak solution to the
Euler-Lagrange equation in (2.81).The first eigenvalue has many special properties:

(ii) A1(Q2) is simple, i.e., its algebraic multiplicity is one, for all {2 bounded and connected,
and

(iii) wuq, the associated eigenfunction, is the only positive eigenfunction for the p-Laplacian.

In order to describe how higher eigenvalues are produced, from [30] we present the
concept of genus of Krasnoselskii.

Definition 2.4.2 (Krasnoselskii Genus). Let X be a Banach space and define
AX) = {Ae POON{0} | A=A A A=—4},

the class of non-void closed symmetric subsets of X. Let A € A. Then v(A) is called
the Krasnoselskii’s genus of A. It corresponds to the infimum integer k such that

there exists an odd continuous mapping from A to R¥\ {0}, i.e.,
inf{k / 3h e C(ARF\{0}): h(u) = —h(-u)}, {.}#
}

0
Y(A) =1 oo, {.3=0 Vv 0eA (KG)
0, A

I
=

The notion of genus generalizes the notion of dimension of a linear space.
Now let ¥ denote the collection of all symmetric subsets A of W, (Q) such that
(i) AM(A) >k, and
(i) {u€e A / |lul| s = 1} is compact.
Then according to [6], the higher eigenvalues of the p-Laplacian are given by

Vo(a)pd
e (Q) :Aiélzf: rggj{/ﬂmj
C el de

and there are infinitely many of them. The fact that this minimax procedure provides
eigenvalues is explained thorugh the (P.S.) condition.

(2.83)
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Chapter 3

Results

3.1 Preliminaries

Let € > 0. Consider the following quasilinearboundary value problem.

—2Apu(z) + V(z)|u(z) P 2u(z) — ju(z)| " u(z) = 0 reRY (G.)
u(x) — 0, as|z] — oo, :
where
Ayu = div(|VulP~2Vu)
and
l<p<qg+1<p, (3.1)
with v
p .
N , if N >3;
p=9 N—-p
oo, if N=1,2.
Additionally, we will assume that
V € C(RY) is non-negative and (C)
lim V(z) = oo. (L)

|z| =00

Let’s assume that u € C$°(RY) verifies (G.). Then, multiplying in (G.) by u and
integrating we get

— | EAu(x)]u(z)dx +/ x) [P~ 2u(x)dr — /RN lu(z)|9  u(z)?dr = 0.

RN

Integration by parts in the first integral yields

L EIVu@ 2 (Tu(@) Vule)do+ [ V@)l 2ue) = [ u@) (@) = o,

RN

and consequently
2 P Py — g+l 7.
/RN e*|Vu(zx)[Pdx + /RN V(z)|u(x)|Pdx /RN lu(z)|T dz = 0. (3.2)
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Remark 3.1.1. Equation (3.2) corresponds to the variational formulation for (G.).

From the previous, let’s observe that the standard functional associated to (G.), written

I.: X >R,
is given by
L = [ S V@l + 2V @ho)p - ——ju() ] de (3.3
) BN | p p q+1 ’ '
where
X = {ueWyPRY) ) VPu e LP(RY)}. (3.4)

Remark 3.1.2. Notice that thanks to (3.4), (3.3) makes sense and is well defined since by
Corollary 2.1.43 we have that

WoP(RY) C LYRY), Va € [p,p'],

so that, by condition 3.1,
WhP(RY) C L (RY).

Remark 3.1.3. If we had V € C(RY) NL®(RY), then it would suffice
X = WP (RY)

In what follows, we want to derive a problem equivalent to (G.) by introducing a
scaling that will allow us to remove the &* factor in (G.). Let ¢ > 0 and let’s assume that
v € C?(RY) verifies (G.). We shall use the scaling

v(z) =u(e’r), 2 eRYN BeR. (3.5)
Hence, by (3.5) it follows that

Vo(r) = 'Vu(e’r),
Vo(@)P~? = P2 |Vu(e’n) P2,
\Vo(z)P2Vo(z) = 0V |Vu(?z) P2 Vu(e )

which implies

Ayp(r) = div(|Vo(2)]P*Vo(z))
P Ve div (|Vu(e’) P2 Vu(e )
= PAu( ). (3.6)

Together (3.5) and (3.6), provide

—ePP A u(ePz) + V(@) [u(eP ) P 2u(en) — Ju(ePa) |t ule’r) =0, e RV,
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Then, by choosing,

we get

where

6 = T

p

y = e’z
ey, (3.7)
— Apu(y) + Vo) lu(y) P 2uly) — lu(y)|"'u(y) =0,  yeRY, (3.8)
Vi(z) = V(e ¥P). (3.9)

As a result of (3.5) and (3.6), we have that the problem (G.) is equivalent to

—Apu(@) + Ve (@) u(@)["~?u(z) — fu()|" u(z) = 0, = €RY, (E.)
u(z) — 0, as |z| — +o0. )
Now, we present the following proposition.
Proposition 3.1.4. The functional |-, : C3?(RY) — R given by
1/p
Jull. = ([, IVu(e)P + V(o) @)l o) (3.10)

1S @ norm.

Proof. Let u,v € C(RY), generic. It is clear by (3.10) that (N1) and (N3) hold. Let’s
prove that the triangle inequality holds, i.e.,

By the triangle inequality in Theorem 2.1.34 and Minkowski’s inequality for finite sums

we have that

1/p
w4+ v, ( |Vu(z) + Vo(z) [P + Voju(z) —|—v(:c)\pd:c>
1/p
= ( |\Vu(z) + Vu(z \pd:c—i—/ Vi|u(z) +v(z )|pd:c>
1/p
N ( LP(RN))
1/p 1/p
< (||Vu|rm o LP(RN)) + (1901 e )
1/p 1/p
= ([, Ivut)pr + Vs(:v>|u(x)\p) + ([ Ivo@pr+ %(sc>|v<:c>|p)
= [lull. + vl -
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Since u, v were chosen arbitrarily, we have proved (3.11).
Finally, let’s prove that (N2) holds for (3.10). If u = 0 then clearly |u||, = 0. Con-

versely, let’s assume that ||u||. = 0. Thus, it follows that

/ |Vu(x)|pdx+/ Volu()|Pde = 0,
RN RN

and consequently
p — p
0< /RN |\Vu(z)[Pdx = /RN Ve(x)|u(z)|Pde.

V2l

The last inequality implies that ‘ = 0. Hence, it must be the case that either

»(RY)
u(z) =0 v Vo(z) =0, a.e. x € RV,
This, together with (C)-(L), provides that u = 0. This concludes the proof. O
Remark 3.1.5. By Theorem 2.1.6 the space W, that results of completing C3°(RY) in the
norm |||, is a Banach space.
The following theorem will be useful to achieve our results.
Theorem 3.1.6. Assume that V. € C(RY) is non-negative and such that V.(xz) — +o00 as

|z| — 4o00. Let W, be the Banach space that results of completing CZ°(RY) whenever is
equipped with the norm given by

lall. = ([, IVu(@)l + V.@lu@)) "

Then, the embedding
W. C LYRY),

N
is compact for all q € [p,p*[, where p* = ]\?; For ¢ = p* the embedding is continuous.

Remark 3.1.7. Forp = 2 the previous result has been used in [12] and [27]. Theorem 3.1.6
is obtained by an application of the theorems on criteria for strong compactness presented
in [3]. It is obtained by compensating the non-boundedness of the domain with the property
of the potential exploding at infinity.

Let’s consider the manifold

M, = {u eW./ [ lut)Hdz = 1} , (3.12)
R
and the functional J, : M. C W, — R, given by
1
J.(u) = = ull?
(u) p|| 12
1
- = YVau(z)|P + V. Pl dz. 3.13
p/RN [[Vu(@)? + Ve(z)|u(z)["] do (3.13)
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Now, we have the following result

Proposition 3.1.8. The functional J. is of class C*. Moreover, for all u,w € M,

(Jiw.w) = [ V()P Vu(a) - Va@) + Vi(@lu(@)ulz@) de (314

Proof. 1. Let’s first compute the directional derivative of J. at u € M., in the direction

h e M..

1
J(u + th) = p/N Vu+ tVAP + Vo(z)|u + thi? dz,
R
d 2 | 42 2 (r=2)/2 2
—Jg(u—kth):/ (IVul? + 2|Vh[? + 2Vu - V) (H1VA[? + Vu - Vh)
dt RN
+ Ve(@) ([uf* + 2|0 + 2tuh>(p_2)/2 (t[h]* + uh) da,

= VulP=2Vu - Vh + Vo(2)|ulP"2uh dz.
dt RN

t=0
Arbitrariness of u, h implies that the Gateaux differential of J. exists at every u € M..
We will denote it by Jg (u).
2. Let u € M_, generic and fixed. Let’s define g : M. — R as
g(h) = Je(u+h) = Je(u) — (Jg o (u), h). (3.15)
Let’s also define L, : R — R by L, := 2* with a € R. A first order Taylor expansion
of L, around some z € R provides
Lo(z+¢€) = Lo(2) + L (2)e + gale)
=2+ az e+ gale), (3.16)

where g,(€) — 0 as € = 0, i.e. g,(€) = o(€). Let h € M., generic. If we denote

I
<4
e

€1 = |Vh|* +2Vu-Vh (3.17)
2 = |uf?, €2 = |h|* + 2uh (3.18)

21

then it follows from (3.16) - (3.18) that

1 1
J(u+h) = f/ |Vu+Vh|pdx+f/ Va(2)|u + hfP dz
p JRN p JRN
1 1
= p/RN Lp/2(21+€1)dx+p/RN Lp/2(2’2+62) dz

1
= [ VUl SV VAP £ pIVul - Vhot gyafer) de

1
+ ; /RN Ve(z) (|UIP + g!u\pfz‘hp + plufP~2uh + gp/2(€2)> dr. (3.19)
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Therefore, from (3.15), (3.19) and the the Gateaux differential of J. we have that
1 ~2) 9 |2 —2p12 L
g(h) =5 [ IVl VRE 4 V@l 2P de + - [ gla,e)dz, (3.20)
2 JRN p JRN

where g(e1, €2) = gpj2(€1) + Vegp/a(e2). Clearly, g(h) = o(h) and therefore the func-
tional J. is Fréchet differentiable. Thus, we will denote it by J_.
3. Let’s prove that J! is continuous. Let uy € M., generic and fixed. For any u,v € M.

we have to consider two cases:

(a) If 1 <p <2, by (2.12) and (2.31) we have that

(T (o) — JL(u), v)| = [(JL(uo), v) = (JL(w), v)|
< / ]|Vu0v’*2w0 — [Vul?2Vu| |Volda

—|—/ |u0]p up — |ul?~ Zu‘ lv| dz

(by (2.12)) < 22°P (/ |Vug — Vul|P~ Vo dr

+/ x)|ug — ulP” 1|v\dm)

p(p—1) P
(m%2$D§22pKANWWU—VMWlNM> 90y

P(P*ID %
+ (/RN Ve(x)|ug — u| @D d:c> v Lo®Y)

V(g = w7 o ) 0l

(by (3.10)) < 227 (HVUO

(uo —

<27 ug — ull” HUHE-
(b) Moreover, if p > 2, then (2.31) and Theorem 2.1.31 with p” such that
1 1 1
-4 =1,

where clearly

yields
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(T (o) — JL(w), )| = [(JL(uo), v) — (JL(w), v)|
/ (Vg [P~2Vug Vo + V() ug [P 2uv do — / |VulP2VuVo + V.(2)|u[f*uv dx‘
RN RN

— ’/RN Vo[> Vue Vo + V()| uolP*ugv do — /RN Vo P2V uVo + Vi () o[~ >uv da
+ /RN Vo [P2VuVo + V() Juo [P~ uv da — /RN |VulP~2VuVo + V(z)|ulP*uv da:’
— ’/N |VUO|P—2(VUO — VU)V’U + ‘/E(x)|u0|p—2<u0 . U/)’Udﬁj'
R

+ /RN (IVuo|p—2 - |Vu|p—2) VuVu + V() <|u0|p—2 _ |u|p_2> wo di

g/ |woyp*2|vu0—vuuvv|dx+/ Vo (@) |uol? 2o — ul|v] da

RN RN

+c/ |Vu0—Vu|p*2]Vu|]Vv|da:+C’/ V() o — ulP~2[ulfv] do
RN RN

(by (2.1.31))
< H(VU())p_2

1" o2
VP g

Vo =Vl [ Vol], +

V(o = w] V7,

p//

+C|[(Vuo = a2 [Vull,|Voll, + C| VP (g — w2

(by (3.10

) >> N vo-2\ 57
< (L wnl™=) T (L V@l ) T el ol
RN RN

vl v,

pll p/l

p—2 p—2
p(r—2)\ p p(P=2)\ p
+ O ([ V0= vul5) 7 ([ V@)l — ul ¥ ]nungnvna
RN RN
_ p—2
= (vl V2 ru ) o =l o]l
_ —2
+C (IVuo = Fully™ + V2o = )| )l el
(by (3.10)) 2 2
< (ol fluo = ull. + C [lul. luo — ull??) |Joll,

Therefore, by parts (a) and (b), by the arbitrariness of v € M. we know that

Jiuo) = JL(w)]|,, =0 as  fuo—ull. = 0.

Since u € M, was also generic, it follows that the functional in (3.14) is continuous.
O

Let’s show that the critical points of J. provide weak solutions for (£.) and, by (3.5)
and (3.6), also for (G.). The formula of the corresponding Lagrangian functional is given
by

La@) = L)+ A ([ @)™z ~ 1)
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where A € R is the Lagrange multiplier. Let’s recall that
L)\ (v) =0,

J.(v)=0 <=
(v) /N lv(x)|" dr = 1.
R

Let’s observe that for v, w € M.,

Lww = [ V@ 2Vo(@)Vu(e) + Va(@)lo(@)P2o@)w()] do

“Mg+1) / (@) o(@)w()de. (3.21)
R
Now if L (v) = 0, then we get, by choosing w = v in (3.21),
—Ag+1) = pe,
where
c=J.(v)

is the corresponding critical value. From this it follows that v is a weak solution of
Apv(a) + Ve(@)o(x) P~2o(@) = pefu(@)* o(2) = 0.

Therefore, the function u defined by
U =7U,
with
V| = (pe)t/ e,

is a weak solution of (E.).

3.2 Main results

Now we state the main result of this work.

Theorem 3.2.1. Let p > 1 and assume

V € C(RY) is non-negative and (C)
|l‘im V(z) = oc. (L)

Then, the problem (G.) possesses at least one nontrivial solution.

For the proof of Theorem 3.2.1, we will need the following result that can be found on
[22].

Theorem 3.2.2 (Mawhin & Willem). Let X be a real Banach space and I € C'(X)
satisfies the (P.S.)-condition. If I is bounded from below, then

c=1inf 1
X

is a critical value of I.
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Proceeding as in [10], since in Proposition 3.1.8 we already proved that J. is of class
C! on M., in order to prove Theorem 3.2.1 using Theorem 3.2.2 it will suffice to show
that the conditions of boundedness from below and the (P.S.) condition hold for J.. From
(3.13) it immediately follows that

Remark 3.2.3. The functional J. : M. — R, defined by J.(u) = % |ul|? is bounded from

below, i.e., J.(u) = oo as ||ul|, — oco.

As in the proof from Proposition 3.1.8, we will consider the following cases: p > 2 and
1<p<?2

Lemma 3.2.4. The functional J. from (3.13) satisfies the (P.S.) condition for p > 2.

Proof. Let (u,)nen € M. a sequence such that

(Je(un)) ey is bounded, and (3.22)

J(u,) =0 as n— oo. (3.23)

We have to prove that (u,),eny has a converging subsequence. By Remark 3.2.3, there
exists some k; € R and, by (3.22), some ko €] max{0, |k;|}, +o00[ such that

VneN: k1 < J-(uy) < k. (3.24)
By Theorem 3.1.6 and (3.24) we get
3C,,Cy >0,YneN: [unllr@ry < Crlluall, < Ca. (3.25)
Therefore, up to a subsequence, by (3.25) it follows that
Uy — Ug, weakly in M., i.e.,
Ve ML: (n,up —ug) — 0, asn — oo. (3.26)
In the view of weak convergence, we have that
(J(up) — JL(ug), up —ug) =0 as n— 0. (3.27)
Moreover, by (3.14) we know that
(J2(un) = Ji(uo), un — o) = (JZ(un), un — o) — (JL(uo), un — uo)
= [ IVl 2V, - (T, = V) + Va() " 21 (0 — 0) d
— /RN |Vug|P*Vug - (Vu, — Vug) + Ve(z) [uo P 2ug(uy, — up) dz
= /RN<|Vun|p’2Vun — | Vuo|[P~2Vug, Vu, — Vug)dx

[ Ve — ol o, i — o), (3.28)
R
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where in (3.28) the symbol (-, -) denotes the euclidean inner product on RY. Let us recall

from [19] the following identity. Let a,b € R generic. Then we have that

_ 2+ o

(16172 — lal"=)([b]* — |al*)

(|b|P~%b — |a|P~%a,b — a) 5 b—al® + 5 (3.29)
Since p > 2, from (3.29) we have that
{6]P~2b — |aP~%a, b — a) > 2*7P|b — al’. (3.30)
By (3.28) and (3.30) we obtain
(T () — T (1g), ttn — ) > 2277 /RN [V, — Vauo|? + V() |ty — uol? da
= 2°7P|ju,, — uo||” . (3.31)
Together with (3.27) and (3.31) we have
| — uol|? < 2P72(J(uy) — JL(up), un — ug) — 0 as n — oo,
which implies that
Uy — Uy, in M,.
Therefore, J. satisfies the (P.S.)-condition. O

Considering the second case we present the following analogous result.

Lemma 3.2.5. The functional J. from (3.13) satisfies the (P.S.) condition for 1 < p < 2.

Proof. We proceed exactly the same as in Lemma 3.2.4 in steps (3.22)-(3.28). Since 1 <
p < 2, the identity (3.29) provides

(P2 — |aP2a,b — a) > (p— 1)1+ |b> + [a*) "= b — a]*. (3.32)
From (3.28) and (3.32) it follows that

(S (un) = (1), tn — o)

>(p—1) /RN |V, — Vug|? (1 + |V, |* + ]Vu0|2)T dx

p=2
+(p—1) /RN Ve(@) = tof* (1 + un | + [ugl?) ™ da (3.33)
Since 1 < p < 2, we now define
P , D 1 1
q ‘= 5 and q, = m so that a + ? = 1. (334)
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Notice that since 0 < g < 1, we can apply the variant of Holder’s inequality (Theorem
2.1.33) for ¢ and ¢ as in (3.34) for (3.33). Then by the parallelogram identity we have that

p—2

(p—1) /RN IV, — Vug|? (1 + | Vu,|* + ]Vu0|2) * dx

p=2
+(p—1)/ Vo)t — wol? (1 + Junf? + Juol?) * da.
RN

; =20\ %
200 ([ 9o =Tl )" ([ (190 7))
RN RN

2 2 (r—2)p I
+(p—1) (/RNVE(JE)|un—uO|2d:c> (/RN Vo) (14 ual? + o) 7 da:)

p—2

o ([ 9w ([ ot o)

+ =1 ([, Vi@lu, —uo|pdac)i ( [ Vela) (Jnl + o) d:c)

p—2

>P—1 (/ IV, — Vu0|pdx>p (/ IV, — Vol dx) ’
2 RN RN

—1 ; B2
+ —— (/ Ve(x)|un — uol? dx) (/ Ve ()|, — uol? dx)
RN RN

p—2
p

2
p—1 P P
:T/RN |Vu, — Vug|P + V(x)|u, — uol? dz
p—1
=2 L, — (3.35)

Together with (3.27) and (3.35) we have

2
l|wn — wol? < F(Jé(un) — Jl(ug), up —ug) = 0 as n — oo,

which implies that
Uy — Uy, in M,.
Therefore, J. satisfies the (P.S.)-condition. O

By Theorem 3.2.2, Lemmas 3.2.4, 3.2.5, and Remark 3.2.3,

c= %E J-(u)

is a critical value of J., i.e., there exists a critical point u* € M, such that J.(u*) = c.
Thus, we have proved Theorem 3.2.1.
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Chapter 4

Conclusions and recommendations

4.1 Conclusions

We have proved the existence of a non-trivial ground-state solution for the following quasi
linear boundary value problem.

xr eRN

=

—e?Apu(z) + V(@) u(z)P~?u(@) — [u(@)|" u(z) = ()
u(z) — 0, as|z| — oo, y
where
Ayu = div(|VulP~*Vu)
and
l<p<qg+1<p, (4.1)
with N
p .
N —, if N > 3;
p=9 N-p
s, if N=1,2.
Additionally, we assumed that
V € C(RY) is non-negative and (C)
lim V(z) = 4o0. (L)
|z|—o00
By rescaling, (G.) is equivalent to
—Apu() + Ve(@)u(@) P ?u(@) — Ju(z)|*"u(z) =0, = €RY, (E.)
u(x) — 0, as |z| — 4o0. :
Also, we consider the manifold
M. = {u eW./ [ luw)rdr = 1} , (4.2)
R

ol
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and the functional J. : M, C W, — R, given by

1
Je(u) = EHUH?

1 ) Y d
= [ IVu@P + V@@ de. (13)

We summarize the main results as follows:

1. In the preliminaries section, in Proposition 3.1.8 we proved that the functional (3.13)
is of class C'! and that its Fréchet differential is given by (3.14). In order to determine
J., we used the Gateaux differentiability of .J. and a first order Taylor expansion. For
the continuity of J. we had to consider two cases for p: 1 <p <2 and 2 < p. Some
inequalities from [19] and the extension of Holder’s inequality from [3] were applied
for this purpose.

2. The main results section was dedicated exclusively to our main Theorem 3.2.1. The
proof of this theorem required the use of three partial results:

e Theorem 3.2.2 from [22] provided the necessary conditions for the existence of
a critical value for our functional. The completeness of M. was already given
by the fact that ||-||_ is a norm, proved in Proposition 3.1.4, and Theorem 2.1.6.
The properties of the functional J. of being C'* and bounded from bellow readily
followed by Proposition 3.1.8 and Remark 3.2.3, respectively.

e Lemma 3.2.4 shows that J. satisfies the (P.S.) condition when p > 2. Theorem
3.1.6, weak convergence and an inequality from [19] provided the required result.
This proceeding was done based on [10].

e Lemma 3.2.5 shows that J. satisfies the (P.S.) condition when 1 < p < 2. The
proof is analogous to that of Lemma 3.2.4 with the exception that Theorem
2.1.33, the parallelogram identity and another inequality from [19] were also
required.

4.2 Recommendations

1. This work can be the first step in a more in depth study of the solutions for problem
(G.). Additional assumptions over the zero set of the potential could lead to the
study of asymptotic profiles for solutions as in [4], [5] and [27].

2. An additional interesting problem that could benefit from what has been just pre-
sented would be a non-stationary version of problem (G,).

3. In my opinion, the mathematics students from Yachay Tech could improve their
undergraduate research output by the inclusion in the academic plan of specific topics
dedicated to the reading and understanding of mathematics papers and publications.

Mathematician 52 Graduation Project



Bibliography

[1] A. AMBROSETTI, M. BADIALE, AND S. CINGOLANI, Semiclassical states of nonlin-

2]

[9]

[10]

[11]

[12]

ear Schradinger equations, Archive for Rational Mechanics and Analysis, 140 (1997),
pp- 285-300.

A. AMBROSETTI AND A. MALCHIODI, Nonlinear analysis and semilinear elliptic
problems, vol. 104, Cambridge University Press, 2007.

H. BRrEzis, Functional Analysis, Sobolev Spaces and Partial Differential Equations,
Springer Science, 2010.

J. BYEON AND Z.-Q. WANG, Standing waves with a critical frequency for nonlin-
ear Schrédinger equations, Archive for Rational Mechanics and Analysis, 165 (2002),
pp- 295-316.

J. BYEON AND Z.-Q. WANG, Standing waves with a critical frequency for nonlinear

Schridinger equations, i1, Calculus of Variations and Partial Differential Equations,
18 (2003), pp. 207-219.

P. CiarTi, E. GONZALEZ, M. L. DE CRISTOFORIS, AND G. P. LEONARDI, Topics
In Mathematical Analysis, vol. 3, World Scientific, 2008.

R. COLEMAN, Calculus on Normed Vector Spaces, Springer Science + Business Media,
2012.

M. DEL PINO AND P. L. FELMER, Local mountain passes for semilinear elliptic prob-

lems in unbounded domains, Calculus of Variations and Partial Differential Equations,
4 (1996), pp. 121-137.

M. DEL PINO AND P. L. FELMER, Semi-classical states for nonlinear Schridinger
equations, Journal of Functional Analysis, 149 (1997), pp. 245-265.

L. DuaN AND L. HUANG, Infinitely many solutions for sublinear Schréidinger—
Kirchhoff-type equations with general potentials, Results in Mathematics, 66 (2014),
pp. 181-197.

L. C. EvaNs, Partial Differential Equations, American Mathematical Society, Prov-
idence, R.I., 2010.

P. FELMER AND J. MAYORGA-ZAMBRANO, Multiplicity and concentration for the

nonlinear Schrodinger equation with critical frequency, Nonlinear Analysis: Theory,
Methods & Applications, 66 (2007), pp. 151-169.

53



School of Mathematical and Computational Sciences Yachay Tech University

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

22]

23]

[24]

[25]

[26]

[27]

I. M. GELFAND AND S. V. FoMIN, Calculus of Variations, Prentice-Hall, 1963.

C. Gui, FEzxistence of multi-bumb solutions for nonlinear Schréidinger equations via
variational method, Communications in Partial Differential Equations, 21 (1996),
pp. 787-820.

E. KREYSZIG, Introductory Functional Analysis with Applications, John Wiley &
Sons. Inc., 1978.

Y. L1, On a singularly perturbed elliptic equation, Advances in Differential Equations,
2 (1997), pp. 955-980.

E. H. LiEB AND M. Lo0sS, Analysis, American Mathematical Society, 2nd ed., 2001.

P. LINDQVIST, On the equation of eigenvalues for the p-Laplacian, Proceedings of the
American Mathematical Society, (1990), pp. 157-164.

P. LINDQVIST, Notes on the p-Laplace equation, no. 161, University of Jyvaskyla,
2017.

P.-L. Lions, The concentration-compactness principle in the calculus of variations.
the locally compact case, part 2, Annales de I'Institut Henri Poincare (C) Non Linear
Analysis, 1 (1984), pp. 223-283.

I. Ly, The first eigenvalue for the p-laplacian operator, Journal of Inequalities in Pure
and Applied Mathematics, 6 (2005).

J. MAWHIN, Critical point theory and Hamiltonian systems, vol. 74, Springer Science
& Business Media, 2013.

J. MAYORGA-ZAMBRANO, A study guide for basic Calculus of Variations, Yachay
Tech University, 2020.

J. MAYORGA-ZAMBRANO, A course of Functional Analysis, AMARUN, (working
version) ed., 2021.

J. MAYORGA-ZAMBRANO, A. AGUAS-BARRENO, J. CEVALLOS-CHAVEZ, AND
L. MEDINA-ESPINOSA, Concentration of infinitely many solutions of a nonlinear

Schrédinger equation with critical-frequency potential: infinite case (working paper),
(2021).

J. MAYORGA-ZAMBRANO AND CARRASCO-BETANCOURT, Concentration of solu-
tions for a one-dimensional nonlinear Schridinger equation with critical frequency,
Escuela Politécnica Nacional, (2018).

J. MAYORGA-ZAMBRANO, L. MEDINA-ESPINOSA, AND C. MUNOZ-MONCAYO,
Concentration of infinitely many solutions for the finite case of a nonlinear
Schrddinger equation with critical-frequency potential, Mathematical Analysis and Ap-
plications (submitted), (2021).

Mathematician 54 Graduation Project



School of Mathematical and Computational Sciences Yachay Tech University

(28] P. H. RABINOWITZ, Minimax methods in critical point theory with applications to
differential equations, no. 65, American Mathematical Soc., 1986.

[29] K. R. STROMBERG AND E. HEWITT, Real and Abstract Analysis: a modern treatment
of the theory of functions of a real variable, Springer, 1975.

[30] M. STRUWE, Variational Methods: Applications to Nonlinear Partial Differential
Equations and Hamiltonian Systems, vol. 991, Springer, 4th ed., 2000.

[31] M. WILLEM, Minimax Theorems, Progress in Nonlinear Differential Equations and
Their Applications 24, Birkh&user Basel, 1 ed., 1996.

[32] K. X1A0SONG AND J. WEIL, On interacting bumps of semi-classical states of nonlinear
Schradinger equations, Advances in Differential Equations, 5 (2000), pp. 899-928.

Mathematician 55 Graduation Project



	Dedication
	Acknowledgments
	Abstract
	Resumen
	Contents
	Introduction
	Mathematical framework
	Topics of Functional Analysis
	Preliminaries
	Bounded linear operators
	Lebesgue spaces
	Sobolev spaces

	Some topics from Calculus of Variations
	Fundamentals of calculus on normed spaces
	The elementray problem of calculus of variations and the Euler-Lagrange equation

	Variational and non-linear topics for PDE's
	Ground state solutions
	Palais-Smale condition
	Mountain Pass Theorem

	p-Laplacian operator
	Definition
	Eigenvalue problem


	Results
	Preliminaries
	Main results

	Conclusions and recommendations
	Conclusions
	Recommendations

	Bibliography

		2021-05-19T12:37:44-0500
	JUAN SEBASTIAN BURBANO GALLEGOS


		2021-05-19T12:38:05-0500
	JUAN SEBASTIAN BURBANO GALLEGOS




