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Abstract
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The aim of this master’s thesis is to obtain an alternative and original proof of a Liouville
type result for fractional Schrodinger operators, £ = (—A)% — V, in 1D without using a
local extension problem, in the spirit of the recent work of Hamel et al. in [20]. Thanks
to this new proof we can extend the Liouville theorem to other nonlocal operators that
do not have a local extension problem, being the first time that a result of this kind is
proven.

First, we introduce Schrodinger operators, the fractional Laplacian and its local extension
problem. Then, we present a recent work about a nonlocal and nonlinear problem, where
the prior study of fractional Schrodinger operators is needed. We also present the most
important motivation for the study of Liouville type results: the conjecture of De Giorgi,
and we review some Liouville type results both with local and nonlocal operators. Finally,
we give the proof of the main theorems of the thesis.
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Chapter 1
Introduction

This work is devoted to the study of bounded solutions to the linear problem
Lu—-V(x)u=0, inR",

where the equation is driven by a nonlocal, integral operator of the form

Lu(e) = [ (ule) = u(y) Kl ) dy (10.)

with K a measurable and nonnegative kernel such that K(—z) = K(z) for a.e.
z e R™

In particular we focus in the study of uniqueness (up to a multiplicative constant)
of positive bounded solutions of this kind of equations, what is called a Liouville
type result. As we shall see in chapters [3] and [4] these results are very useful when
dealing with nonlinear problems.

This kind of results have their origin in Liouville’s Theorem for harmonic functions,
which has been generalized to a bigger class of equations replacing the Laplacian
by classical or fractional Schrodinger operators, £ = (—A)® — V. In the same way
as in the classical case the Laplacian is the main operator in the equation, in the
fractional case this role belongs to the fractional Laplacian, which is the most basic
elliptic integro-differential operator of order 2s. It can be written as

(—=A)’u=¢,s PV. / u(e) — uly) d

ge |T — y[n s

Nowadays, most of the nonlocal Liouville type results are proven just by using an
extension problem and applying local properties. This type of arguments present an
important limitation: most of the nonlocal operators do not have a local extension
or its existence is a priori unclear. Recently, Hamel et al. have presented in [20]
a result where they try to prove a Liouville type result (motivated by a conjecture
of De Giorgi) for the fractional Laplacian in dimension 2 without using any local
extension. Nevertheless, they do not get the desired result. They are only able to
prove it with a different kind of nonlocal operator whose kernel has compact support.
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2 1. INTRODUCTION

The aim of this thesis is to apply the ideas of Hamel et al. together with other tools
in order to prove a Liouville type result for the fractional Laplacian in the simplest
case of dimension 1 without using local extension problems. The great advantage of
this kind of proof is that we can extend the result to other nonlocal operators that
are related to the fractional Laplacian. This methodology has also the potential to
be extended to higher dimensions.

1.1. Main results

Now, we are going to present and comment the main results of the thesis.

Theorem 1.1.1. Let s € [1/2,1), and o > 2s. Let w,w be two solutions of the
equation,

(—AYu—V(z)u=0 inR,
with w,w € L*(R)NC*R) (i.e. the L>-norm and the C*-seminorm are bounded
in all R) and w > 0.

Assume that there exist two positive constants m,b € R such that
V<-b<0 in R\ [-m,m].

Then

ctt.

g | &
Il

Note that this is not an original result of the thesis. It is a particular case of
a result from Cabré and Sire in [10], that corresponds to Corollary in this
thesis. Nevertheless, the way in which we prove it, without using the local extension
problem, is new.

Remark 1.1.2. (1) If we compare this theorem with Corollary we note that
the price we have to pay for not using the extension is adding some hypothesis in
the potential function V. However, these hypothesis seem reasonable, at least
in the kind of problems we have in mind. These are water waves problems,
where the potential function is V(x) = —1 + puP~!, with u tending to 0 at
infinity.

(2) We can see that we have not gotten the result for all possible values of the
fractional power s. Nevertheless, we have the same rank of applicability that
in Corollary [5.4.3] where we use the local extension to prove the result.

(3) Note that in order to apply the theorem we need certain Holder regularity
conditions for the solutions. We think that this is an unnecessary hypothesis
that can be obtained from the L* condition by making some regularity study,
but it has not been possible in this thesis.

Theorem 1.1.3. Let « > 28,4, and L be an integral operator of the form (1.0.1)),
with kernel K satisfying either

(F1) K(z) < CKy(2),  with s €[1/2,1), and C € R,
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or

(F2) K(z) = Zci K, (z), with s;€[1/2,1), and ¢; € RT,

i=1

where K4(z) is the kernel of the fractional Laplacian of order 2s, and Spap = S for
the case (F'1) and Spq, = max; s; for the case (F2).

Let w,w be two solutions of the equation
Lu—V(z)u=0 inR,

with w,w € L>*(R)NC*R) (i.e. the L>-norm and the C*-seminorm are bounded
in all R) and w > 0.

Assume that there exist two positive constants m,b € R such that
V<-=b<0 inR\[-m,m].

Then

ctt.

gl
Il

Note that Theorem [1.1.3] unlike Theorem [1.1.1] is a new and original result of
the thesis. Apart from the work of Hamel et al. (see [20]), all the known nonlocal
Liouville type results are proven just by using an extension problem. Therefore, since
there is no extension problem for the nonlocal operators that appear in Theorem
1.1.3| a new methodology is needed to deal with them.

Due to the fact that the tools developed to prove Theorem are quite general in
terms of the nonlocal operator that drives the equation, the proofs of both Theorem
[I.1.1| and |1.1.3| are essentially the same.

1.2. Outline of the thesis

The work is organized as follows:

e In chapter [2| we introduce nonlocal and integro-differential operators together
with some examples and applications of them in science. Then we present
the fractional Laplacian, one of the most important nonlocal operators, and
fractional Schrodinger operators, which will play a principal role in this thesis.
Finally, we have an interesting result about the fractional Laplacian, an exten-
sion problem that allows a better comprehension of this kind of operator, and
is very useful when studying equations where it appears.

e Chapter |3| contains a recent result where the study of Schrodinger operators
is crucial for obtaining interesting properties about nonlocal and nonlinear
equations. In this case, we present the main ideas Frank and Lenzmann use
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in [17] to prove the uniqueness and nondegeneracy of ground states for the
equation
(=A)Yu+u—u* =0 inR.

e In chapter 4] we introduce the conjecture of De Giorgi, which is the main mo-
tivation for the study of Liouville type results. We also present some of the
most interesting ideas of the proof in dimension 3 and a list of results of some
of the so-called fractional versions of the conjecture.

e Chapter |5| contains some of the most important Liouville type results. First
we present the Classical Liouville theorem for harmonic functions, and we con-
tinue with a more general version, Theorem [5.2.2] where the Laplacian has
been replaced by a Schrédinger operator with potential V(z). Then we show
the fractional version of this result. Although these results involve nonlocal
operators, they are proven by using local arguments through the extension
problem. Finally we present a recent Liouville type result involving nonlocal
operators, a kind of integral operators with truncated kernels, that is proven
without the extension problem.

e In chapter [6] we give the proof of Theorems [I.1.1] and [I.1.3] Although the
statement of Theorem [I.1.1] was already known, we present here a different
proof without using the extension problem of the fractional Laplacian. Thanks
to this new proof we can extend Theorem to other nonlocal operators
that do not have a local extension problem, Theorem [1.1.3] This last result is
a new and original result of the thesis.

1.3. Notation

Finally we want to present some remarks about the notation that we will use
throughout the document.

Remark 1.3.1. Regarding half-spaces and half-balls, we use the notation
R? = {(z,y) eR": 2 € R" ',y > 0},
Bj ={(x,y) €RY : |(z,y)| < R},
I'% = {(z,0) € R : |z| < R},
Tg =A{(z,y) eRY : |(z,y)| = R}
It is easy to see that B}, = '% U T}

Remark 1.3.2. When $ is not an integer, we will denote by C” the Holder space

of order 3. That is
CB = Cl81.5-18).

with || the integer part of a real number.
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Remark 1.3.3. As usual, in the thesis the letter C' stands for some constant which
may change its value at different occurrences. Besides, a constant with subscripts
usually means that its value only depends on the parameters appearing in the sub-
scripts, but it also may change at different occurrences.






Chapter 2

Integro-differential operators. The frac-
tional Laplacian

In this chapter we first introduce integro-differential operators together with some
examples of application of them in science. Then, we present one of the most impor-
tant nonlocal operator, the fractional Laplacian, as well as Schrodinger operators.
They play a main role in this thesis. Finally we show an extension problem for the
fractional Laplacian. This is a very interesting result that allows a better compre-
hension of this kind of operator, and is very useful when studying equations where
it appears.

2.1. Integro-differential and Schrodinger operators

Partial differential equations are relations between an unknown function and its
derivatives, and they have been used for the last centuries to model a great variety
of problems. Nevertheless there are a lot of applications in which other interesting
operators appear, most of them nonlocal operators. Integral operators and multiplier
operators are two important families of operators that usually appear in models
from different scientific disciplines. For example, the fractional Laplacian appears
in mathematical finance, optimal search theory for marine predators (see [5] and
[21]), or in fluid dynamics problems.

Definition 2.1.1 (Local and nonlocal operators). A local operator is an operator
whose value applied on a function u and evaluated at a point xy only depends on
the value of the function u in a small neighborhood of the point zy. A nonlocal
operator is an operator which is not local.

Differential operators, which only involve a finite number of derivatives of the func-
tion, are the clearest example of local operators. The reason for this is that the
derivatives of a function at a point only depend on the values of the function in a
small neighborhood of the point, and it is possible for example to find the solution
of a differential equation only in a neighborhood of a point of interest.

Nonlocal operators appear in modeling because of the necessity of studying natural
phenomena which depend strongly on a long range iteration. That is, phenomena

7
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where it is not enough to know what happens in the neighborhood of a point, it is
needed to know what happens in all the domain.

Definition 2.1.2 (Multiplier operator). A multiplier operator L, is a linear operator
that acts on a function multiplying its Fourier transform by a specified function m
called multiplier or symbol. That is,

Lu(x) = F~ (m(§) - F(u)(¢)) -

This is a very important family of operators which includes some of the most used
ones in both mathematics and physics. As we can see in the following examples,
local and nonlocal operators are included in this family.

Example 2.1.3. Here we have a compilation of some of the most representative
multiplier operators.

(1) Translation operator:
Liu(z) = u(z — a) = F(Liu)(§) = ' -F(u)(€) = mi(§) = .
(2) Partial derivative operator:

Lyu(x) = %(m) = F(Lyu)(€) = i€, - F(u)(€) = mal€) = it

(3) Convolution operator:

Lyu(z) = K(x) x u(z) = F(Lsu)(€) = F(K)(§) - F(u)(§) = ms(§) = F(K)(E).

Multiplier operators are very important in fluid dynamics, specially in the study
of water waves, where the dispersion relation becomes the symbol of the operator
that drives the dynamics of the problem (see [1] and [7]). The dispersion relation is
the quotient between the velocity of propagation of waves at different wavelengths
divided by the wavelength.

One interesting real example of these operators is the Intermediate Long-wave model
(see [2] and [22]). It is used to study the interface between two fluids of different
positive densities contained at rest in a long channel with a horizontal top and
bottom. In this case, the dispersion relation is £ coth(§). Therefore, the equation
of the model is driven by a multiplier operator with this symbol. We note that
this model generalizes the Korteweg-de Vries (KdV) model for shallow-water, with
dispersion relation [£|? and the Benjamin-Ono (BO) model for deep-water, with
dispersion relation [£].

In this thesis we focus in the study of equations involving operators of the type
. It is clear that this kind of operators are nonlocal because evaluating the
operator at a point, the result is a pondered mean of the differences with all the
points in the domain. These operators belong to a bigger family of operators called
integro-differential operators.
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Definition 2.1.4 (Integro-differential operator). We say that the operator L is
integro-differential if it is of the form

Lu(w) = [ (ula+9) ~ ula) =y Vuls) xa, (1) K o)

This operators are the generators of Lévy processes where we have removed the local
parts. Lévy processes can be seen as the generalization of Brownian motion where
arbitrarily long jumps are allowed.

Note that in the case of K (x,y) being translation invariant (only depending on the
variable y) and symmetric (K(z,y) = K(x,—y)), we recover the operators of type
(T.01).

We can see that the operators of type (1.0.1)) are multiplier operators.

Proposition 2.1.5 (Di Nezza, Palatucci, Valdinoci in [16]). Let L be an operator
of the form (1.0.1)). Then it is a multiplier operator, and its symbol can be computed
from the kernel as

m©=2 [ (1= cosly- )K(y) dy

PRrOOF. First we see that we can write the operator in an equivalent way. That is,

Lu(e) = [ (ule) = (o) Ka ~ ) dy = [ (ule) ~ula+ ) K(z)dz =
-1
=5 (u(x — 2) = 2u(x) + u(x + 2)) K(z) dz,
R"
where we only have to make a change of variables and use that the kernel is even.

Now we can obtain its symbol computing the Fourier transform:

F(Lu)(§) = F ( / n _71 (u(z + 2) — 2u(z) + u(z — 2)) K(2) dz) () =
_ ‘71 | F(ula —2) = 2u(@) + ule +2)) (OK () d= =
— 5 [ e K ) d -
— 5 [ e oK) & (Fu)e) -

_ / (1= cos(z - ))K(2) d (Fu)(©)

O

Schrodinger operators are other of the fundamental families of operators we are
going to deal with along this thesis.
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Definition 2.1.6 (Schrodinger operator). We say that £ is a Schrodinger operator
if it is of the form
Lu(r) = (=A)u(z) = V() u(z),

for any function V' (x), which is called the potential of the operator.

These operators receive this name due to the fact that they are the time independent
part of the Schrodinger equation

0
1 —1 = L.
5% =LY
This equation describes the movement of a quantum mechanical particle under the

effect of a magnetic field
F(z) =VV(x).

Note that these operators are local ones, although we can generalize them by re-
placing the Laplacian by any other operator of the kind we have previously seen in
this chapter.

2.2. The fractional Laplacian

One of the most important nonlocal operators is the fractional Laplacian, because
it is the most basic linear integro-differential operator of order 2s.

The Laplacian is a multiplier operator whose symbol can be computed easily as
follows

—Au = Z —8jju
j=1
F(O;u) = i&;Fu

Hence, the fractional Laplacian, (—A)%u can be naturally obtained from the stan-
dard Laplacian via Fourier transform

(=A)*u:=F (¢ F(uw), se€(0,1). (2.2.1)
We say that this definition of the fractional Laplace operator comes natural because
it carries the property that applying two fractional Laplacians to a function is equiv-

alent to applying one fractional Laplacian whose index is the sum of them. That
is,

n

= F(=Au) = 3 F(=05u) = 3~ (&) F(u) = [¢[*F(u).

i=1

(—A)*(—A)Pu = (—A)* P, (2.2.2)

Proposition 2.2.1 (Di Nezza, Palatucci, Valdinoci in [16]). The fractional Lapla-
cian defined in (2.2.1)) is a nonlocal operator that can be written as

u(r) —u

(—A)u = c,, PV. / Lg) dy, (2.2.3)
R™ ‘l’ _ y‘n s

where P.V. means that the integral is made in the principal value sense, and c, s s

a positive constant that depends on n and s and is going to be computed later.
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Sometimes expression ([2.2.3)) is taken as the definition of the fractional Laplacian
due to the equivalence between it and the definition (2.2.1]). Next, we prove this.

PROOF. Let us call £(u) the right-hand side of expression (2.2.3)). Then we have to
prove that L(u) = (—A)*u.

We are going to apply Proposition with

Cn,s
IC(y) - ‘y|n+25'

Therefore, the symbol of £ can be computed as

1 —cos(y - §)
|y’n+23

m(©) = [ (1= cosy- )KL dy = cu by

n

To obtain a simpler expression of the symbol, first we show that m(§) is rotationally
invariant (i.e. m(R(§)) = m(§) for all rotation R). That is,

1 - R 1 — cos(R™ () -
m(R(€)) = cus / n cloys’(ny+ RO 4y, / n Co‘sy(’nJr?E‘y) &) gy —
1= cos(j-&)
= Cns / T . dy = m(§), (2.2.4)

where we have made the change of variables § by R (y) and taken into account that
the norm of a vector is invariant under all rotations.

Therefore, applying expression (2.2.4)) to the rotation R(§) = ||e;, with e; the
first direction vector, we obtain:

1 — cos(|€|y1) Cn.s 1 — cos(xy)
= = n.s _— d == . d
m(§) = m(|€ler) = ¢y, /n [yt Yy BE /Rn ERE

1 — cos(xy) .
— o (/n W da:) €17 = cnsCn s l€I*.

We need to prove that &, s is finite in order to have m(§) well defined. Indeed,
/ 1 — cos(z1) il < / |1 — cos(xq)] dp =
Rn ’x|n+23 " |x’n+2$
:/ 11— cos§x1)| +/ 11— cos§x1)| <
R" /B, ||t B. |z [n+2s
< / 2_ . / =P
- R" /B, x|n+28 B. x|’l’b+28 -

2 1
>~ \/IR;n/Be x|n+23 \/;5 .’L’|n+28_2

[Cns| =
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And these two integrals are convergent because s € (0,1). In the bounding of the
central integral we have used that

1-— t 1 1— t

limﬂ:—:36>08u0hthatﬂ<1Vt<e.
t—0 t2 2 12

If we define

. / 1 — cos(z1) p - (2.2.5)
Cpns = Cp g = T 5. ar y L.
’ ’ no x|t

we finally have that

F(L(u)) =m(§)F(u) = |§F(u) = F(=A)u = Lu = (=A)"u.

We can see from the previous result that the fractional Laplacian corresponds to
a translation invariant integro-differential operator for which K (y) is radially sym-
metric and homogeneous.

So far, we have defined the fractional Laplacian but we have not worried about in
which functions it can applied. Although in this thesis we are not working with
regularity results, we present now a proposition that ensures the well-definition of
the fractional Laplacian for a set of functions that are going to be of interest along
the document.

Proposition 2.2.2. Let u € L>®(R) N C.(R), with a > 2s, then the fractional
Laplacian (—A)* u is well-defined pointwise.

PROOF. In order to prove the result we are going to distinguish two cases, if o €
(0,1] or v € [1,2). If we are in the first case we have a condition about the function
u, while in the second one we have a condition about the derivative u’. We begin
with the first one, which is quite simpler.

Let us divide the integral in two parts, because at the origin we use that the function
is Holder, while at infinity we use that it is bounded. That is, given any § we have

(_A)SUZ/RU(I)_U(ZE_{'?J)CZ?J:

Pl
_5 1
uw(z) —u(z +y) u(z —u:JH—y)
= /Oo [y |12 dy+/ y[1+2 dy +

w(z) —u(x +y)
+/5 125 dy.
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Now we bound each of the queue integrals using that u € L*(R). That is,

z) —u(z +y) 0 Ju(x) — u(z +y)| 1
‘/ [y[1+2s dy| < /_ y |2 dy < C y‘1+2sdy =

- oo |
and analogous for the other queue integral.

OO 1 —2s
20/6 y1+2sdy:05 ’

In order to bound the central integral we are going to use the Holder condition
u(z) —u(z +y)| < Clyl*
Then we have

z) —u(z +y) ‘ /‘5 u(z) — u(z +y)| /5 ly[
dy| < dy < C dy =
‘/ |y[*+2 ly[*+2 syl

=

L |
:c/ e —— dy=C§"%,
0

where it is crucial the fact that a > 2s.

Therefore, if we put together the three parts, we have
(=AY u(z)] < O (6% +6*7%) < 0.

Now we are going to prove the second case in a similar way. For the part of the
queue integrals we have to do exactly the same. The differences are when we have
to apply the Holder condition because, when o > 1 we have that v € C'(R) and
u' € C*"}(R). Hence we are going to write the central integral in an equivalent way

/‘S u(@) —ulw +y) }/5 (u(@) —u(z — y)) + (u(@) — u(z +y))
P 2/ [y|'+2
Since u € C'(R) we can apply Taylor’s theorem of order one. It says that
u(@ +y) =u(@) +u'(€(y))y, with £(y) € (z,z+y).
On the other hand, as v € C*"!(R) we have the condition
W' (€(~y) —u'(€(y))] < Cle(=y) =& < Oyl

If we introduce these two expressions in the integral we get

v)—uaty) || [0 () ~u(e ) + (u(x) —u(z +y))
‘/ |y|1+23 dy - ‘2/6 |y|1+28 ‘S
L (E=y)y — v (Ew) y) 5yl
= 2/ |y|+F2s dy<C s |yt

S|
:C/ pET ———dy = 0§,
0

Hence, as in the other case, if we put together the three parts of the integral we
conclude that

[(=A) u(z)| < O (0% +57%) < o0
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In this way we have completed the proof of the proposition. O

Finally we define the fractional Schrodinger operators, which are going to play a
crucial role in several parts of the work.

Definition 2.2.3 (Fractional Schrodinger operator). We say that L is a fractional
Schrodinger operator with potential V' if it is of the form

Lu(z) = (=A)u(z) = V(z) u(z),
with s € (0,1).

2.3. An extension problem for the fractional Laplacian

In this part of the work, we want to present a way to obtain any fractional power of
the Laplacian from a local extension problem to the upper half space (see [13]). This
is a very important characterization of these operators because it allows us to derive
some properties by using purely local arguments. It is also important to understand
how this kind of operator can appear in physics for modeling real phenomena.

Definition 2.3.1 (a-harmonic extension). Let u : R" — R be a smooth bounded
function, and a a real parameter in (—1,1). We define its a-harmonic extension U
as the solution of the problem

{d@'v(y“ VU) =0, in RYH (23.1)

U(z,0) = u(x), in R} =R".

Remark 2.3.2. This terminology is motivated by the fact that when a = 0, then
U is harmonic (AU = 0) in R,

Remark 2.3.3. By making the change of variables

l—a
(v
z =
()

we can rewrite equation (2.3.1]) as

{AxU—i—z U, =0, R, 2> 0, 232)

U(x,0) = u(x), r e R,

where only second derivatives appear.

Once we have presented the a-harmonic extension we have to see if it is well defined.
That is, we have to see if there exists a solution of this problem and if the solution
is unique. We are going to prove the existence by writing an explicit solution via
convolution with a Poisson kernel, and we are going to prove the uniqueness through
a maximum principle.



2.3. AN EXTENSION PROBLEM FOR THE FRACTIONAL LAPLACIAN 15

Proposition 2.3.4 (Caffarelli-Silvestre in [13]). The Poisson kernel
l1—a

Y
nt+l—a ?

(lz? + ly[?)
with Cy, o a constant that only depends on n and a, is the fundamental solution of
equation (2.3.1)). That is,
div(y*VP) =0, in R,
P(z,0) = §(x), in OR'T =R".

P(z,y) = Cpa

In particular, it means that we can write explicitly the a-harmonic extension of a
function u as

U(z,y) = u(z) * P(z,y) = / Plx — £, y) u(€) de.

We can prove this result easily by direct computation. In [13] we can find the
development of how this Poisson kernel is obtained.

Remark 2.3.5. The constant (), , in the Poisson kernel expression is such that

/ P(z,y)de =1, Vy € R".

Now we are going to present a maximum principle for elliptic operators that will
allow us to prove the uniqueness of the a-harmonic extension.

Proposition 2.3.6 (A maximum principle). Let v be a function such that
div(A(x) Vv) >0, in €, (2.3.3)
with A >0 in Q. Then, the supremum of v is attained at the boundary. That is,
SuUp v = supv.
Q o0
PROOF. Let M = supyq v, then v — M < 0 on J€2. Now we define the function
o = max{v — M, 0}, in Q.
We know by definition that © = 0 in 92 and Vo = Vv xus -

Since v is non-negative, if we multiply it by equation (2.3.3) and integrate all over
the domain we have

/17div(A(x) Vo) > 0.
Q

On the other hand, by using the properties of v that we have previously commented
and integrating by parts we get

(A@@MA@»VM:iégmﬂwsw-n—/ﬂquw-vv:

Q

:_/ Aw) [Vl < 0.
{v>M}
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Summarizing, we have
0< / & div(A(z) Vo) = —/ Az) [Vol2 <0,
Q {v>M}
which finally implies that v(z) < M in . Hence, we have completed the proof of
the result. 0

Corollary 2.3.7. Let be u : R™ — R a smooth bounded function, a a real parameter
in (—1,1), and U its a-harmonic extension, then we have

sup U = supu,

Rn+1 Rn
+

and

inf U = infu.
F1 R~
Y

PrROOF. We have to apply the maximum principle, Proposition [2.3.6] with Q =
]RTI, A(z) = y*, which is non-negative in the domain, v = U in order to obtain the
supremum equality and v = —U to obtain the infimum one. O

Corollary 2.3.8. Let be u : R™ — R a smooth bounded function, a a real parameter
in (—1,1), then the a-harmonic extension is unique.

PROOF. Let us suppose that there are two a-harmonic extensions U; and Us. There-
fore, due to the linearity of equation ([2.3.1)), the difference of the two extensions is
a solution of the problem

div(y* V(U — Uy)) = 0, in R
Uy(z,0) — Uy(x,0) = 0, in R} =R".

By applying Corollary we have that sup(U; — Uz) = 0 and inf(U; — Uy) = 0,
which implies that U; = Us,, and we finally have a unique extension. O

It has been known for years that the half-Laplacian (s = 1/2) can be obtained from
the harmonic extension problem to the upper half space as the operator that maps
the Dirichlet boundary condition to the Neumann condition. That is,

—U,(2,0) = (—A)Y2u.

It is easy to show a heuristic argument which illustrates this relation. Let T" be the
operator such that T'u = —U,(z,0). We are going to see that applying twice T is
the same as applying —A.

Since U(z,y) is the harmonic extension of u(x), it is easy to prove that Uy(x,y) is
the harmonic extension of U,(x,0). Therefore, we have

T*(u) = T(T(u)) = T(=Uy(,0)) = —(=Uyy(2,0)) = Uyy(z,0) =
=—-A,U(z,0) = —Au.
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Now we want to relate the fractional Laplacian of any order of a function with the
extension problem in a similar way as the half-Laplacian.

Definition 2.3.9 (Conormal exterior derivative). Let be v : R — R, we define
its conormal derivative in the boundary as

ov
ove

with a a real parameter in (—1,1).

Theorem 2.3.10 (Caffarelli-Silvestre in [13]). Let be u : R" — R a smooth bounded
function, a a real parameter in (—1,1), and U its a-harmonic extension, then we

have oU (&) —u(z)
w(é) —u(x
o lima _ o) = ul®) o Ay
e ylir(l)y Uy(z,y) = Chq /Rn € — o Cha (—A)% u,

with a =1 — 2s, and C,,, a positive constant that only depends on n and a.

= —ilg(l)y vy(2,Y),

Proor. We only have to use the Poisson formula that gives the a-harmonic exten-
sion explicitly. That is,

hmy Uy(z,y) = lim U(z,y) — U(z,0) _

y—0 -yl—a
— ylla / Pz — & y)u() dé —u(z)| =
i
= lim ylla / Pz — & y)u(§) d§ — u(x)/ Pla—¢.y) de| =
R i
= o yll—R/ Pz =&, y) (u(§) —u(z)) d =

= lim P(x—f,y)w dé =

y—0
R’I’L
l1—a

i c Y u(§) — u(z) 5 —

in/ | <\x—5\2+\y|2>"*%*“ T
_ u(§) —ufx) 5) (z)
_/ ‘ ’n+1 a dg / n,a ’n+23 df
:_On,a(_ )

O

Remark 2.3.11. If we write the a-harmonic extension U in terms of the z variable

(see remark [2.3.3)). Then, we can rewrite Theorem [2.3.10| as
Cha (=AY u=—U,(z,0).
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In conclusion, the Theorem of Caffarelli and Silvestre is a fundamental tool when we
deal with the fractional Laplacian because it allows us to work with local equations
although we have a nonlocal operator.

Since Theorem [2.3.10| appeared, some results in the spirit of it have been obtained.
That is, local approaches to some interesting nonlocal problems. For example, in
[26], P.R. Stinga and J.L. Torrea prove the same type of characterization for the
fractional powers of second order partial differential operators in some class, as the
fractional harmonic oscillator H* = (—A + |z|*)*. More recent is the extension
problem of X. Cabré and J. Serra for sums of fractional Laplacians of different
orders, L = 32 (=A% (see [9]) .



Chapter 3

Ground States of nonlinear fractional Schro-
dinger equations (in 1D)

Nonlocal problems have been intensively studied in recent years. Nevertheless, the
available results are still far from the optimal. In this chapter we present the main
ideas Frank and Lenzmann use in [17] to prove the nondegeneracy and uniqueness
of ground states for the nonlinear equation

(-APQ+Q—-Q*“™ =0 inR. (3.0.4)
The proof of these results is based on the prior study of some properties of certain
kind of fractional Schrodinger operator.

This is a recent and very important result in the study of nonlocal and nonlinear
equations. In fact, this result plays a central role for the stability of solitary waves
for nonlinear dispersive PDEs with fractional Laplacians, such as water waves.

3.1. Ground states

Definition 3.1.1 (Ground state). A ground state is a nontrivial, nonnegative and
radial function ) = Q(|x|) > 0 that vanishes at infinity and satisfies (in the distri-
butional sense) an equation of the form

(—A)’Q —F(Q)=0 inR", (3.1.1)
where F'(Q) denotes some given nonlinearity.
We have the following result about existence of this kind of solutions in our case of
interest F(Q) = —Q + Q**1.
Proposition 3.1.2 (Frank and Lenzmann in [17]). Let 0 < s < 1 and 0 < & < Qpaz($),

with
4s 1
amaz(s) =% for (1] =0 2
+00 Jor 5 <s <1

Then the following holds.
19
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(1) There ezists a solution Q) € H*(R) of equation that is even, positive and
strictly decreasing in |z|.

(2) If Q € H*(R) is a nontrivial and nonnegative solution of equation , then
there exists xg € R such that Q(- — o) is even, positive and strictly decreasing.

While the existence of this kind of solutions has been obtained in most of the exam-
ples of interest by using variational arguments, their uniqueness seems to be more
difficult. Indeed, prior to this work of Frank and Lenzmann, uniqueness of ground
states had been proven only in a few examples. One of them is the classical case
with s = 1, where standard ODE methods are applicable, and the other is the
Benjamin-Ono case (s = 1/2 and F(Q) = —Q + Q?), where using complex analysis,
the system is shown to be completely integrable. In this last case, the unique ground

state is
2

In [18], Frank, Lenzmann and Silvestre generalize the study of equation ({3.0.4) for
arbitrary dimensions.

The importance of the study of ground state solutions for equation lies in
the fact that this solutions provide solitary wave solutions for three fundamental
nonlinear dispersive models in dimension 1:
e The generalized Benjamin-Ono equation
g + tuy — ((—A)°u), + uu, = 0.
e The Benjamin-Bona-Mahony equation
g + up + ((—A)°u); + uu, = 0.
e The fractional nonlinear Schrodinger equation
iug — (—A)*u + |ul*u = 0.

The study of the nondegeneracy and uniqueness of the ground states is crucial for
the stability analysis of the solitary waves.

In order to make a deep analysis of the problem, a more rigorous definition of the
ground states is needed.

Definition 3.1.3 (Ground state). Let @@ € H*(R) be an even and positive solution
of equation (3.0.4]) and consider the Weinstein functional

(i A 2uP) ™ ([ lu?) 550

e (AT

It

Q) = T (),

then we say that Q) € H*(R) is a ground state solution of equation ((3.0.4)).

inf
u€H*(R)\{0}
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3.2. Oscillation estimate for fractional Schrodinger operators

In this section we present the essential tool in the proof of the nondegeneracy of
ground states. That is, we need a theory to estimate the number of sign changes for
the first and second eigenfunctions for some fractional Schrédinger operators acting
on L*(R) functions.

First we are going to define two important concepts that we are going to work with.

Definition 3.2.1 (Sign changes). Let ¢ € C°(R) be real-valued and let N > 1
be an integer. We say that ¥ (x) changes its sign N times if there exist points
r1 < ... < xyy1 such that ¥(x;) # 0 for ¢ = 1,...,N + 1 and sign(¢¥(x;)) =
—sign(¢Y(ziqq)) fori=1,...,N.

Definition 3.2.2 (Nodal domains). Let ©» € C°(Q) be real-valued, with Q C R"
a connected open set. We can define the nodal domains of 1(z) as the connected
components of the open set {z € Q: ¢(z) # 0}.

Note that the maximal number of sign changes of ¥ (z) equals K — 1, where K is
the number of nodal domains of .

Now we introduce a suitable class of potentials V' for the fractional Schrodinger
operators.

Definition 3.2.3 (Kato class). Let 0 < s < 1. We say that the potential V' € K if
and only if V' : R — R is measurable and satisfies

: S —1 _
Jim |[(=2)" + E) V|| e o = 0.
Remark 3.2.4. We list some comments about the previous definition.

(1) f V € K,, then (—A)* —V defines a unique self-adjoint operator on L*(R) and
the corresponding heat kernel e (=2)°=V) maps L2(R) into L=(R) N C°(R).
In particular, any L?-eigenfunction of the fractional Schrodinger operator is
continuous and bounded.
(2) In terms of LP-spaces we have the following.
e If0<s<1iandV e LP(R) for some p > is, then V € K.
e If ; <s<1landV € LP(R) for some p > 1, then V € K.

Note that the study of the first eigenfunction(s) is easier if we apply standard Perron-
Frobenius type arguments. In fact we can obtain the following result:

Lemma 3.2.5 (Frank and Lenzmann in [17]). Let 0 < s < 1 and consider the
fractional Schrodinger operator £ = (—A)* —V acting on L*(R), where we assume
that V € K. Suppose that e = inf o (L) is an eigenvalue. Then e is simple and its
corresponding eigenfunction ¥ = ¥(x) > 0 is positive (after replacing ¥ by — if
necessary).

In order to study the second eigenfunction(s) we have to work with the a-harmonic
extension problem.
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Theorem 3.2.6 (Frank and Lenzmann in [17]). Let 0 < s < 1, V € K, and define
a =1—2s. Suppose that n > 1 is an integer and assume that L = (—A)* —V has
at least n eigenvalues

If ¥, € H5(R) N C°(R) is a real eigenfunction of the Schrédinger operator L with
eigenvalue N\, then its a-harmonic extension W, has at most n nodal domains in
R?.

The proof of this result is based on a variational characterization of the eigenfunc-
tions and eigenvalues of the Schrodinger operator together with a trace inequality
for the extension problem. We can see it with all the details in the original paper
of Frank and Lenzmann, [17].

Once we have this result, we can present and prove the main theorem of this section.

Theorem 3.2.7 (Frank and Lenzmann in [17]). Let 0 < s < 1, V € K, and con-
sider the fractional Schrédinger operator L = (—A)* —V acting on L*(R). Suppose
that Ay < inf 0.45(L) is the second eigenvalue of L and let 1y € H*(R) N C°(R) be a

corresponding real-valued eigenfunction. Then 1y changes its sign at most twice on
R.

In particular, if 19 is an even eigenfunction, then it changes its sign exactly once
on the positive azis {x > 0}.

Note that since the operator is self-adjoint, and by Lemma [3.2.5| we have that
Y1(z) > 0, the second eigenfunction v, changes its sign at least once in order to
satisfy the orthogonality condition (1)1, 15) = 0.

PROOF. Let us prove the result by contradiction. Suppose that ¥, : R — R changes
its sign at least three times on R. Then, there exist points z; < z9 < x3 < 24 such
that without loss of generality

Y(x;) >0 fori=1,3,

and
W(x;) <0 fori=24.

Now, we consider the a-harmonic extension W, on R%. By the continuity of this
function up to the boundary, we have that it has at least two nodal domains in
R?. Then, by applying Theorem [3.2.6] we conclude that W5 has exactly two nodal
domains, which we denote by 2, and §2_.

Next, by the continuity of the a-harmonic extension up to the boundary, we have
that there exists a sufficiently small constant ¢y > 0 such that
(ri,€) € Qp fori=1,3,

and
(x;,€) € Q_ fori =24,
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for all 0 < e < €.

Since the connected open sets 24 C Ri must be arcwise connected, there exist two
simple continuous curves v.,v- € C°([0,1]; R?) satisfying

e 7+(0) = (21,0), 14(1) = (23,0) and 4. () =€ Q. for t € (0,1).
e 7_(0) = (29,0), 74 (1) = (24,0) and v_(¢t) =€ Q_ for t € (0, 1).

By the topology of @, we deduce that 74 and y_ must intersect in R%. But this
contradicts the fact that Q, NQ_ = @.
The second part of the theorem comes immediately. O

Note that in this proof, the fact that we are working in R? has a crucial role since
we have to apply some topological arguments about this space.

3.3. Uniqueness and nondegeneracy of Ground States

First in this section we are going to show that nonnegative minimizers of the func-
tional J%*(u) have a nondegenerate linearization. In fact we shall prove that ground
states are nondegenerate.

Definition 3.3.1 (Nondegeneracy). Let @) be a solution of the equation
(—A)°u— F(u) =0, (3.3.1)
with F' any nonlinearity. We say that () is nondegenerate if the linearized operator
L=(-A)-F(Q)
satisfies that
ker £ = span{Q'}.
Note that differentiating the nonlinear equation with respect to x, we have
that (—A)*Q" — F'(Q)Q" = 0, and therefore
span{Q'} C ker L.
Remark 3.3.2. Although we are interested in the study of the nonlinear equation
(—A)Q+Q — Q' =0,
for later purpose we are going to focus in the more general nonlinear equation
(=AYQ+2Q —Q*T =0, (3.3.2)
with A > 0.

In fact, it is easy to see that we can pass from the solutions to one of the equations
to the other just by making a rescaling of the independent variable.
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Associated to @ and equation (3.3.2)) we have the linearized operator
L= (—AF +A— (a+1)Q"
It can be seen that the potential V' = —X + (a 4+ 1)Q“ belongs to the Kato class.

One important concept in the proof of the nondegeneracy is the definition of the
Morse index of a linear operator.

Definition 3.3.3 (Morse index). The Morse index of a linear operator N (L) is
the number of strictly negative eigenvalues, i.e.,

N_(L) = #{e < 0: e is eigenvalue of £ acting on L*(R)}.

Theorem 3.3.4 (Frank and Lenzmann in [I7]). Let0 < s <1 and 0 < & < Qaa($).
Suppose that QQ € H*(R) is a positive solution of equation and consider the
linearized operator L. acting on L2-functions. If Q is a local minimizer of the
functional J*>*(u), then @ is nondegenerate.

We are not going to prove this result, but we note that once we have the oscillation
estimate of the previous section, the problem turns the same as in the local case (s =
1). One of the key steps is the orthogonal decomposition L*(R) = L2, ., (R)&L2,,(R).

even

Once we have a nondegeneracy result, we can use it to prove the uniqueness result.

Theorem 3.3.5 (Frank and Lenzmann in [17]). Let0 < s < 1 and 0 < & < Qypan($).
Then the ground state solution Q@ = Q(|z|) for equation (3.0.4) is unique.

Since the proof of this result is not easy and we can find it in [17], we are only going
to briefly explain the strategy behind it.

Let us fix 0 < 59 < 1 and 0 < & < @z (So), and suppose that Qo = Qo(|z|) > 0is a
ground state solution. By using the nondegeneracy result we have that the operator
L, is invertible on L2, (R). Hence, we can use the implicit function theorem in
order to construct a locally unique branch of solutions (Qs, As) around (Qo, Ao),

which satisfies
(_AS)QS + >\st - |Qs’aQ8 = 07

with s € [so, so + €] and € > 0 small.

From some a priori estimates, we deduce that in fact the branch (Qs, As) can be
extended to s = 1. Once we have established the global continuation, we conclude
that Qs — Q. and Ay — A\, as s — 1, with Q. = Q.(]z]) > 0 and A, > 0 satisfying

_AQ* + )‘*Q* - QS—H = 0.

From standard ODE techniques it is well-known the uniqueness and nondegeneracy
of ground states for the local version. Furthermore, we can deduce that A, only
depends on the starting fractional index so and the parameter a. Hence, we can
conclude that two different branches (Qs, \;) and (Qs, A;) both starting from a
ground state with s = sy must converge to the same limit (Q,, A,). Therefore, if
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there exist these two different branches, they must intersect for some s € [sg, 1), in
contradiction to the local uniqueness of branches.






Chapter 4

A conjecture of De Giorgi for the Allen-
Cahn equation

In this chapter we are going to present the conjecture of De Giorgi for the Allen-
Cahn equation. First we introduce the conjecture, its motivation and the results
that have been proven. Then, we show some of the most interesting ideas of the
proof in dimension 3. We finally present the fractional version of this conjecture.

4.1. The conjecture

The following conjecture was raised by Ennio De Giorgi in 1978.

Conjecture 4.1.1 (E. De Giorgi in [14]). Let u € C*(R") be a solution of
—Au=u—u> inR" (4.1.1)
such that
lul <1 and 0,, >0

in the whole R™. Then, all level sets {u = A} of u are hyperplanes, at least if n < 8.
Equivalently, u is a function depending only on one Euclidean variable.

Equation is the so-called Allen-Cahn equation, which models phase transi-
tions. One example of phase transitions can be seen when we have two competing
species with opposed interests in steady equilibrium. In this case, the function u
would be the difference between the densities of the species, normalized in such way
that they take values in the range [—1, 1], where u(x) = +1 means that one specie
has exterminated the other at this point.

An heuristic motivation of the conjecture of De Giorgi is given now. Let u be a
solution of (4.1.1]), we consider the function u.(z) = u(x/€¢), which is a bounded
solution of the re-scaled equation

—Au, = e *(uc —u?)  in R,

then, this new equation still models the normalized difference of densities of two
species. Nevertheless, since ¢ — 0, the two species have stronger opposed interest,
and in the limit case the two species are incompatible. That is, we will have the

27
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space divided in two zones, each one full of only one specie (i.e. u. — +1). It is well
known that the separating interphase between the two regions is a minimal surface.
Hence, this fact together with other results about minimal surfaces, as Simons’
classification of entire minimal graphs, motivated the conjecture of De Giorgi.

Now, we are going to present some results to see that the conjecture of De Giorgi is
not empty. That is, that there are solutions of the Allen-Cahn equation satisfying
the conditions stated.

Lemma 4.1.2. The unique (up to translations) bounded and strictly increasing so-

lution of equation
u'=u*—u in R (4.1.2)

u(z) = tanh (%) .

PROOF. Since problem (4.1.2)) is a conservative system with one degree of freedom
and its associated potential (1 — u?)?/4 has relative minima at v = 41 and relative
maximum at u = 0, then its phase portrait is very easy. The system has three types
of solutions: unbounded solutions, periodic ones, and the heteroclinic connection. It
is clear that the unique type of solution that satisfies the conditions of the Lemma
is the heteroclinic connection.

18

Therefore, in order to find the heteroclinic we have to solve equation
1 2
(u')2:§( >—1) in R,
which is the expression that we obtain when multiplying equation (4.1.2]) by v’ and
integrating. We also have to choose the constant of integration in order to impose
that the solution is the connection between —1 and 1. In this case the constant is

1/2.

Since we want the solution to be strictly increasing, we finally have to solve

2
u'zé( 2-1) in R,

which is a separable first order ODE.
If we solve this equation we obtain

u(x) = tanh (”“"\/gb) ,

which concludes the proof of the result. O

Proposition 4.1.3. The unique 1D solutions of the Allen-Cahn equation satisfying
the conditions of the conjecture of De Giorgi are of the form

u(z) = tanh (%;b) ,

for some b € R, and a = (ay, ...,a,) € R™, with |a] =1 and a, > 0.
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PROOF. Since u(x) is a function depending only on one Euclidean variable, we can
write it as

u(z) =U(a-z+Db),
with |a| =1 and a,, > 0. It is easy to prove that
Au(z) =U"(a -z + D).
Therefore, in order to find u we have to solve equation
U'=0°-U.
Finally, if we apply the result of Lemma we obtain the desired result.
g

The conjecture has been proven to be true in dimension n = 2 by Ghoussoub and
Gui in [19] and in dimension n = 3 by Ambrosio and Cabré in [4]. In [24], Savin
proves the Conjecture for 4 < n < 8 by assuming the additional hypothesis

lim u(z/,7,) =41 forall 2’ € R""

Tp—rEoo

In a more recent work, del Pino, Kowalczyk and Wei have presented in [15] a
counterexample of the conjecture for dimensions n > 9.

Remark 4.1.4. The positive answers to the conjecture for n = 2 and 3 apply also
to more general nonlinearities than the Allen-Cahn equation.

4.2. Proof of the conjecture in dimensions 2 and 3

In this section we are going to focus in the proof of Ambrosio and Cabré for dimension
n = 3 (they also prove the case n = 2) since they use some techniques developed by
Berestycki, Caffarelli and Nirenberg in [6]. This techniques are based on Liouville
type results and energy estimates.

We are not going to show the detailed proofs of the results we present. In particular,
we do not worry about regularity issues. They can be seen in the original paper, [4].

Lemma 4.2.1 (Modica in [23]). If ' > 0 in R, then every bounded solution u of
Au — F'(u) = 0 in R™ satisfies the gradient bound
1
§|Vu|2 < F(u) in R"
Proposition 4.2.2 (Ambrosio-Cabré in [4]). Let u be a bounded solution of
Au—F'(u)=0 in R",
where F is an arbitrary C*(R) function. Assume that

Ohu>0 in R" and lim wu(z',2,)=1 forall 2’ € R"".

Tp—+00
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For every R > 1, let Bg = {|z| < R}. Then,

/BR {%'V“P + F(u) - F(1)} < CR

for some constant C' independent of R.

ProOOF. We consider the family of functions
u'(z) = u(2', z, + 1),
defined for x = (2/,2") € R™ and ¢t € R. For each ¢ we have
Au' — F'(u') =0 in R"

Since u is bounded and F is C*(R) and positive, we can apply Lemma and we
get

ju'| +|Vu'| < C in R,
with C' a positive constant independent of .

We can also note that

lim u'(z) =1 forall z€R™

t—+o0

If we denote the derivative of u'(z) with respect to ¢ by dyu'(x), we have
o' (z) = Opu(a’,z, +t) >0 for all z € R™

Let us now define the energy of u! in the ball By as
1
Bgr

We want to see that
lim Eg(u') = 0.

t——+o0

Clearly, the term [ B, L (u') — F(1)} tends to zero as t tends to infinity by applying
the dominated convergence theorem. On the other hand we have that

/BR F'(u)(u' —1) = /BR Aut(ut —1) = /aBR %_f(ut . /BR VulP,

which is equivalent to

/BR V'[P = /aBR %—f(ut —1) - /BR Frlud)(ul — 1).

Clearly, the right-hand side converges to zero by the dominated convergence theorem
and therefore we conclude that Fr(u') goes to zero as we want.
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Now we compute the derivative of Fr(u') with respect to t. That is,

O ERr(u') = Vu' -V (0u') —i—/ F'(u") Oy’ =

Bgr Br

a t
= —/ Aut out + o' v +/ F'(u) dpu' =
Bpg OBgr v Brg

t t a t
_ atut%z_/ o] |24 :/ A PWES
OBr al/ OBgr aV OBRr al/
> / — ’Vut| out > —C o',
8BR 8BR
where we have used the L™ bounds of Vu! and the fact that d,u* > 0.
Thus, for each T' > 0, we have
T
En(u) = Ep(u”) — / dt O, En(ul) <
0
T
< Eg(u”) + C'/ dt/ do(x) Ot (z) =
0 dBR
T
= Eg(u’) +C da(:c)/ dt Oy’ (z) =
OBg 0
= Eg(u’) +C do(z)(u’ —u)(x) <
OBR
S ER(UT) + C|8BR| = ER(’LLT) + CRn_l.
Letting T" — 400 we finally prove the proposition. O

Theorem 4.2.3 (Ambrosio-Cabré in [4]). Let u be a bounded solution of
Au—F'(u) =0 in R (4.2.1)
satisfying

Osu>0 in R® and lim w(a',z3) =+1 forall 2’ € R%

Ty —>E00

Assume that F € C*(R) and that
F>min{F(-1),F(1)} in (—1,1).

Then, the level sets of u are planes, i.e., there erists a € R and g € C*(R) such
that

u(z) =gla-z) forall zeR

PRrOOF. For each i € {1,2}, we consider the functions
N (93u'

p=03u and o
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We note that o; is well defined since dsu > 0. We can use that 0;u and Jsu satisfy the
same linearized equation Aw — F”(u)w = 0, which is just obtained by differentiating
equation (4.2.1). Therefore we have that

QOQVO'Z' = 83V8Zu — &u V@gu,
and we can conclude that
V- (p*Vo;) =0
in the weak sense in R®. Now we want to apply Proposition [5.2.1. Then we have to
show that, for each R > 1

/ (o)t = / (oup <O,

which is equivalent to proving that
/ Vul> < CR?,
Br

for some constant independent of R.

By hypothesis we have that F' > min{F(—1), F(1)} in (—1,1). Let us suppose
that min{F'(—1), F(1)} = F(1). In this case we have that F(u) — F(1) > 0 in R3.
Therefore, we can apply Proposition to obtain that

1 1
—/ |Vul? < / {—|Vu|2 + F(u) — F(l)} < CR*.
2 /B, B 2

On the other hand, if min{F'(—1), F(1)} = F(—1), we obtain the same result ap-
plying Proposition to the function —u(z’, —z3).

Finally, by proposition [5.2.1, we have that o; is constant, or equivalently that there
exist some constant ¢; such that

(91'16 = C; 83u.

(c1,e2,1)
\/C%Jrcngl

Vu(z) = (c1, 2, 1)O3u(z) =/ 3 + 3 + 1 03u(z) w.

Thus, if w -y = 0 then

1
u(r+y —ux:/Vua:+ty-ydt: A+cA+105u(r+ty)w-ydt =0.
(z +y) — u(z) i ( ) Vet su( )

Therefore, if we set u,(t) := u(tw) for any t € R, and we write any x € R? as

Then, if we define w = we have that

r=(w- 2)w+ Y
with w -y, = 0, we conclude that
u(z) =u((w-z)w+y,) = u((w- z)w) = up(w - x).
This completes the proof of Theorem [4.2.3 O

Remark 4.2.4. In dimension n = 2 there is no need of the energy estimates of
Proposition m That is because |Vu| < C' and balls have dimension of order R?.
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If we work a bit more with these tools, we find a more general result where we do
not needed any condition about the nonlinearity F' (apart from the regularity) and
the convergence of the function at infinity.

Theorem 4.2.5 (Alberti-Ambrosio-Cabré in [3]). Assume that F € C*(R). Let u
be a bounded solution of
Au—F'(u) =0 in R
satisfying
dsu >0 in R
If n =2 orn = 3, then all level sets of u are hyperplanes, i.e., there exists a € R"
and g € C*(R) such that

u(x) =g(la-x) forall zeR"

4.3. Fractional versions of the conjecture

We use the term fractional version of the conjecture of De Giorgi to refer to results
that are inspired by the original Conjecture {.1.1] but where the Laplace operator
is replaced by the fractional one. That is, that bounded and monotone solutions to
the equation

(—A)Y’u= f(u) in R"

are one-dimensional.

Currently, the following cases have been proven:

e In dimension n = 2, for s = 1/2 by Cabré and Sola-Morales in [12].
e In dimension n = 2, for 0 < s < 1 by Cabré and Sire in [10] and [11].
e In dimension n = 3, for 1/2 < s < 1 by Cabré and Cinti in [§].

e In dimension 4 <n < 8, for 1/2 < s < 1 with the additional conditions

lim w(z',z,) = +1,
Tp—E00

and f satisfying certain properties, by Savin in [25]. The Allen-Cahn nonlin-
earity satisfies the conditions on f, as it can be seen in the original paper of
Savin.

As in the classical conjecture, the results for dimensions 2 and 3 are proven by using
some Liouville type results together with energy estimates. On the other hand, the
works of Savin are based on results about minimal surfaces. Then, we note that he
can only prove the result for the case 1/2 < s < 1 because when 0 < s < 1/2, the
role of minimal surfaces corresponds to nonlocal minimal surfaces, and there is now
not much knowledge about the last ones.






Chapter 5
Several Liouville type results

In this chapter we present some of the most important Liouville type results. When
we talk about a Liouville type result we mean a result that states that if we have two
bounded solutions of a certain linear integro-differential equation with one of them
always positive, then both solutions are the same up to a multiplicative constant.

First in the chapter we show the Classical Liouville theorem for harmonic functions,
and we continue with a more general version, Theorem [5.2.2] which has also the
Laplacian as main part of the equation but it includes a potential V' (z) as well. Then
we present the fractional version of this results, in which the Laplacian is substitute
by the fractional Laplacian. Although these results involve nonlocal operators they
are proven by using local arguments through the extension problem. Finally we
present a recent Liouville type result involving nonlocal operators, a kind of integral
operators with truncated kernels, which is proven without the extension problem.

5.1. Classical Liouville’s Theorem

Theorem 5.1.1. (Liouville’s Theorem) Any harmonic and bounded function in R
is constant.

This is a very well known result that is studied in any basic course of PDEs. Due to
the close relationship between harmonic functions and holomorphic functions, this
is also a result studied in any basic course of complex analysis. When proving it with
arguments of complex analysis, Taylor representation and Cauchy’s integral formula
are the main tools used. On the other hand, when we use the PDEs’ approach,
the mean value property and integration by parts are used, as we will see in the
following proof.

PROOF. Since w is harmonic, w; is also harmonic. Therefore we can use the mean
value property on w;. Using also Green’s theorems

1 1
w;i(r) = —— w;(y)dV = —— w(y) v;dS.
=Bl S 7 B Sy

35
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Now, if we compute its absolute value we have

1 1
i@l = o | [ wlwds| < o [ Jut)s <
| R| OBRr(x) | R| OBRr(x)
|0Bgr| C
< o TT—_——— — — [e's}
< = Tt = Fllulo.

with C only dependent on the dimension n. Since u is harmonic on R", we can let
R go to infinity and conclude that its derivatives are zero at any point, i.e.,

ui(x) =0 Vi,
and therefore u(z) = ctt. O

This is the most basic and known result we are going to present in this chapter,
and is the one that gives the name to all this family of results that we are going to
study, the Liouville type results. It seems that it is not a result of this type because
we are only talking here about one solution of the equation instead of the two we
have mentioned before. Nevertheless we can understand this theorem as a Liouville
type result if we think that the second function that also solves the equation is the
constant function u = 1, which is the one that plays the role of positive function.
Hence, in this case being both solutions equal up to a multiplicative constant is the
same as being both solutions constant, which is what the theorem states.

5.2. A Liouville Theorem for classical Schrodinger operators

In this part of the chapter we have a generalization of the classical Liouville Theorem
in which we modify the Laplace equation by adding a potential term V' (x), that is,
we deal with a Schrodinger operator.

In order to obtain the Liouville result we first need to present a very important
proposition by L. Ambrosio and X. Cabré from [4] that says that the unique super-
solution of a certain kind of second order differential equation are the constant ones.

Proposition 5.2.1 (Ambrosio-Cabré in [4]). Let ¢ € L.(R™) be a positive function.
Suppose that o € H}. (R"™) satisfies

loc
oV - (¢*Vo)>0 inR"

in the distributional sense. For every R > 1, let Bg = {|z| < R} and assume that

/ (po)? < CR?,
Br

for some constant C' independent of R. Then o is constant.

This result is very important because it is one of the main tools that were used to
prove De Giorgi conjecture in dimensions 2 and 3, as we have seen in the Chapter
of this thesis.
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PROOF. Let ¢ be a C* decreasing function on R* such that 0 < ¢ <1 and

‘= 1 ifo<t<t,
o ift>2.

Since (' is a continuous function and it is zero if ¢ > 2, then it is bounded. That is,

I’ < C < +o0.

For R > 1, let
lz]

CR(JI)ZC(R) for x € R"™.

From the bound of |(’| we can obtain the following estimate for the gradient of (g:

Ll (el . €
()=

x x
Vonlo) = ¢ () = Vel =
Note that (g converges pointwise to the function 1 when R tends to infinity.

“Rjz|° \ R R

Multiplying ©?|Va|? by (% and integrating in R™, we obtain

(re?|Vol|* = (r’Vao-Vo =
R™ Bar

~ [ Goedl- [ ov(Geve) -
aBQR an B2R

=~ | Gov(Ve) -2 (rpoVir-Vo<

Bagr Bar

<9 cRsozach'vU:—z/ (r 0 ViR Vo <

Bag {R<|z|<2R}

1/2 1/2
<2 [ / & sﬁmﬂ { / so%ﬂchF] <
{R<|z|<2R} Bar

2 o 1/2
§2[/) C%@ﬂvﬂ{‘ {Eg/)(wafl :
{R<|z|<2R} Baogr

where the constant C' is the one that appears in the estimate of the gradient of (g,
which is independent of R. Using the hypothesis, we infer that

1/2

1/2
2 Volr < C { / & wwp} <C { e 902|V0|2] ,
R {R<|z|<2R} R

again with C' independent of R. This implies that

(r?|Va]? < C.
R”
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Since ((t) is a decreasing function, the set of functions (g(z) is a sequence of func-
tions increasing pointwise, and therefore (% ¢?|Vo|? has also the same property, and
we can apply the monotone convergence theorem for the Lebesgue measure. That
is,

/ ©*|Val|? :/ lim ¢} ¢*|Vo|* = lim (rP*Vaol* < C.
n n R—o00 R—o00

R

By applying the dominated convergence theorem to (% ¢*|Vo|* X {r<|z|<2r}, it follows

that
/ ©*|Vo|* = 0.

We conclude that |Vo| = 0, and then o is constant. 0

We want to stress that the ideas of using cut-off functions, integration over all the
domain and using convergence results with Lebesgue measure, which are applied in
the proof of the proposition, are going to be used in most of the proofs of Liouville
type results along this thesis.

Now we apply the previous proposition to obtain a generalization of the Liouville
Theorem in low dimensions when we have a potential in the equation.

Corollary 5.2.2. Let w,w be two solutions of the linear equation
—Au—V(zx)u=0, in R"
with w > 0, w,w € L*(R") N CY(R") and n < 2. Then

ctt.

g | &
Il

Once we have this theorem we can see that Theorem [5.1.1| is the particular case
when the potential is V' (z) = 0, and the dimension is 1 or 2.

PROOF. Let

w(x
o(x):= (z)
which is well defined and continuous due to the fact that w is always positive and
both functions are continuous. Since the functions are of class C!, so is o, and
therefore we conclude that o € H .. Then

w wVw —w Vw

V0:V<—>: — w? Vo = w Vi — @ Vuw,

w w?

w(x)’

and if we compute the divergence of the last expression we obtain
div(w? Vo) = div(w Vi — @ Vw) = wAD + Vw - Vi — 9Aw — Vi - Vw =
= wAW — WAw = —w V(z)w + 0 V(z)w = 0.
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Therefore, since n < 2,

/ w? < ||w|yiw/ 1< COR?
Br Br

and we can apply Proposition with 0 = w/w and ¢ = w because they satisfy
the necessary regularity conditions. This yields the desired result. O

We can see that the hypothesis of having low dimensions is crucial, and the limitation
comes from the fact that balls of radius R in dimension n have size proportional to
R".

We can remark that in this proof we find another of the main ideas that will be used
along this work, which is trying to find a simple equation, related to the original
one, that is satisfied by the quotient, o, of the two solutions involved in the theorem.

5.3. A Liouville Theorem for the Half-Laplacian

In this section we present the equivalent results of section but replacing the
classical Laplacian with the half-Laplacian.

The main difference of this problem with respect to the one in the previous section
is the fact that instead of having a local operator we have now a nonlocal one.
Nevertheless, as we have seen in Chapter [2 there exists a very useful relation of
the fractional Laplacian with a local problem via the extension of Caffarelli and
Silvestre.

Therefore, at the end, the only differences with respect to the previous sections are
that we have to work in half-spaces and with Neumann boundary conditions, apart
from keeping always in mind the extension problem.

Proposition 5.3.1 (Cabré, Sola-Morales in [12]). Let ¢ € L. (R™) be a positive
function, not necessarily bounded in all of R". Suppose that o € H}, (]RTJF) satisfies

loc

oV - (¢*Vo) >0 inRY,
o g—‘; <0 on ORY,

in the weak sense. Assume that, for every R > 1,
| (wor<cr
Bf;
for some constant C' independent of R. Then o is constant.

PROOF. Let ¢ be a C* decreasing function on R* such that 0 < ¢ <1 and

‘= 1 ifo<t<i,
o ift>2.
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Since (' is a continuous function and it is zero if ¢ > 2, then it is bounded. That is,

I’ < C < +o0.

For R > 1, let
|z

Cr(z) =( (E) for x € R™.

From the bound of |(’| we can obtain the following estimate for the gradient of (g,
x || 1], (|| C
— 2 < =2
Vire) = ¢ (1) = e = 5 | (') | < 5

R|z| R
We can note that (g converges pointwise to the function 1 when R tends to infinity.

Now, multiplying ¢*|Vo|? by (3 and integrating in R, we obtain

(2 Vol = / 2 Vo - Vo =
- B

— _1/2 -

<2\ Gewep| |[ v
_B;R\Bg _B+

- —1/2 o 1/2
<2 / YVl | |5 (900)2] ,
|/ BiR\BE

where the constant C' is the one that appears in the estimate of the gradient of (g,
which is independent of R. Using the hypothesis, we infer that

1/2

/2
césoﬂwrzéc*[/ cmwﬁ] sc[ <z¢2\w|2] |
R7% ;R\B R

again with C' independent of R. This implies that
G Vol < C.
RY

Since ((t) is a decreasing function, the set of functions (g(z) is a sequence of func-
tions increasing pointwise, and therefore (% ¢?*/Vo|* has also the same property.
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Hence, we can apply the monotone convergence theorem for Lebesgue measure.

That is,
1

It follows by applying the dominated convergence theorem to (% ©*|Vo|* X {r<|z|<2r)

that
/ ©*|Vo|* = 0.

We conclude that |Vo| = 0, and then o is constant. 0

FIVof = [ Jim GVl = lim [ Vol <.
n R—o00 R—o00 R™

n
+

We remark that the proof of this proposition is essentially the same as for Proposition

but with half-balls instead of complete balls.

Now we present a new proposition, that can be considered as a Liouville type result
for harmonic functions in a half-plane. This is of great significance because we will
apply it to the extension function when we prove the Liouville type result for the
half-Laplacian.

Proposition 5.3.2 (Cabré, Sola-Morales in [12]). Let w,w be two solutions of the
linear problem

—uy, —V(z)u=0 on {y =0},
with w > 0 in B2 and w,w € L°(RZ) N CH(RZ). Then
w
— =ctt
w
PROOF. Let
_ w(x)

Y

o(x):=

which is well defined and continuous because w is always positive and both functions
are continuous. Since the functions are of class C*, ¢ is C' as well, and we can
conclude that o € H. . Then

w wVw —w Vuw -
V0:V<—>: — w? Vo = w Vi — @ Vuw,

w(z)

w w?
and if we compute the divergence of the last expression we obtain
div(w? Vo) = div(w Vi — 1 Vw) = wAw + Vw - Vi — 0Aw — Vi - Vw =
= wAWw — wAw = 0.
On the other hand we have
do o (u?) wyw—ww, —V(E@)ow+aoV(r)w
y =
Yy

3 =

w
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Therefore, since n = 2,

/ w2guw\|%m/ 1=CR?
Bt B}

R

and we can apply Proposition with ¢ = w/w and ¢ = w and we obtain the
desired result. O

Finally, if we use all the results we have previously presented, we can obtain a
Liouville type result for a nonlocal operator, the half-Laplacian, in dimension 1.

Corollary 5.3.3. Let w,w be two solutions of the linear nonlocal equation
(A2 u—V(@)u=0 inR, (5.3.1)
with w > 0 and w,w € L*(R) N C'(R). Then

ctt.

w
w

PrROOF. We only have to use the extension problem of Caffarelli and Silvestre [13].
That is, we have seen in section that given a function u defined in R™ we can
construct its harmonic extension U in RTI, which is the unique harmonic function
in R such that U|8R1+1 = u.

Then, if w, W are two solutions of the linear nonlocal equation (5.3.3)), their harmonic
extensions W, W are solutions of the local problem

AU =0 in R%,
~U,—V(z)U=0 on{y=0}

By the maximum (and minimum) principle for harmonic functions we can say that

W >0in R% and W, W € L*(R2).

Finally we can apply Proposition m to conclude that the quotient between W
and W is constant, and therefore the quotient between w and w is also constant.
This completes the proof of Lemma[5.3.3] O

We remark that, unlike what happened in Corollary[5.2.2] where we obtain a theorem
that is valid for dimensions 1 and 2, in the case of the half-Laplacian, Corollary[5.3.3),
we obtain a result only valid for dimension 1. The reason of these differences lies in
the fact that we are using ideas that are completely analogous, and that in the case
of the half-Laplacian we need an extra dimension to work with the extension.

5.4. A Liouville Theorem for the Fractional Laplacian

This section is completely analogous to the previous one, but with the fractional
Laplacian of any order. Therefore the results in section can be considered as a
particular case of the ones in this section. Nevertheless, we have made the distinction
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of sections due to historical reasons, that is, the results with the half-Laplacian were
found prior to the general ones.

Proposition 5.4.1 (Cabré-Sire in [10]). Let ¢ € L(R™) be a positive function

loc

and a € (—1,1). Suppose that o € H} (R, y*) is such that

loc

{UV (y*¢*Vo) >0 in R,

)
055<0 on OR,

in the weak sense. Assume that, for every R > 1,
| veor <cm,
By

for some constant C independent of R. Then o is constant.

PROOF. Let ¢ be a C* decreasing function on R* such that 0 < ¢ <1 and

‘= 1 ifo<t<l,
o ift>2.

Since (' is a continuous function and it is zero if ¢ > 2, it is bounded. That is,
I’ < C < +o0.

For R > 1, let

Cr(z) =¢ (%) for z € R7.
From the bound of |(’| we can obtain the following estimate for the gradient of (g,

, (12| C
‘(%) <%

We can note that (g converges pointwise to the function 1 when R tends to infinity.

1

Vonlo) = ¢ () = Vel =
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Now, multiplying y* ¢*|Vo|* by (% and integrating in R’}, we obtain

/ Y 2 P|Vol = /
R

V' Vo Vo =
B+

" i
a ao- a
=/ y C%U@Qa——/ oV (y* (g ¢°Vo) =
0B n B

do Jo
— a 2 277 a 2 277 a2 2 <
/FO Yy Crop aﬂ*‘/@}g?J CrO an /B;RUV(y CR()OVU)—

2R

g—/ <§UV(y“w2vU>—2/ Y (R0 Vr - Vo <
B o

2R

g—z/ yach20ch~Va=—2/ Y G0 Vr Vo <

B BB

— _1/2 —

<2|[  yaavel| | [ rdeval
Bip\Bh B,

R |V P2r

1/2
<

— _1/2 —

1/2
a C a
<2 / y* Ch o’ Vo|? ﬁ/ y (900)2] :
Bi\Bf i B

where the constant C' is the one that appears in the estimate of the gradient of (g,

which is independent of R. Using the hypothesis, we have that
1/2
<C U y“C?gsOQIfolﬂ :
R?’L

1/2

/ PVl < C
R

n
+

| e

2R\BR

again with C' independent of R. This implies that

| v aevet<c

R}
Since ((t) is a decreasing function, then the set of functions (gr(z) is a sequence
of functions increasing pointwise, and therefore y® (% ¢?|Vo|? has also the same

property. Therefore, we can apply the monotone convergence theorem for Lebesgue
measure. That is,

[ orervet = [ dm oy Gvel = i [ e civeP <c
R n R—00 R—

© Jgrn
It follows by applying the dominated convergence theorem to y* (% ©*|Vo|* X{r<|z|<2R}

that
/ y* o*|Vo|* = 0.

n
+

We finally conclude that |Vo| = 0, and then ¢ is constant. O

Now, we continue with a Liouville type result in the half-plane.
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Proposition 5.4.2 (Cabré-Sire in [10]). Let w,w be two solutions of the linear
problem

V- (y*Vu) =0 in R%,
(1+a) 88;; —V(z)u=0 on{y=0}
with w > 0 in R2 w,w € L°(RZ) N CY(R%) and a € (—1,0]. Then
w
— = ctt.
w
PROOF. Let
olz) = UL
- w(x)

which is well defined and continuous due to the fact that w is always positive and
both functions are continuous. Since the functions are of class C!, so is o, and
therefore we conclude that o € H. (R7,y*). Then

loc

VU—V<E> = wVe — oV — w?Vo = w Vi — o Vuw,

w 2

w
and if we compute the divergence of the last expression multiplied by y* we obtain
div(y* w® Vo) = div(y® w Vi — y* @ Vw) =
=wV-(y*'Vu)+y*Vw- Vo — 0V - (y* Vw) —y* Vi - Vw =
=wV.(y*'Vu) -V - (y*Vw) =0.
On the other hand we have

oo W C W, w — WYt w Vicyww —wV(x)w
aa:_yagy:_ya(_) :_y Y Y ¥y _ () () =0.
v w/,

w? (1+a)w?
Therefore, since n = 2 and a € (—1, 0],

/ yWsnwuim/ Y= O R < OR2,
+ B+

BR R

We can apply Proposition with 0 = @/w and ¢ = w and we have completed
the proof. O
Finally we obtain a Liouville type result for the fractional Laplacian.
Corollary 5.4.3. Let w,w be two solutions of the linear nonlocal equation

(=AY’ u—-V(x)u=0 inR, (5.4.1)
with w > 0, w,w € L*(R) N C(R) and s € [1/2,1). Then

ctt.

g &
Il
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PROOF. We only have to use the extension problem of Caffarelli and Silvestre [13].
That is, we have seen in section that given a function u defined in R™ we can
construct its a-harmonic extension U in Rt that is the unique a-harmonic function
in R such that Ulpgrtr = u.

Then, if w,w are two solutions of the linear nonlocal equation ([5.4.1)), their exten-
sions W, W are solutions of the local problem

{V-(y“VU) —0 in R?

2L —V(2)U=0 on{y=0},

with a =1 — 2s.

By the maximum (and minimum) principle for a-harmonic functions (Corollary

, we can say that W > 0 in R and W, W e L®(R2).

Finally we can apply Proposition m to conclude that the quotient between W
and W is constant, and hence the quotient between w and w is also constant. O

We note that in this section we obtain a Liouville type result involving the fractional
Laplacian in dimension 1, but only when the order of the integro-differential operator
is greater or equal to one. We can see that it has the same rank of validity in s
as Theorem [I.1.1] although as we will see in chapter [0 the way we deal with the
problem is totally different.

In this case, the limitations in the rank of s come from the integrability of the
function y'~2 in the half-balls of radius R, where we need the integrals to be of
order 2 or less with respect to R.

5.5. A Liouville Theorem for a class of nonlocal equations in
the plane

Finally, in this section of the thesis we present a very recent Liouville type result
with nonlocal operators in dimension 2. Unlike what we did in the previous sec-
tions where, although the equations were nonlocal we worked with a local extension
problem, in this case we work directly with the nonlocal equations.

Theorem 5.5.1 (Hamel, Ros-Oton, Sire, Valdinoci in [20]). Let n = 2 and L an
operator of the form (1.0.1)), with kernel K satisfying

(H1) K(z) > mqoxs,,(2) in R* for some mg > 0 and ro > 0. Moreover, K has
compact support in Br, for some Ry > 0, that is
K=0 in R?\ Bg,,

and

/ 12> K(2) dz < <.
Br,
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(H2) The operator L satisfies the following Harnack inequality: if ¢ is continuous
and positive in R? and is a weak solution to Ly + c(x)¢ = 0 in Bg, with
c(x) € L>®(Bg) and ||c||g~ < b, then

sup p < C' inf ¢
Brys Bry2

for some constant C' depending on L and b, but independent of .
Let w,w € C(R?) N L*(R?) be solutions of the equation
Lu—V(z)u=0 inR?
with w > 0 in R?* and V(z) € C(R?). Then

ctt.

gle
Il

We are not going to prove this theorem because the proof is very similar to that of
Theorem [I.T.1], which we are going to do with detail in Chapter [6] In fact, once you
have read Chapter [6] the proof of this theorem comes immediately. The complete
proof of the theorem can be found in [20].

Remark 5.5.2. Now we list some comments about this theorem.

(1) Tt is the first Liouville type result for nonlocal equations that is proven without
using the extension and local arguments.

(2) One of the main steps in the proof of the theorem is finding an equation that
is satisfied by the quotient, w/w. In the proof of theorem we use an
improvement of the same equation.

(3) Both hypothesis (H1) and (H2) are very restricting conditions and are far away
from the desired results of this type. That is to say, in the case of the classical
Laplacian we have seen a Liouville type result in dimension 2, therefore it is to
be expected a similar result in the fractional case.






Chapter 6

A new Liouville type result for fractional
Schrodinger operators in 1D

In this chapter we give the proof of Theorems [1.1.1] and [1.1.3] Although the state-
ment of Theorem was already known, we present here a different proof without
using the extension problem of the fractional Laplacian. Thanks to this new proof
we can extend Theorem to other nonlocal operators that do not have a local
extension problem, Theorem [I.1.3] This result is a new and original result of the
thesis.

6.1. Preliminary Results

This section is devoted to presenting some results that are needed to finally prove

Theorems [[.1.1l and [L.1.3]
Lemma 6.1.1. Let L be an operator of the form (1.0.1). Then

2 [ Lu)v)de = [ [ (w) = ul) (@) = o) Ko~ y)dady

PROOF.

2/RLU(;C)U(Q;) da:z?/R [/R (u(z) — uly)) K(z —y)dy| o(z)de =
:/R/R(u(x)—u(y)) K(z — y) o(z) dy da+
+ [ [ () = ) K= o) ot dy d =
_ /R /R (u(z) — u(y)) v(z) K(z — y) de dy—
- [ ] () = ) o) K =) oy =
= [ [ @) = uw) (vle) = vl) K =) oy

49



50 6. A NEW LIOUVILLE TYPE RESULT IN 1D

Note that the last expression is symmetric with respect to v and v.

Now we need a result about the integrability of the fractional Laplace’s kernel in
certain domains. This is one of the crucial results that is needed in the final proof.
In fact, this result is the one that limits us to extend the rank of applicability of the
Theorems to s in (0,1/2).

Lemma 6.1.2. Let K, be the kernel of the s-fractional Laplace operator in dimension

one, that is
1

’Z|1+25’

Kq(z) =
and the sets
Sk ={[-2R,2R] x RUR x [-2R,2R]} \ [~ R, R] x [-R, R] C R?,
R
Tr(A) = {(x,y) ERXxR:|z—y| < Z} C R%,

with A a positive constant.

Then

)2
aRP%s/ =V 0 — gy dy < Oy RV,
SrNTR R

and
@E*s/ Ko(z — y)dedy < Cy B2,
SrN(TR)¢

with C1, Cs, Cs and Cy positive constants that do not depend on R.

PROOF. First, let us note that the lines with |x —y| = ctt inside SgNTx have length
of order R, that is

a1 R < pu({(z,y) € SN Tk such that |z —y| = z}) < e R,

with ¢; and ¢y independent of R and z.

Therefore if we use this property together with the change of variable z = x —y and
Fubini’s theorem we get on one hand

|z — y|2 1 1-2 co IR i 1-2
K (r —y)dedy = — r—yl  Cdrdy < — 2P dz =
/SROTR R2 ( ) R2 SrNTR | | R2 0
Cy
— _R272$ — C R172s
R 2 9
and on the other hand
|z — 9‘2 1 1-2 a R R/4 1-2
K (x —y)dedy = — r—y|  Pdrdy > — 2T dz =
/SRI’TTR R2 ( ) R2 SrNTR | | R2 0
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Using a similar property about the length of the lines with |x — y| = ctt inside
Sk N (Tg)¢, we bound the other integral as

1 oo
/ Kz —y)dxdy = o2 |z —y| " Fdrdy < ey R / 2y =
SrN(TR)® SrN(Tgr)®

R/A
— 04 R1_2s,
and
1 oo
/ Ky(r —y)dzdy = —; |z —y| " dedy > s R / Ay =
SrN(TR)® R SrN(TR)" R/A
= C3 R'7%.

O

Finally we also need a maximum principle for the type of operators we are dealing
with in this work. This result is the one that includes the hypothesis on the potential
function V(z) that are also imposed in Theorems |1.1.1}and [1.1.3]

Lemma 6.1.3. Let L = L—V (x) with L of one of the types (F'1) or (F2) defined in
the statement of Theorem[1.1.3 Let ¢ € C*(R) N L>®(R), with & > 284, > 1, and
Smaz S in Theorem[1.1.3. Assume that there exist two positive constants m,b € R
such that

V<—=b<0 in R\ [-m,m],
Lo >0 in R\ [—m,m],
and
>0 in [-m,m].
Then
>0 m R.

PROOF. We are only going to present the proof for the case L = (—A)®, which is a
particular case. The other cases are essentially the same. Let us prove the result by
contradiction. We suppose that there exists a non empty set H C R where ¢ < 0.
Now we can distinguish two possibilities regarding the infimum of the function,
depending on whether it is achieved or not.

If the infimum is achieved, it is in fact a minimum, and there exists a point where
it is attained. That is,

Jxy € R such that minp = p(xy) < 0.
Since ¢ > 0 in [—m,m], we have that zo € R\ [-m, m].

Now, let us apply the operator £ to ¢ in x(. First we have that

L(g)(x) = /R (o(z0) — (y)) K (20 — ) dy < 0, (6.1.1)

due to being xy a global minimum and K positive. On the other hand we have that
V(xo) o(xg) > 0. (6.1.2)
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Summarizing we obtain a contradiction,
0 < L(xg) = Lp(xg) — V(o) p(x0) <O, (6.1.3)

where the first inequality comes from the hypothesis, while the second one comes
from the two previous expressions, equations (6.1.1]) and (6.1.2)).

By the contrary, since the infimum is negative and it is not achieved, we can construct
a sequence of points (xy)gez+ & [—m, m] whose images are negative and tend to the
infimum. That is,

Vi eR, (6.1.4)

T =

p(rr) — p(x) < (7)) —inf @ <
and

o(zr) < 0.

Now, we are going to evaluate the operator £ in these points. In order to do this,
we are going to divide the integral part of the fractional Laplacian in three terms,
and we are going to bound each one separately:

s [T elak) —ely)
(-8 o) = [ T E Ry
_ /xké plo) =) -\ /IH(S () — o(y)

|z — y[112e s |z =yt

+/“¢M@—w@h%

s T — Y[l

dy +

—00

where 0 is a parameter to be determined later.

Let us begin the estimates with the tails of the integral, that are in fact the same.

That is
> - L[> 1 111
/ = f(f)dyg—/ 2% = 1 5 o
Tp+0 |$k—y|+5 ko zl+2s k 2s 02s
where we have used equation ([6.1.4]) and the change of variables y = z+zj. Similarly
for the other tail,

/WMW 1/” ;dzzl/“;dzzlii
. ’mk_y‘1+2s — k e ‘Z’1+25 k 0 Zl+2s k 2s 2s "

Since a > 2s > 1, then ¢ € C*(R) and we can apply Taylor’s theorem of order one.
It says that

o+ 2) = o) + (E() 2, with €(2) € (g, 74+ 2).
On the other hand, as ¢’ € C*"!(R) we have the condition

|0'(§(=2)) = ¢'(€(2))] < Cle(=2) = €(2)|* T < C'Je|*
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If we introduce these two expressions in the integral we get

/”‘"’“” plar) — o), /5 p(ar) — oo+ 2)

b |Ik _y|1+25 |Z|1+25

<| [, D -
R B LT

dz <

2 | |1+25

L2 ]@(E(=2)) 2 — ¢/ (€(2) wl =",
< 5/_5 |Z|1+2$ dz <C/5| |1+2$

LI |
:c/ ErET= ———dz=C "%,
0

Once we have all the parts bounded we can join them. That is

o0

o(xr) — oY) 11 a=2s.
y‘1+2s y — k 523 +C§

(-8 el = [

— 0 |£Ek
Set 0 = k" with 0 < p < 1/(2s), then we can rewrite the previous expression as

1
(—A) p(zx) < k28“ L4 O ks

On the other hand we have that ¢(z)) < 0 and ¢(z) < 1 + inf ¢, which implies
b
—V(zg) p(zr) < bep(ay) < A + b inf .

Finally, summarizing, we have
0 < Lo(zr) = (A @(z) — @) V() <
1
e N g R % +binf o VEkeZ*.
s

Since the last expression holds for all k, we can compute the limit when k tends to
infinity and the inequalities will continue being true. Therefore,

0 <binfp <0,

where we have used the fact that 2us < 1, 2s — a < 0 and that the infimum is
strictly negative. At this point we arrive at a contradiction.

Both whether the infimum is achieved or not we obtain a contradiction. Thus, we
conclude that the assumption of being ¢ negative in a nonempty set is not possible
and we finish the proof. O
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6.2. Proof of the main theorems

The proof of these theorems follows the ideas of F. Hamel, X. Ros-Oton, Y. Sire
and E. Valdinoci presented in [20]. While they work with a kind of operators with
truncated kernels in dimension two, we work in dimension one but with more general
operators.

We are going to divide the proof of the theorems in three parts. First we are going
to find an equation where o = w/w appears (Lemma , in the spirit of what we
do in chapter . Then we are going to bound o (Proposition , and finally we
are going to prove that in fact it is constant, concluding the proof.

Lemma 6.2.1. Let be w,w € L*(R), with w > 0 solutions of equation
Lu:=Lu—V(x)u=0, inR,

with L of the type (1.0.1) and V (z) any function. Also, let 7 € C°(R), and o =
Then

g &

/}R/]R lo(x) — 0(3/)]2 [72(33) + Tz(y)] w(x)w(y) K(x —y)dedy =
- _ /]R/R [0%(2) — *(y)] [7*(z) — T2 (y)] w(z) w(y) K (z — y) dz dy.

PROOF. By hypothesis we have L@ = V(z)w and Lw = V(z)w, therefore
(Lo)w = (V(z)w) w=w (V(z)w) =w (Lw).
If we write the last expression in terms of w and o we get
0= (Low)w — w(Lw) = (L(ow)) w — ow (Lw) . (6.2.1)

Let us multiply equation ((6.2.1)) by 2720, integrate over R and use the result in
Lemma [6.1.9] That is

0= Q/RL(aw)(x) 22(2) o(z) w(z) dz — 2/ L(w)(z) 2(x) o2(x) w(z) dz =

R

- / / (@) u(z) - o(y)w)] [FP@)o@w() — 2@)ow)w(y)] K — y)dx dy

/ / [7’2(95)02(95)10(:6) — TQ(y)oz(y)w(y)} K(z —y)dz dy
— I —

Now we are going to work with [; and I, in order to obtain alternative expressions.
Therefore let us rewrite some of the terms that appear in them,

a) (w(zr) —w(y)) o(z) + (o(z) = o(y)) wly) = o(z)w(z) - o(y)w(y).
b) (@) (z)w(x) = T*(y)o(y)w(y)) o(x )+( ( ) o) T (W)o(y)w(y) =
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Hence, if we substitute them in I; and I, we get

I — / / (w(z) - w(y)) o(z) + (0(z) - o)) w(y)] Kz —1y)-
[P (@)o(e)w(e) — o (y)w(y)] dedy =
N /R/R [w(z) — w(y)] [(z)0” (@) w(z) — 7°(y)o* (Y)w(y)] o(z) K (z — y) dw dy +

" / / 0(2) — o(y)] [P (@) (@)w(z) — 72(4)o* ()] w(y) K« — y) de dy,

.- // e

(z)w(z) — TQ(y)U(y)w(y)) o(z) + (o(z) — o(y) 7°(y)o(y)w(y)] dedy =
/ / Do(@)w(z) — P )o(y)wy)] o) Kz - y) de dy

= [ [ ) = w)l o) = o)) P @)t (o) Ko =) da dy
Then, subtracting the new expressions of I; and [, we have
0=1, —
-/ / D)o (@yu(e) - r5)* ()] wly) Kl - ) de dy
-/ / w(x) —w(y)][o(x) — o(y)] (Yo (y) wiy) K (@ — y) dz dy.
By writing

[o(z) — o)) 7 (2)w(x) + [7*(x) = 7* ()] o (y) w(z) + [w(z) —w(y)]T*(y) o(y) =

we can see that
0=nh-L= [ [ lota) = o) (o) wlo) wly) Ko~ y) dody
+ [ [0 = o] [P@) = 0] o(0) wla) wlo) Ko = y) oy
If we interchange now the variables z and y in the previous equality, we get
0= [ [ 1o0) = o) ) (o) wio) Ka — y) dody
+ [ [ @) = o) [P @) = 72 0)] o) w(o) (o) K@ =) o dy.
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Finally, we add the last two equalities
0= [ [ lo@) = o) [7*) + 7] wle) wlo) Ko~ ) ddy
+ /R/R [0%(z) = o*(y)] [ (z) — (v)] w(z) w(y) K (z — y) dz dy.

O

We can see that this result is almost identical to the one in Lemma 2.1. from [20],
although we have worked it a bit more in order to have a symmetric expression with
respect to both variables x and y.

Proposition 6.2.2. Let L be a linear operator and Spq. > 1/2 both as in Lemma
[6.1.5 Let w,w € C*(R) N L™(R), with & > 284, and w > 0. Assume that there
exist two positive constants m,b € R such that
V<—-b<0 in R\ [-m,m],

Lw >0 in R,
and

Lw=0 in R,
Then, there exists a constant C' > 0 such that
<C in R

w
o] ==
w

PRrRoOOF. Let a > 0 be such that

a- min w(x)> max |w(x)].
z€[—m,m] z€[—m,m]

Note that this constant a exists due to the minimum and the maximum of continuous
functions in a compact set (an interval in this case) are well-defined and w > 0.

Since we want to apply the result of Lemma to the functions
Y+ =aw tw,

we have to show that the hypothesis of Lemma [6.1.3] are satisfied for .. It is
obvious by definition of a that ¢ > 0 in [—m, m].

Now we have to compute Ly, that is
Loy =alw+t Lw=alw>D0.

Since both w and w have the adequate regularity, ¢ have also the same regularity
because of being a linear combination. Therefore we can apply Lemma to them
and we have that

pr=awxw>0 in R,
which is equivalent to
w

lo| = <a in R.
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Hence, the constant a that bounds o in [—m, m] is the same constant C' that bounds
it in all R. O

PROOF OF THEOREM |1.1.1| Let 7 be a C* function on R* such that 0 < 7 <1
and

1 ifo<t<l,
T =
0 ift > 2.

Since 7/ is a continuous function and it is zero if ¢ > 2, then it is bounded. That is,
7] < ||7]|ee < +00.
For R > 1, let

2]

TrR(x) =T (§> for x € R.

From the bound of |7’| we can obtain the following estimate for the derivative of 7,

x |z 1 kd 7]l
Tr(z) = R|x|T/ (El) — |1p(z)| = 7 7’ (E)‘ < =

Then, on the one hand we have

/yr’(t)dtl</y|r’(t)]dt<m/ydt—m]x— |

where we have assumed without loss of generality that + < y. On the other hand
we have that by definition

ITr(z) — TR(Y)| =

7r(2) — TR(Y)] < 1.

Hence, we get

|Tr(2) — Tr(y)| < min {1, %M — y|} ) (6.2.2)

We can also note that 7g converges pointwise to the function 1 when R tends to
infinity.
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Once we have seen some needed properties about the function 7z we apply Lemma

[6.2.1] with this function.
0< = / / 0(@) — o) [r2(0) + 73()] w(e)w(y) K(z —y) drdy =
. / / [02(2) — 02()] [r2(2) — 72(0)] w(z) w(y) K(z — y) dedy <

< /R/R lo(z) —o(y)||o(z) + o()||mr(x) — Tr@)||Tr(z) + TR(Y)]|-
cw(r)w(y) K(z —y)dedy =

=/ |o(2) = a()llo(x) + o()llTr(x) = Ta(Y)l|7r(z) + TR(Y)|

~w(z)w(y) K(r —y)dedy =
= JQ.

The last equality in the previous expression comes from applying that the support of
the function |7z(z) —7r(y)| is just the set S defined in Lemmal6.1.2] That is, if both
|z| and |y| are smaller than R, then 7g(x) = 7r(y) = 1, and the function is zero, and
on the other case if both |z| and |y| are greater than 2R, then 7z(x) = Tr(y) = 0,
and the function is also zero.

Then by Cauchy-Schwartz inequality
32 [ o)~ oto) rale) + e w(e) w(e) Ko — ) dady
SR
[ lota)+ o) o) = o)l wlo) ) Ko — ) ddy <
<2J;- / [0(z) + o)) [Tr(z) — Tr(y)]* w(z) w(y) K(z — y) dzdy.
SR

In the last inequality we have used that [rg(z) + 7r(y)]° < 2[r2(z) + 73(y)], and
the fact that Sp C R2.

Now we apply the result of Proposition [6.2.2] which we have previously proven.
Thus, since both ¢ and w are bounded we have

/S (o) + o (y)]2 [7a(x) — 7a(0) 2 w(z) w(y) K(z — y) de dy <

<C | [rale) - Tr(y)]* K(z — y) dz dy,

and applying Lemma and the bounds on Tg(x) — Tr(y) we have previously
computed, expression ((6.2.2)), we get

/S [o(2) + o (y)]” [Tr(x) — r(y)]* w(z) wly) K(z —y)dedy < CR™> < O,
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where the last inequality comes from having R > 1 and s € [1/2,1).

Therefore
0<JE<JZ<CJy,
implies that

J1 = /R/R [o(x) — O(y)P [712%(33) + T}%(y)} w(z)w(y) K(x —y)dedy < C.

In particular, since 7z = 1 in By

/B /B [U(«T) — a(y)]Q w(gj) w(y) K((IJ — y) dedy < C.

Seeing that C' is independent of R, we can send R — +oo, and by the monotone
convergence theorem we obtain that the map
R xR 3 (z,y) = [o(z) — o(y)]” wlz) w(y) K(z —y)

belongs to L'(R x R). Since yg, tends pointwise to zero as R — oo, we conclude
from the dominated convergence theorem that

lim [ [o(2) = o(y))? wle)wly) K(z - y)dedy = 0.

R—o00 Sg

Therefore, summarizing we have

UR/R [o(2) = o(y)]” w(z) wiy) K(z — y)dz dy g
[

<C lim | o(2) = o(y)) w(@)w(y) K(x — y)dzdy = 0.
— 00 SR
This together with the fact that w > 0 and K > 0 implies that [o(z) — o (y)]> =0
for almost every (z,y) € R x R. Hence we have that o = ctt almost everywhere,
and by its continuity we finally get

o = ctt.
O

We can see that the proof of Theorem is based in the results presented in
Lemmas [6.1.1], [6.1.2] [6.1.3] [6.2.1] and Proposition [6.2.2 Apart from Lemma [6.1.2]
all the other are results for more general operators than the fractional Laplacian.
Then they can be also applied to the two families of operators [F1]and [F2] that appear
in the statement of Theorem [1.1.3] Therefore we only have to adapt Lemma [6.1.2
to be applicable to the operators of the type [F1] and [F2]
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Corollary 6.2.3. (of Lemma Let K be the kernel of an integral operator in
dimension one of the type[F1| or|F2, and the sets Sg and Tr(A) as in Lemmal6.1.5,
with R > 1. Then

2
z—y
SrRNTR

and
/ K(z —y)dxdy < Cy,
SRQ(TR)

with C1, Cy positive constants that do not depend on R.

PROOF. Let us begin by proving the result for the case of K(z) of type [F1l That
is,

_ |2 2
/ [z —yl K(x—y)dxdy < C / i 2y| K (v —y)drvdy < C, R < (),
SrNTR

R2 SrNTR R
and
/ K(x —y)dedy < C / Ky(z —y)drdy < Cy R*% < (.
SrN(TR) SrN(TR)®

And in a similar way for the case of type [F2l That is,

_ |2 12
/ |ny| K(z —y dwdy—zcz/ ‘x y‘ K, (z—y)dody <
SrNTR

SrNTR

and

In both cases we have used that R > 1, s,s; € [1/2,1) and the result for the
fractional Laplacian from Lemma [6.1.2] O

PROOF OF THEOREM [1.1.3] Since the tools developed to prove [1.1.1] are quite
general in terms of the nonlocal operator that drives the equation, the proofs of
both Theorem [I.1.1] and [1.1.3] are essentially the same. That is, we only have to
repeat the proof of Theorem but applying Corollary instead of Lemma
0. 1.2l

O
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