UNIVERSIDAD DE CHILE
FACULTAD DE CIENCIAS FISICAS Y MATEMATICAS
DEPARTAMENTO DE INGENIERIA MATEMATICA

TWO PROBLEMS IN NONLINEAR PDEs: EXISTENCE IN
SUPERCRITICAL ELLIPTIC EQUATIONS AND SYMMETRY FOR A
HYPO-ELLIPTIC OPERATOR

TESIS PARA OPTAR AL GRADO DE DOCTOR EN CIENCIAS DE LA INGENIERIA,
MENCION MODELACION MATEMATICA
EN COTUTELA CON LA UNIVERSIDAD DE AIX-MARSELLA

LUIS FERNANDO LOPEZ RIiOS

PROFESOR GUIA:
JUAN DAVILA BONCZOS
PROFESOR CO-GUIA:
YANNICK SIRE

MIEMBROS DE LA COMISION:
PATRICIO FELMER AICHELE
FRANCOIS HAMEL
JEAN-MICHEL ROQUEJOFFRE
ALEXANDER QUAAS BERGER

SANTIAGO DE CHILE
2014






Resumen

En este trabajo se aborda el problema de encontrar soluciones regulares para algunas
EDPs elipticas e hipo-elipticas no lineales y estudiar sus propiedades cualitativas.
En una primera etapa, se considera la ecuacion

—Au = e,

A > 0, en un dominio exterior con condiciéon de Dirichlet nula. Un esquema de reduccién
finito-dimensional permite encontrar infinitas soluciones regulares cuando A\ es suficiente-
mente pequeno.

En la segunda parte se estudia la existencia de soluciones de la ecuaciéon no local

(—A)Yu=uP, u>0,

en un dominio acotado y suave, con condicién de Dirichlet nula; donde s > 0 y
p = (N +2s)/(N — 2s) + ¢ es cercano al exponente critico (¢ > 0 pequeno). Para hallar
soluciones, se utiliza un esquema de reduccién finito-dimensional en espacios de funciones ade-
cuados, donde el término principal de la funcién reducida se expresa a partir de las funciones
de Green y de Robin del dominio. La existencia de soluciones dependera de la existencia de
puntos criticos de este término principal y de una condicién de no degeneracion.

Por 1ltimo, se considera un problema no local en el grupo de Heisenberg H. En particular,
se buscan propiedades de rigidez para soluciones estables de

(—=Am)’v = f(v) en H,

s € (0,1). Como paso fundamental, se prueba una desigualdad del tipo Poincaré en conexién
con un problema eliptico degenerado en R} . Esta desigualdad se usard en un procedimiento
de extension para dar un criterio bajo el cual los conjuntos de nivel de las soluciones del
problema anterior son superficies minimas en H, es decir, tienen H-curvatura media nula.

Abstract

This work is devoted to nonlinear PDEs. The aim is to find regular solutions to some elliptic
and hypo-elliptic PDEs and study their qualitative properties.
The first part deals with the supercritical problem

—Au = le",
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A > 0, in an exterior domain under zero Dirichlet condition. A finite-dimensional reduction
scheme provides the existence of infinitely many regular solutions whenever X is sufficiently
small.

The second part is focused on the existence of bubbling solutions for the non-local equation

(—A)’u=uP, u>0,

in a bounded, smooth domain under zero Dirichlet condition; where 0 < s < 1 and
p = (N + 2s)/(N — 2s) £ ¢ is close to the critical exponent (¢ > 0 small). To this end,
a finite-dimensional reduction scheme in suitable functional spaces is used, where the main
part of the reduced function is given in terms of the Green’s and Robin’s functions of the
domain. The existence of solutions depends on the existence of critical points of such a main
term together with a non-degeneracy condition.

In the third part, a non-local entire problem in the Heisenberg group H is studied. The
main interests are rigidity properties for stable solutions of

(~Aw)v = f(v) inH,

s € (0,1). A Poincaré-type inequality in connection with a degenerate elliptic equation in
R? is provided. Through an extension (or “lifting”) procedure, this inequality will be then
used to give a criterion under which the level sets of the above solutions are minimal surfaces
in H, i.e. they have vanishing mean H-curvature.
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Introduction

This document compile the work done along three years of a jontly supervised doctoral thesis
between the Universidad de Chile and the Aiz-Marseille Université. The work is composed
by three chapters mainly based on two papers [33, 53] and a preprint under review .

Two main subjects are considered: elliptic and hypo-elliptic PDEs. In the first chapter a
supercritical elliptic problem with exponential nonlinearity is studied. This problem is settled
in an exterior domain under zero Dirichlet condition. The second chapter is focused on a
non-local problem which involves the fractional Laplacian and nonlinearities with power-like
growth, it is settled in bounded domains under zero Dirichlet condition. Finally, the third
chapter is about a non-local entire problem in the Heisenberg group, a related hypo-elliptic
PDE shall be studied as well.

In the next paragraphs, the properties of interest in this work are explained. A briefly dis-
cussion of the results shall be done as well, leaving the precise framework for the subsequence
chapters.

Nonlinear elliptic PDEs

A basic model of nonlinear elliptic boundary problem is the Lane-Emden-Fowler equation,
Au+uP =0, u>0, in €, (LE-F)
u=0, on 0f),

where  is a domain with smooth boundary in RY, N > 3 and p > 1. First formulated by
Lane, an astrophysicist, in the mid 19th century, the role of this and related elliptic PDEs
has been broad outside and inside mathematics. The solution set of this problem may be
surprisingly complex; much has been learned over the last decades, particularly thanks to
the development of techniques from the calculus of variations (see Struwe [71]). Nevertheless,
various basic issues are not yet fully understood.

An important characteristic of this problem is the role played by the critical exponent
p = (N +2)/(N — 2) in the solvability question. When (2 is bounded and p is subcritical,
problem (L-E-F) can be solved using variational methods, see [71]. However, something quite
different happens in the supercritical case: existence fails in general, as Pohozaev discovered
in 1965 [62]. This has been a widely open matter, particularly since variational machinery
no longer applies, at least in its naturally adapted way for subcritical or critical problems.

1Joint work with Manuel del Pino, Juan D4vila and Yannick Sire.



INTRODUCTION

A supercritical elliptic problem in exterior domains

Let D be a bounded, smooth domain in RY, N > 3. Chapter 1 deals with the problem of
finding classical solutions to

—Au = X" in RV \D, (1a)
u=0 ondD, (1b)

where A\ > 0 is a parameter.

In contrast with problem (L-E-F), the nonlinearity in (1a) is of exponential type. Never-
theless, both problems share some important properties as it’ll be shown in Chapter 1 (see
[29, 31]). Problem (1a)-(1b) is supercritical in the sense that variational methods cannot be
applied, at least in its naturally adapted way for subcritical or critical problems.

The exponential nonlinearity in (la) appears, among others phenomena, in thermal self-
ignition models (see Bebernes and Eberly [5]). The full model describes the reaction process
in a combustible material during what is referred to as the ignition period. w represents
a dimensionless temperature inside a cylindrical vessel (which walls are ideally conducting)
when the system has reached an intermediate asymptotic steady state. The balance between
diffusion and reaction is quantified by the parameter A > 0. This parameter is sometimes
referred to as the Frank-Kamenetskii constant, see [46].

In the case D = B4(0), the unit ball, problem (1a)-(1b) has a family of radial solutions,
for A > 0 small, obtained by scaling an entire solution of (1a) in RY. Actually, through
a phase plane analysis, it can be proven that this family of solutions is much richer. The
purpose of Chapter 1 is to show that part of this family of solutions still exists for general
exterior domains RY \ D. In particular, the following existence result is proven.

Theorem (Dévila and Lépez [33]). There exist A > 0 such that, for 0 < X < A, there is a
family of solutions {uy.a}taso to problem (1la)—(1b) with the following asymptotic behavior:

+ O(|x\_5) as |x| — +oo,

ura(z) = —2log |z| — log (2(N>\—2)>

where f = B(N) is a positive number.

The proof of this existence result makes use of a finite-dimensional reduction scheme in
appropriate weighted spaces. Similar phenomenon to the one presented in this work for the
exponential nonlinearity was detected for a supercritical equation in exterior domains by
Dévila, del Pino, Musso and Wei [29, 31] and for a supercritical Schrodinger equation in
entire space, with a rapidly decaying potential (see [30]).

Non-local elliptic problems with power-like nonlinearity

In Chapter 2, the existence of bubbling solutions for a nonlocal version of problem (L-E-F)
is studied, namely

2
u=0, on 0, 2)

where € is a smooth bounded domain in RN, 0 < s < 1, N > 2sand p = (N+2s)/(N —2s)+e
is close to the critical exponent (¢ > 0 small). This problem is studied in both subcritical and
supercritical regime. The precise definition of the Fractional Laplacian is given in Chapter 2.
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Fractional operators have been studied in connection with different phenomena such as
optimization (see Duvaut and Lions [37]), flame propagation (see Caffarelli, Roquejoffre and
Sire [18]); and finance (see Cont and Tankov [28]). It is also worthwhile to mention the thin
obstacle problem and phase transition problems (Caffarelli, Salsa and Silvestre [19] and Sire,
Valdinoci [68]). From a probabilistic point of view, the standard fractional Laplacian is the
infinitesimal generator of a Levy process (see Bertoin [6]).

For the usual Laplacian, problem (2) was extensively studied when the exponent p ap-
proaches critical from below, namely p = (N +2s)/(N — 2s) — ¢, see Brezis and Peletier [10],
Rey [63, 64, 65], Han [50] and Bahri, Li and Rey [4]. In the latter reference, bubbling solutions
are found for N > 4, concentrating around nondegenerate critical points of certain object
which involve the Green’s and Robins’s function of €2. On the other hand, the supercritical
case p = (N + 2s)/(N — 2s) + ¢ was studied by del Pino, Felmer and Musso [35, 36]. They
showed a concentration phenomena for bubbling solutions to this problem when the domain
satisfy certain “topological condition’, for instance a domain exhibiting multiple holes.

For the fractional framework, several authors studied nonlinear problems of the form
(—A)*u = f(u) for a certain function f : RN — R. Among others, it is worthwhile to
mention the work by Cabré and Tan [16] and Tan [72] when s = 1/2. They established the
existence of positive solutions for equations having the subcritical growth, their regularity
and symmetry properties. See also [9]. For the subcritical case, Choi, Kim and Lee [27]
recently developed a nonlocal version of the results by Han [50] and Rey [64], mentioned
in the previous paragraph. They also proved a concentration phenomena for (2) in the
subcritical case.

The aim in Chapter 2 is to study the bubbling concentration phenomena for problem
(2) in both regimes: subcritical and supercritical. This is done through a finite-dimensional
reduction scheme in suitable weighted functional spaces, where the main part of the reduced
functional is given in terms of the Green’s and Robin’s functions of the domain. It will be
proven that the existence of solutions depends on the existence of critical points of such a
main term together with a non-degeneracy condition. In contrast with [27], where a reduc-
tion scheme was carried out with a variational approach in fractional Sobolev spaces, this
work extensively makes use of weighted Hoélder spaces to circumvent the lack of Sobolev’s
embedding. In the subcritical case, our concentrating results constitute a different proof of
the corresponding by [27]. On the other hand, in the supercritical regime new bubbling con-
centration properties for nonlocal problems of type (2) are found. In Section 2, the following
results are proven.

Theorem. Assume 0 < s <1, N > 2s, and Q be a smooth bounded domain in RN . Suppose
that ¥ in (2.6) has a stable critical set A (see Definition 2.1). Then, there exists a point
&= (&, ..., &n) € A and a family of solutions of problem (2) which blow up and concentrate
at each point &, 1 =1,...,m, as € tends to zero.

Theorem. Assume 0 < s <1, N > 2s, and Q2 be a smooth bounded domain in RY. Then, if
p=(N+2s)/(N —2s) — ¢, there exists a point & € Q and a family of solutions of problem
(2) which concentrate at the point & as € tends to zero. Moreover, & is a critical point of the
Robin’s function p(x) = H(x,x), see (2.5).



INTRODUCTION

Non-local phase transitions in the Heisenberg group

Chapter 3 is focused on rigidity properties for stable solutions (see Definition 3.6) of non-local
equations of the type

(—Ag)v = f(v) nH, (3)

where s € (0,1), f € C*(R), v > max{0,1 — 2s} and H is the Heisenberg group. The aim
of this chapter is to give a geometric insight of the phase transition for equation (3). Follow-
ing Sire and Valdinoci [68], a geometric proof of rigidity properties for fractional boundary
reactions in H is provided.

The relation between entire stable solutions and minimal surfaces, as performed in this
work, is inspired by a famous conjecture of De Giorgi [34] (in the Euclidean setting) and in it
is in the spirit of the proof of Bernstein theorem given by Giusti [49]. Similar De Giorgi-type
results (in the Euclidean setting) have been proven by Cabré and Sola-Morales [15] for the
square root of the Laplacian, and later generalized by Cabré and Sire [12] for arbitrary roots.
Sire and Valdinoci [68] gave a proof of analogous rigidity properties for phase transitions
driven by fractional Laplacians. Unlike the method in [12, 15], which require a Liouville-
type result, the proof in [68] relies heavily on a Poincaré-type inequality which involves the
geometry of the level sets of u. Last technique is inspired on the work by Sternberg and
Zumbrun [69, 70].

In Chapter 2, a Poincaré-type inequality will be found through a suitable development
of some techniques for level set analysis. This follows the ideas of Sternberg and Zumbrun
[69, 70]; Farina [38]; Farina, Sciunzi and Valdinoci [39]; Sire and Valdinoci [68]. Some properly
modified computations by Ferrari and Valdinoci [41] are needed in order to understand the
complicated geometry of the Heisenberg group. This inequality, together with an “abstract’
formulation of a technique recently introduced by Caffarelli and Silvestre [20], is used to
study symmetry properties of (3).

On the other hand, sub-Laplacians in Carnot groups, as Ay (see (3.17)), exhibit strong
analogies with classical Laplace operators in the Euclidean space (Harnack inequality, max-
imum principle, existence and estimates of the fundamental solution). Following [20], a
construction of a Ag-harmonic “lifting” operator v = v(z) — u = u(z,y) from H to H x R™
can be carried out by means of the spectral resolution of —Ag in L?(H), in such a way that
v is the trace of the normal derivative of u on {y = 0} (see Ferrari and Franchi [40] and the
references therein).

In Chapter 3 the following Poincaré-type inequality is proven, the precise meaning of the
terms in this result will be given there. Here H := H x R, and B} := B N R,.

Theorem (Lépez and Sire [53]). Let u € C%(H) be a bounded and stable weak solution of a
degenerate elliptic problem in H, see (3.4). Assume furthermore that for all R > 0,

\Viu| € L=(B}).

4



Then, for any ¢ € C§*(R*Y), we have

Y| Vaul*[ Vo)

E)\

> /ya (|Hu|2 — ((Hu)* Vs, Vo) — 2(TY uXu — TXuYu)) @
RA

+
2
Huv,,,, v,
= / y* | Vigul? hi,y+<pm,y+< Y *’m) + 2Ty, Ve ) | B
A | Viu|
R+

This result may be interpreted in two ways:

i) to think that some interesting geometric objects which describe u, such as its intrinsic
Hessian and the curvature of its level sets, are bounded by an energy term. These
quantities involved in the inequality are weighted by an arbitrary test function ¢, and

ii) thinking that the inequality bounds a suitably weighted L?-norm of its gradient. The
weights here are given by the stable solution u. This interpretation sees the inequality
as a Sobolev-Poincaré inequality.

As a consequence of the previous theorem, the following rigidity result is deduced:

Theorem (Rigidity result). Let v € C*°(H), o € (0,2s), be a bounded stable solution of
problem (3). Assume also that the “harmonic lifting" of v to H (see Ch. 2, Sec. 8), which
we denote by u, satisfies (3.13) and (3.14). Then, the level sets of v in the vicinity of
non-characteristic points are minimal surfaces in the Heisenberg group (i.e., the curvature h
vanishes identically).






Chapter 1

A supercritical problem in exterior
domains

Let D be a bounded, smooth domain in RY, N > 3. In this chapter we consider the problem
of finding classical solutions of

—Au = X" in RV\D, (1.1)
u=0 ondD,

where A > 0 is a parameter. This chapter is mainly based on the paper [33].

1.1 Introduction and main results

Véron and Matano [73, Theorem 3.1] considered Eq. (1.1) in dimension 3 with D = B;(0),
the unit ball, and a non-homogeneous boundary condition © = ¢ on 9B;(0). They proved
that if ¢ is close enough to 2w — log(A/2) where w is a smooth solution of

Agw+e* —1=0 (1.3)
on the sphere S?, then there is a solution with the asymptotic behavior
u(z) = —2log x| — log(A\/2) + 2w(x/|x|) + o(1)

as |z| — +o0o. This result is based on the understanding of the solutions of (1.3) obtained
in [23] (see also [7]).

In all dimensions N > 3 and still with D = B;(0) we can also describe many radial
solutions of (1.1)—(1.2). To fix ideas, we denote by U the unique radial solution of

—AU = )¢V inRY, (1.4)
U(0) =0, (1.5)
where Ao := 2(/N — 2). This solution can be constructed by solving the initial value problem
(1.4) with U(0) = U’(0) = 0, and can be proved to be defined for all » > 0. For any o > 0

the function
Uy, =U(ar)+2log«a (1.6)

7



1. A SUPERCRITICAL PROBLEM IN EXTERIOR DOMAINS

also satisfies (1.4). Note that for A > 0, u = U, — log(/\%) satisfies
—Au = X" inRY,

The boundary condition (1.2) is fulfilled if 0 = U(«) 4 2log v — log(%).

Regarding a > 0 as a parameter we find a family of solutions of (1.1)—(1.2) of the form
Ao = Xa2eV @ and u,(r) = Uy(r) — Ua(1). As o — 0 we see that A\, — 0, while A\, — Ag
as o — +oo, which follows from the asymptotic behavior of U(r) = —2log(r) + o(1) as
r — +o00. Let us point out that the family of solutions (\,, u,) with a > 0 also describes all
classical solutions of the problem

—Au=Xe" in Bj(0), u=0 ondB(0),

with A > 0, which was studied in dimension 3 in [48] and later in all higher dimensions in
[51].

Still in the case D = B;(0) one can see that the set of classical solutions of (1.1)—(1.2)
is much richer than the family given by (A, us) with @ > 0. To see this it is convenient to
work with Emden-Fowler change of variables

v(s) =u(r), r=e’ (1.7)
which transform (1.1) into
V' + (N =20 = =X’ in R, (1.8)
and then define
v = ATy =0 (1.9)

This transforms (1.8) into the autonomous system

(@ N (—vlvl—@EQNjL—Q )2)02> ' (1.10)

This system has two stationary points: (0,0) and (2(N — 2), —2), the first being a saddle
point and the second an spiral or an asymptotically stable node depending on the dimension.

The solution U of (1.4)—(1.5) corresponds to a heteroclinic orbit which connects the
equilibria (0,0) and (2(N — ) in the phase plane (vq,vy). Take any point P = (), )
in this orbit. Then for any (X, 3) sufficiently close to P the solution of (1.10) with
initial condition P at time s = 0 will be defined for all positive s and will converge to
(2(N —2),—2) as s = +oo. Under the previous change of variables this will be a solution
of (1.1)—(1.2) associated to the same parameter A. Note that A = A, for some a > 0.
The previous discussion shows that together with the special solution (A,,u,) there is a
continuum of other solutions of (1.1)—(1.2) with the same \,, and all share the behavior
u(r) = —2log(r) — log(m) +o0(1) as r — +o0.

The purpose in this chapter is to show that part of the family of solutions described in
the preceding paragraph in the radial setting still exists for general exterior domains R \ D.

For the precise statement of our result, we need to distinguish between the cases N > 4 and
N =3.

), =2
P =



1.2. PRELIMINARIES

Theorem 1.1. Assume N > 4. Let a > 0 and £ € RYN. Then for sufficiently small X > 0
there is a solution uy to problem (1.1)—~(1.2) such that

uy — Uny(€)(1 — po(x)) as A — 0T,
uniformly on bounded subsets of RN \ D, where pq is the Newtonian potential of the layer
0D (see (1.19)), and has the asymptotic behavior

uy(x) = —2log |z| — log ( +O(|lz|™")  as |z| = +oo,

A
2(N —2)
where B is a positive number (see (1.25)).

The analysis of the radial case suggests looking for a solution u, close to a rescaled and
translated form of U,. It turns out that U, (€ + /A/Aox), where £ € RY is fixed arbitrarily,
is a good approximation. This leads us to construct an inverse of the linearized operator
—Au+ MoeV in RV \ (€+1/X/A\D). This set approaches RY as A — 0T, so such an inverse is
constructed as a small perturbation of an inverse of this operator in entire space. This inverse
indeed exists for N > 4 and adding a lower order correction to the initial approximation
yields the desired solution. In dimension 3, however, the linearized operator is not surjective,
having a range orthogonal to the generator of translations. Thus for N = 3 we find a family
of solutions provided ¢ is adjusted properly. This explains the next result.

Theorem 1.2. Let o > 0. Then there exist A, Z > 0 such that for 0 < X < A there are
&\ € R with |6, < Z and a solution uy to problem (1.1)—(1.2) such that

ur(z) — Ua(€2)(1 — po(z)) = 0 as A — 07,
uniformly on bounded subsets of R*\ D (see (1.19) for ¢y). Moreover, uy has the behavior

A
uy(x) = —2log |z| — log (2(]\]_2)> +O(|lz|™)  as |z| = 400,

where € (0,1/2).

In summary, the difference between the cases N = 3 and N > 4 is that in the former
case, the solutions found constitute a one-parameter family only dependent on o > 0, while
in the latter case is an (N + 1)-dimensional family depending on o > 0 and &.

Theorem 1.2 is similar to the one of Véron and Matano [73, Theorem 3.1] where we
choose to work with the solution w = 0 of (1.3), but we obtain existence for a general
bounded smooth domain D.

Similar phenomenon to the one presented in this work for the exponential nonlinearity
was detected for a supercritical equation in exterior domains in [29, 31] and for a supercritical
Schrédinger equation in entire space, with a rapidly decaying potential in [30].

1.2 Preliminaries
Let us make some additional comments on (1.4)—(1.5) and system (1.10). As we mentioned,

the solution U to (1.4)—(1.5) can be obtained using the Picard fixed point theorem applied
to the equivalent integral equation

r s /¢ N—-1
u(r):—)\/ / <> e“® dt ds
o Jo \S
9



1. A SUPERCRITICAL PROBLEM IN EXTERIOR DOMAINS

on a maximal interval (0,7"). We can show that in fact T = 400 by observing that v, defined
in (1.7), remains bounded in (—o0,logT"). Indeed, note that the Lyapunov function

(,U/ + 2)2

L(v) = 5

+ Xe’ T —2(N — 2)(v + 25)
decreases.

1.2.1 Phase plane analysis

Recall that the system (1.10) has two stationary points (0,0) and (Ag, —2), where Ay =
2(N — 2). If we linearize around the second point we have the associated eigenvalues

N-2 1

If3< N <9, (1.11) gives complex values and (X\g, —2) is a spiral point. If N > 10, (1.11)
gives negative eigenvalues and (Ao, —2) is an asymptotically stable node.
We can get an expression of U and U’ in terms of v; and vy, namely

|
Ur) _ Ih(;\)gﬂr—27 U’(T’) _ r—1v2<1ogr>7 (1'12)
0

e
which implies that U(r) = —2log(r) 4+ o(1) as r — +oo. This behavior is actually common
to all the radial solutions of (1.4).

In dimensions 3 < N < 9 the behavior of U(r) is oscillatory around the singular solution
—2log(r). Instead, if N > 10 then U(r) < —2log(r) for all » > 0, since it can be shown that
v1(s) < A for all s € R, as the next result shows.

Claim 1.3. Suppose that N > 10. Then
0<wvi(s) <Xy, —2<uwy(s)<0, forallseR.

Proof. Associated to the eigenvalue py in (1.11) we have the eigenvector & = (u_,1). To
prove the claim it is enough to show that the curve (vi(s),va(s)), s € R, is between the lines
ve = —2 and vy = Ao+ 2u_ + pu_vy (i.e. the line passing through the point (Ao, —2) in the
direction & ).

First suppose, by contradiction, that there exists so € R such that 0 < v;(sg) < Ao and
v9(sp) = —2. Choose sy as the smallest one with this property. Recalling (1.9)—-(1.10) and
using the minimality condition of sy, we see that

v1(s0) =0 and ws(so) <O0.

But, from (1.10), we have that v)(sg) = —vi(so) + 2(N —2) > 0, which contradicts the
previous. So, if 0 < vy(s) < A then vy(s) > —2.

On the other hand, suppose, by contradiction, that the curve (vi(s),va(s)) crosses the
line previously described. So that, there exists sy € R with

v1(s0) = p-v2(s0) + Ao + 24—, (1.13)
1 )
i Uiso) (1.14)
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Of course here we are choosing the smallest point where the curves cross each other. Last
inequality and (1.10) yield

1
qu’Ul(Ug + 2) S —U1 — (N — 2)?]2.

Replacing vy of (1.13) in the last inequality, we have
pvy + 12 4 (N = 2)p + Ao+ 4pJvy +2[p? + (N = 2)p + o] +4p— > 0.

Recalling that p_ satisfies
2+ (N —=2)u_ 4+ X =0,

we deduce that
vg +4vy + 4 < 0.

This contradicts the previous claim. The proof is complete. O

1.2.2 Asymptotic behavior

Regarding the function U in (1.4)—(1.5), we'll need a further analysis of its asymptotic be-
havior. In this respect, we have the following result.

Claim 1.4. Let U be the only radial solution to (1.4)—(1.5) and v be as in (1.7). Then:
i) if 3< N <9, v(s) =—2s+ O(e_¥5) as s — +00;
i) if N =10, there exist a € R and b < 0 such that

v(s) = =25+ ae™* + bse ™ + o(se™*) as s — +oo;

iit) if N > 10, there exist a € R and b < 0 such that

v(s) = —2s 4 ae”~° + bse"+® 4 o(se”*?)  as s — +o0.

We shall prove the case of resonance ii), the other cases can be handled similarly.
A preliminary analysis of the autonomous system (1.10) suggests to consider

w=v+2s, seR,

which satisfies
w” 4+ 8w 4+ 16w = —16(e” — 1 —w) in R. (1.15)

This implies that there exist constants a,b € R such that
w = ae " +bse™* + w,, (1.16)

where w, is a particular solution of the non-homogeneous equation (1.15) and a, b are numbers
depending on w,,.

11



1. A SUPERCRITICAL PROBLEM IN EXTERIOR DOMAINS

Following the variation of parameters method, we look for a solution of (1.15) of the form
W, = ure™ + uyse** where
0 se1s

‘—16 e’ —1—w) e % —4se
uy = ( ) = 16se*(e¥ — 1 — w)

_46—43 e—4s _ 486—43

and
e s 0
—4e71 —16(e¥ — 1 —w) o w
Uy = perr & = —16e™(e” — 1 —w).

—4e™48 o745 — 4ge4s

Considering the expected asymptotic behavior, we choose the particular solution
+00 +o00o
w, = —/ 16te™ (e — 1 —w)dte ™ + / 16e*(e” — 1 — w) dt se™*

Claim 1.3 and the asymptotic behavior, as s — —oo, of w in (1.16) implies that b < 0.
Moreover, b # 0. Indeed, arguing by contradiction, suppose b = 0, i.e.,

w = ae” " + w,.

Multiplying by e** and differentiating both sides we have

(we4s)/ — (wpe45)’.

We can compute right hand side directly from the expression of w, to obtain that, for all
s <0,
+00 +oo
(w,e*) = / 16e*(e” — 1 —w)dt > / 16e*(e” — 1 —w)dt > 0.
s 0
On the other hand,
(we®)" = w'e* + dwe' -0 as s — —o00

(this limit is zero due to the continuity of U and its derivative around the origin). This
contradiction implies b # 0, the proof of the claim is complete.

1.3 The Method

The construction that we describe next is motivated by [29] and [31]. Let us consider the
change of variables

which transform (1.1)—(1.2) into the equivalent problem

(1.17)

—Au = )\Oea in RN \ﬁ/\,g,
u=20 on E)D,\é,

12
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where D¢ is the shrinking domain

[ A
D)\@' - f + )TD

The closer A is taken from zero, the “closer' RY \ D, ¢ is to RY, so it is natural to seek for a
solution @ in the form of a small perturbation of U, in (1.6). We need a correction so that

the boundary condition is satisfied.
Let ¢, be the solution of the problem

AQO)\ =0 in ]RN\ﬁkyg,
oa(@) =Ua(z)  on 0Dy,
lim py(z) =0.
|z| =400

In the same way, consider ¢ the function such that

Apy=0 in RV \ D,
p(r) =1 on 0D,
li = 0.

By the maximum principle,

o(x) = (Ual€) + O/ Mo ( e f)) .

We also note that

. _ 1
o= Jim o) = gy | Vel

RN\D

which in particular implies
loa(z)] < CAWN=22 — ¢2"N for all 2 € RV \ Dy

The number fRN\D |Vo|? dz is the Newtonian capacity of D.
Thus we look for a solution to problem (1.17) of the form

u= Ua 2% ¢7
which yields the following equation for ¢

A¢+ e = M(¢) + Ex in RN\ D),
¢ =0 on 8DA75,

where
Ey = Me% gy, M(¢) = —Xoe” (e?7? — 1 — ¢ + ¢)).

(1.18)

(1.19)

(1.20)

(1.21)

(1.22)

(1.23)

Remark 1.5. We emphasize that, until here, this scheme applies to all dimensions N > 3.
However, if N = 3, in order to solve (1.22) we need to choose a special £, depending on .

This will be done in Section 7.

13



1. A SUPERCRITICAL PROBLEM IN EXTERIOR DOMAINS

For the time being let us consider N > 4. In order to solve (1.22) it is first necessary
to construct a bounded right inverse of the linearization of (1.1) around U, in the whole
of R, this construction is carried out in Section 4. The method has previously been used
by Mazzeo and Pacard (see [56]) where solutions with prescribed singular set for subcritical
problems are constructed (see [59] and [60]). For small A > 0 a similar solvability property
is established for the linearized operator around U, in the exterior domain RY \5,\76. In
Section 5 we construct such a bounded right inverse, namely a solution for the linear problem

(3000 R aan

qb =0 on 8@)@,

for norms on functions ¢ and h defined on RY \ D, ¢ given as follows. For given 0 < o < 2
and

1, 4 <N <9,
0<p< ) 3 (1.25)
min{y,,1} N > 10,
where N_2 1
= — 2 J(N=2)(N-10
we consider the norms
9]l = |l Lo (B (e)) + S [z —¢|%()], (1.26)
[illwg = sup |z —&|7|h(z)| + sup |z — &P |h(x)]. (1.27)
|z—€|<1 |[z—€|>1

In this context there is continuity, as the next result states.

Proposition 1.6. Assume N > 4. Then given numbers o > 0 and Z > 0, there exist positive
constants C, A such that for any |£| < Z and any 0 < XA < A the following holds:
For any h with ||h||..¢ < 400, there exists a solution of problem (1.24)

¢ = Vi(h),
which defines a linear operator of h such that
[6llxe < CllAllne-

In Section 6 we use this result and the contraction mapping principle to solve (1.22).

1.4 The operator A + \peYe in RY
Let U, be a radial solution of (1.4). In this section we study the linear equation
Ap+ MV ¢ =h, inRY. (1.28)

The main result concerns with solvability of this equation and estimates for the solution in
the weighted L*> norms given by (1.26) and (1.27). The main result in this section is the
following.

14
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Proposition 1.7. Assume N > 4. Then given o« > 0 and Z > 0, there exists C' > 0 such
that for any |&| < Z the following holds: For any h with ||h||.«.e < +00, there exists a solution
of (1.28)

¢ = W(h),

which defines a linear operator of h such that
[0]le < CllRlse. (1.29)

To prove this result we first consider £ = 0. We denote the corresponding norms by ||||.
and ..

1.4.1 A Right Inverse

In this subsection we consider N > 4 as well as N = 3, pointing out the main differences
between both cases.

The linear operator in (1.28) is of regular singular type and it is well known that it is
Fredholm on weighted spaces provided the weight does not equal one of indicial roots (see for
instance [55, 56, 57]). We include the main points of the argument and omit some technical
computations.

Let us write h as

h(z) =" h(r)O(0), r >0, 6 € SN,
k=0

where O, k£ > 0 are the eigenfunctions of the Laplace-Beltrami operator —Agny-1 on the
sphere S¥~1 normalized so that they constitute an orthonormal system in L2(SV~!). We
take ©¢ to be a positive constant, associated to the eigenvalue 0 and ©;, 1 < i < N is an
appropriate multiple of x;/|z| which has eigenvalue \; = N — 1, 1 < i < N. In general, A\,
denotes the eigenvalue associated to Oy, we repeat eigenvalues according to their multiplicity
and we arrange them in a non-decreasing sequence. We recall that the set of eigenvalues is
given by {Z(N -2+ Z)}ZZO
We look for a solution ¢ to (1.28) of the form

o(x) = i Or(r)Ok(0), x =r0.

Therefore, ¢ satisfies (1.28) if and only if
N -1

A
kit (2(1\7 —2)e — T;“) O = Py, (1.30)

for all » > 0, for all £ > 0.
To construct solutions of this ODE we need to consider two linearly independent solutions

21k, 22, of the homogeneous equation
N -1

A
R0kt (2(N —2)e% — T’;) ¢r =0, r>0. (1.31)

Once these generators are identified, the general solution of the equation can be written
through the variation of parameters formula as

Gr(r) = 21k(r) / zo g™ THdr — 2z (r) /szhkrN_l dr,

15



1. A SUPERCRITICAL PROBLEM IN EXTERIOR DOMAINS

where the symbol f designates arbitrary antiderivatives, which will be specify later.

It is helpful to recall the reduction of order method: If one solution z; x to (1.31) is known,
a second linearly independent solution can be found in any interval where 2 ;, does not vanish
as

201 (1) = 211(7) /217;6(7“)27”1]\[ dr.

One can find the asymptotic behavior of any solution z of (1.31) asr — 0 and as r — +00
by examining the indicial roots of the associated Euler equations. We recall (1.12) to get, as
r — +o00, the limiting equation of (1.31)

o+ (N = Drel, + (2(N —2) — A\)de =0, k> 0.
As r — 0 the limiting equation is given by
gk + (N = 1)réy, — Mgy = 0.
In this way, the behavior will be ruled by z(r) ~ r=# where u satisfies
p?— (N —2)p— A = 0.

Equation (1.30) can be solved for each k separately:
Case k = 0. Since \g = 0, Eq. (1.30) is the radial form of the linear problem (1.28). As
r — 400 the limiting equation is

¢y + (N — 1)repy + 2(N — 2)¢g = 0.

The indicial roots of the associated Euler equations are

N-2 1
+
iy = = ii\/(N—Q)(N—lo). (1.32)
As r — 0T, the indicial roots are
=0 and ps =N —2. (1.33)

Since Eq. (1.4) is invariant under the transformation a — U(ar) + 2log «a, we see by
differentiation in « (recall (1.9)) that the function

210 = va(logr) + 2

satisfies (1.31). By Claim 1.4 in Section 2, the asymptotic behavior of 2, as r — +o0,
depends on the dimension in the following way:

N—-2

i) if4 <N <9, then 210 =0(r "z )asr — +oo and z19(r) = O(1) as r — 0F;

ii) if N = 10, there exists ¢ > 0 such that 219 = cr~*logr(1 4+ o(1)) as r — 400 and
z10(r) =0(1) as r — 0F;

iii) if N > 10, there exists ¢ > 0 such that z;90 = c¢r # (1 + o(1)) as r — +o0 and
z10(r) =0(1) as r — 0.

16



1.4. THE OPERATOR A + )\ge¥ IN RV

Let’s construct a second solution to (1.31) for each dimension separately. If 4 < N < 9,
define 2z for small » > 0 by

,
200(r) = zl,o(r)/ z;gsl_N ds,

T0

where rg is small so that 29 > 0 in (0,79) (which is possible because z;9 ~ 1 near to 0).

Then 2y is extended to (0, +00) so that it is a solution to the homogeneous equation (1.31)
N-2

in this interval. By (1.32) and (1.33), 2290 = O(r~"2 ) as r — +oo and z39 ~ r* " as
r — 0%. We define

Po(r) = 21,0(7")/ zo0hos™ 1 ds — 22,0(7“)/ z10hos™ ! ds.
1 0

¢o depends linearly on hg and is a solution of (1.30). We omit a calculation to verify that

If N > 10, the strategy is the same as previously, but this time is more convenient to
rewrite the variation of parameters formula in the form

¢o(r) = —2170(7")/ 2170(8)—281—1\// ZLO(T)hO(T)TN_ldes, r >0,
0 0

This formula is well defined because z; o > 0 (see Claim 1.3 in Section 2). Again, a straight-
forward calculation shows that ¢, satisfies

[P0l < Collhollsx-
Case k=1,...,N. In this case as r — +00 eq. (1.31) becomes
¢y + (N = 1)rép + (N = 3)py, = 0.
The indicial roots of the associated Euler equations are
pi=N—-3 and p; =1. (1.34)
As r — 07, the indicial roots are
pp =—1 and puy=N—1. (1.35)

Similarly to the case k = 0 we have a solution to (1.31), namely 2 x(r) = —U.(r) which is
positive in all (0,4o00). Using (1.12) we find that

2 = —T_lvg(log T).
About the behavior of z j, by (1.12) we deduce that there exist constants c.., ¢y > 0 such

that 21 = coor (1 +0(1)) as 7 = 400 and z14(r) = cor(1 + o(r)) as r — 0F. With it we
can build a solution to (1.30)

(1) = —21(1) /Or 21 5(s) 28N /OS 211 (T) g (7)1 d7ds. (1.36)

17
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We omit a calculation to show that ¢, satisfies
Prlls < ChllPage]] -

Case k > N. Define
N -1

r

¢+ (2(]\7 — 2)eV — i’;) ¢ =0.

Lyp = ¢" +
This operator satisfies the maximum principle in any interval of the form (6,1/§), § > 0.
Indeed, the positive function z = —U/, is a supersolution, because

N —1- X

LkZ = D)

. 2 <0 in (0,+00),

since { A}, is an increasing sequence. To prove the solvability of (1.30) in the appropriate

space we observe that
Ch || |
— BNk
) =+ 5

(for some suitable large Cy) provides sub and supersolutions to Ly¢ = hg. Then the method
of sub and supersolutions shows that ¢, founded in this way, satisfies

Remark 1.8 (Case N = 3).

i) Fourier mode k = 0: is handled exactly as in dimensions 4 < N < 9.

ii) Fourier modes k£ = 1,2,3: due to (1.34) some functions in a subspace of solutions
to the homogeneous equation (1.31) don’t have decay at infinity, as we require. So, in
order to solve the non-homogeneous equation (1.30), we have to impose an orthogonality
condition on hy, k = 1,2,3. If we look at (1.36), we find out that such an orthogonality
condition is

/ z(m)hi(r)T?dr =0, k=1,2,3. (1.37)
0
If so, it follows easily from (1.36) that ¢y satisfies

iii) Fourier modes k > 3: the method previously used for higher dimensions works also.

1.4.2 Continuity

The previous construction implies that given an integer m > 0, if ||hl|« < +o00 and hy = 0,
for all &k > m then there exists a solution ¢ to (1.28) that depends linearly with respect to h

and

where C),, may depend only in m. We shall show that C),, can be chosen independently of m
using a blow-up argument that has been previously used by [17, 29, 30, 31, 56].

18
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Suppose, by contradiction, that there is a sequence of functions h; such that || h;||.. < +oo,
each h; has only finitely many non-trivial Fourier modes and that the solution ¢; # 0 satisfies

1Dl = Cjllhl,

where C; — 400 as j — oo (no confusion should arise between ¢;, h; and the associated
Fourier modes). Replacing ¢; by ¢;/||¢;||« we may assume that ||¢;||, = 1 and ||h;[/« — 0
as j — oco. We may also assume that the Fourier modes associated to \y =0 and \; = ... =
Ay = N — 1 are zero.

Along a subsequence (which we write the same) we must have

(1.38)

N —

sup [z|7]¢;(z)] >
z>1

or

. (1.39)

N | —

15 ()| o= (31 0)) =

Assume first that (1.38) occurs and let z; € RY with |x;| > 1 be such that
6 1
[5171¢5(z5)| > 7

Along a new sequence (denote by the same) z; — zo or x; — +00.

If x; — x¢ then 2y > 1 and by standard elliptic estimates ¢; — ¢ uniformly on compacts
sets of RY. Thus ¢ is a solution to (1.28) with right hand side equal to zero that also satisfies
|o|l« < +o00 and is such that the Fourier modes ¢y, ..., ¢n are zero. But the unique solution
to this problem is ¢ = 0, contradicting ¢(xo) # 0. ~

If |z;| — +o0, consider ¢;(y) = |z;|°¢;(]z;|y). Then ¢; satisfies

AG; + Ao 529, = by in RY,
where h; = |z;°T2h;(|z;|y). But since ||¢;]l. = 1 we have

1

@) < Jyl™% Jyl > (1.40)

;|
So ¢; is uniformly bounded on compact sets of RN \ {0}. Similarly, for |y| > 1/|z;]
()] < Nkl Jyl

and hence h; — 0 uniformly on compact sets of RN \ {0} as j — co. By elliptic estimates
¢; — ¢ uniformly on compact sets of R \ {0} and ¢ solves

Ad+ Noly| 26 =0 in R\ {0}.
From (1.40) we deduce the bound
)| < lyl™", [yl >0. (1.41)

Expanding ¢ as
o(x) = D on(r)Ow(0),

k=N+1
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where ¢ denotes the Fourier modes of ¢ (recall that we assumed at the beginning that the
first N 4 1 of these modes were zero), we see that ¢, has to be a solution to
N -1 2(N —-2)— A

O + ( 2) Yo =0, Vr>0,Vk>N+1.

T r

7
[San

. . . . . . — j:
The solutions of this equation are linear combinations of r~#«, where

N-2 1
ug:Tii\/(N—m(N—m)—uk, k>N +1.

It’s easy to check that p;; < 0 and § < pf. Thus, ¢4 cannot have a bound of the form (1.41)
unless it is identically zero. This is a contradiction because ¢;(x;/|z;|) > 1/4 for all j.

The analysis of the case (1.39) is similar. By density, for any h with ||A||.. < 400 a solution
¢ of (1.28) can be constructed and it satisfies ||¢||. < C||h]|.«. This proves Proposition 1.7 in
the case £ = 0.

1.4.3 Proof of Proposition 1.7

Let 1 be a smooth cut-off function such that
n(x) =0 forall |z —¢ <4,
n(xz) =1 forall |z —¢ > 26,
where ¢ > 0 is small. We shall solve

Agy + Mo (1 =n)dy = (1 —n)h  in RY,
lim  ¢o(x) = 0.

|z| =400

Note that for 6 > 0 sufficiently small but fixed the operator A + AgeV~(1 — n) is coercive,
hence there exists a solution to this problem and we have the estimates

|62(2)] < Cl[h]ling  forall [z —¢] <1, (1.42)
192 (2)| < C||hllane(1+ |2]))>™N  forall |z — & > 1. (1.43)

According to the above arguments, we can solve the equation
A¢y + NeV 1 = —\gePndy +nh  in RY, (1.44)

provided the right hand side has finite || ||.. norm. But, since ngp, = 0 for |[x — &| < 6, (1.42)
and (1.43) imply that
Ao n2lex < O[] e.

Thus, there exists a solution ¢; to (1.44), such that
@1l < CllAllne-

Note that the norms |||, and |||[.¢ are equivalent, as directly can be checked from their
definitions. Then there exists C' > 0 (which might depends on Z) such that

[@1llee < CllAllee- (1.45)

Define ¢ = ¢1 + ¢, which is a solution to (1.28). Then from (1.42), (1.43) and (1.45) we see
that (1.29) holds, and the proof is complete. O]
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1.5 Proof of Proposition 1.6

We shall use the operator constructed in the previous section in order to prove Proposition 1.6.
We fix Z > 0 large and work with |{| < Z. The estimates depend on ¢ only through Z.
We assume that 0 € D. Let 0 < Ry < R; be fixed such that 2Ry < R; and D C Bp,. Let
p€ C®RY), 0<p<1besuch that

p(x) =0 for|z| <1, p(z)=1 for|z|>2
and set NI N
m(z) =p (ROOAUQ(:E—@), (@) =p (ngm(fv—é))-
We look for a solution to (1.24) of the form

o=+ .

We need then to solve the system of equations

AP+ (1= () Aoe” )

= =2VinVep — pAn + (1= )b in RY\ Dy, (1.46)
w =0 on GD,\,g, lim w<£lj'> = O;
|z| =400
Ap + Age%p = =XNe”* (o + (b, in RY; (1.47)

where ¢, 1) are the unknowns.
Proposition 1.6 will be proved using a fixed point argument. We assume | b, < +00.
Let

E\=108 B
\=B %Ro(f) \ \/gRo(f)
and consider the Banach space
X ={p/ ¢: RY — Ris Lipschitz continuous in E\ with ||¢||.¢ < +oo}

with the norm

lellx = lllle + A2Vl Loy
Given ¢ € X we first note that (1.46) has a solution for suitable small A because ||(1 —
() Aoele IL32@n5, ) — 0 as A — 0F. Let ¢(p) denote this solution, which is clearly linear
in . As we shall see, [¢] < C/|z|V~2 for large |z|, which implies that the right hand side
of (1.47) has a finite || ||.e. Then, by Proposition 1.7, Eq. (1.47) has a solution @ such that

[@ll+e < +00. Set F(p) =
For p € X we will fist prove the estimate

V(@) < CAY22 (]l ane + llollx) e — €27, (1.48)
for all z € RN \ Dy¢. Indeed, let ¢)(2) = ¢ (5 + “?z) , z € RV \ D. Then
0

AY 4+ A1 —p(z/Ry))e%p =g in RV \ D,
Yv=0 ondD, lim &(m) =0,

|x| =400

(1.49)
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where
A\/2 z A 1 z A
-9~ _ i AN DAY ) Al
! Roxg/QVp(R())W(“VAOZ) R p(R())@(G\&Z)
A z A
—(1=p(=)]h \—=z -
- )\O ( P <R1)> (6_'_ )\OZ>

Then the support of g is contained in the ball Byg, and we can estimate for all z € RV \ D,

2| < 2R,
2];\/(1)2/2 Vp (;0) Vo (5 + \//\Toz) < Cllellx (1.50)
;3 do(7) ¢ (§+ ﬁ) < Cllellx (1.51)
jo (1=r(5))" (g + \E) < ONT g, (1.52)

Since 0 € D and o < 2, we see from (1.50)—(1.52) that
9(2)] < Cllellx + IAllese)x2R, -
This estimate and (1.49) yield
[0(2)] < Cllelx + Allsl=l*Y forall 2 € RY\ D

which implies (1.48).
Recall that ¢ € X, ¥ = 1(¢p) is the solution to (1.46) and we use the notation @ = F(y).
By Proposition 1.7 we have

[#llve < CUAC™ Ol + 10T escg)- (1.53)
Using (1.48) we can estimate || AgeV*(\1)]|«xe. We have

SUP|p—g|<1|T — §|06UQC/\|1/J|
< CAN22(|| Bl e + N0l x) sup o — ¢

VA AoR1<lz—¢€|<1 (1.54)
< ON(||hflew + ol x)-
On the other hand
sup |z—&[** e ()¢
|lz—&[>1
< CAN22 (A + lollx) sup | — ¢~V (1.55)
lz—¢|>1
< CANT22(|| A + [l x)-
We deduce from (1.54) and (1.55) that

1206 (xthlan < CXT2([|Bl e + 0 x)- (1.56)
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1.6. PROOF OF THEOREM 1.1

Therefore, from (1.53) and (1.56), we find that
Bl < COllllx + [1Alleg)-

Using a scaling argument and elliptic estimates we can prove

sup [V@| < CA2|[g]. ¢
Ey

and hence
IF(@)llx < CO[l@llx + [1h]]swe)-

Since F' is affine, this estimate shows that F' has a unique fix point ¢ in X for A > 0 suitable
small, and the fix point satisfies

lellx < Cllhlle-

1.6 Proof of Theorem 1.1

In this section we prove Theorem 1.1 by using a fixed point argument to solve problem (1.22).
In particular, we prove the following result:

Proposition 1.9. Assume N > 4. Then given a > 0 and Z > 0, there are positive numbers
A, C such that for any |{| < Z and any 0 < X\ < A, there exists ¢r¢ solution to problem
(1.22) such that

drellse < CA2 forall0 < XA < A, |¢] < Z.

Proof. There is not loss of generality in assuming 0 € D. Fix § > 0 such that B;(0) C D.
We first estimate || E)||se and || M (@)« in (1.23). In particular we have

| Exllig < CX7/2 (1.57)
1M (@)lleeg < OISl + A7/2)el?le. (1.58)
In fact, by (1.21)
wp o — €@ < OATD2 qup g g
lo=¢I<1, 2¢Dae 53/ ho<l—g1<1
< C«)\CI/Q7

and
sup |z — £7*P|pa (@) Ao < CANT2 sup |z — ¢
lx—=¢&|>1 lz—€|>1
< AN,

which yields (1.57).
For (1.58), by the definition of M and the identity e = 14 ¢ + [; ¢f(c — ¢) dt, valid for
all e € R, we have
[M(9)] < Ce(¢? + @} )el 1.
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1. A SUPERCRITICAL PROBLEM IN EXTERIOR DOMAINS

Additionally,
sup ‘ZU _ élera¢2 S CHQbHig
|z—§|<1, o¢Dy ¢
and
sup |ZE - §|JeUaQO§\ < O/\N_2 sup |JZ _ §|0+4—2N
Iel<t, 2# D v/ Ao<lz—€|<1
< ON7/2.

Note also that, by (1.21),
lpa(z)| < C* N for all x & Dyg, A > 0.
These inequalities yield

sup [ — €|7[M(9)] < C([|]2 ¢ + A7/Z)el?l-< (1.59)

|$7§|S1, x¢D/\,§
On the other hand

sup |z — £[*Pe¢® < Cllgll% Sup o — €7
T—G|Z

|[z—¢£|>1 |
< C|gll7 ¢

and

sup |z — &P Pelep? < OANT? sup |o — €PN

lz—€]>1 |[z—¢£|>1
< ONN72,

Then

| S%|p>1 |z — PP |IM(9)] < C(l|]|2 ¢ + AV 2)el?llee (1.60)

Combining (1.59) with (1.60) we obtain (1.58).
Now let us focus on the fixed point argument. We define for small p > 0

F={¢: RV\Dye — R/ [|¢]l.¢ < p}
and the operator ¢ = A(¢) where ¢ is the solution of Proposition 1.6 to

{ A+ hoe""d = M(p) + Ey in RN \ Dy, (1.61)

¢ =0 on 82))\,5,

where M and FE) are given by (1.23). We prove that choosing p > 0 small enough, A has a
fixed point in F. From Proposition 1.6 we have the estimate

[ Al < CIM (@)l ex + 1 Erllsx)
and, by (1.57) and (1.58),

JAll.e < Clp%e? + X72e? 4 X7/2) < ,
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1.6. PROOF OF THEOREM 1.1

if p > 0 is fixed suitable small and then one consider A — 0*. This proves A(F) C F.
Now let us take ¢; and ¢9 in F. Then

[ A(¢1) = A(@2)llvg < CIIM(d1) — M(h2)|[ne- (1.62)

To estimate the right hand side, consider ¢ € (¢1, ¢2) U (¢2, ¢1) such that
M(¢1) — M(¢2) = M'()(¢1 — 62).
Directly from the definition of M, we compute
M'(¢) = —Xge”*(e?~#* —1).

Indeed, note that
[M'(¢)] < Ce¥(|g] + [oa])elHieAl,

Therefore, B
[M(61) = M(2)] < Ce ([6] + [pa)e!”!¢1 — ¢al.
Similarly to (1.57) and (1.58),

sup |z —&]7e% (@l |pr — go| < Cpe||p1 — dallue
|[z—€|<1, 2¢Dy ¢

and

sup |z — &7 [@rlel?| g1 — ¢
|lx—€|<1, o¢Dy ¢

< CeP \NV-2)/2 sup |z — €]7* Vg — ol e
I/ A do<|z—€|<1

< CePA|dy — ol e
These inequalities yield

sup [ — £|7[M(d1) — M(¢2)| < Clp+ A7)’ |61 — 62| (1.63)

|z—€|<1, x¢Dx ¢

On the other hand

sup |z — &7 [@lel g1 — gaf < Cpe?||g1 — o g

lz—€|>1
and
sup |z — &[*PeV |y el ) — o]
le—¢&|>1
< CAV=D2er qup lz — &N o1 — G2 l|4e
|lz—&|>1
= C)\(N72)/2ep‘|¢1 — 2| we-
Then
S e = €FPIMG) = M(ga)| S Clo+ XV HALor — dalle. (164
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1. A SUPERCRITICAL PROBLEM IN EXTERIOR DOMAINS

Combining (1.63) with (1.64) we obtain

1M (¢1) = M(d2)llwng < Clo+ X[ d1 — all.e. (1.65)

Gathering (1.62) and (1.65) we conclude that A is a contraction mapping in F provided
p > 0 is fixed suitable small, and hence it has unique fixed point in this set. Moreover, from
the previous steps we deduce the estimate

[daellse < CA72 forall 0 < X <A,

which is the desired conclusion. O

1.7 The case N =3

In this section, we show the modifications needed in Theorem 1.1 and its proof for the low
dimension case, so we consider without mentioning N = 3.

We use again the norms defined in (1.26)—(1.27), but this time 5 € (0,1/2). As we pointed
out in Remark 1.8, the problem

AG =" d=h iR, [|h]ewe < +o0,
may not be solvable for ||¢||.e < +o0, unless h satisfies the orthogonality conditions

oU,
61’1‘

h—"dz =0, i=1,2,3, (1.66)

R3
(note that these conditions are equivalent to those in (1.37)).

Therefore, problem (1.22) may not be solvable in the required space unless £ would be
chosen in a very special way. So, in low dimension we consider instead the projected problem

3
Ap+ Xoe% ¢ = M(¢) + Ex+ > ¢;®; inR*\ Dy, (167)
=1 :

¢ = 0 on GDM,
where ¢;’s are constants, which are part of the unknown, and

ou,,

@i(x) = n(e)

(z), i=1,2,3.

n is a fixed radial cut-off function, i.e. n € C°(R?), n(x) =n(|z|), 0 <n <1 and
n(xz) =1for x| <1, n(z)=0 for |z| > 2.

The only purpose of 7 is to make ®; “sufficiently" integrable in R3.

We handle problem (1.67) using a similar scheme to problem (1.22). Through an appli-
cation of the Banach fixed point theorem in a suitable L> space, we prove that (1.67) is
solvable in the form ¢ = ¢(\,€), ¢; = ¢;(A, &), where the dependence on the parameters is
continuous. We then obtain a solution of problem (1.22) if

ci(A€) =0 foralli=1,23.
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1.7. THE CASE N =3

We will show that for each sufficiently small A there is indeed a point ¢ such that this system
of equations is satisfied.

Similarly to higher dimensions, the use of contraction mapping principle is based on the
construction of a bounded inverse for the linear problem

3
Ap+ e =h+> @ inR*\D,g,
| (1.68)
(b =0 on 82),\,5,
We have this analogous result to Proposition 1.6.

Proposition 1.10. Let us consider numbers o« > 0 and Z > 0. Then there exist positive
constants C, A such that for any |£] < Z and any 0 < A < A the following holds: For any h
with ||h]|we < 400, there exists a solution of problem (1.68)

(gb, C1,Co, 63) = \I/)\(h),
which defines a linear operator of h such that

9]l + ma Il < Clhleve

As we did in Section 4, we first consider the version of problem (1.68) in entire space,
3
Ap+ % d=h+> ¢;® inR>. (1.69)
i=1
The corresponding result to Proposition 1.7 is the following.

Proposition 1.11. Let « > 0 and Z > 0. Then there exists a C' > 0 such that for any
€] < Z the following holds: For any h with ||h||.w¢ < +00, there exists a solution of (1.69)

(¢, c1,ca,c3) = W(h),
which defines a linear operator of h such that

16lle + mas feil < Cllhllg. (1.70)

We observe that the numbers ¢; are explicit functions of h. Indeed, if ¢ solves (1.69) with
the bound (1.70) then two integrations by parts again ®; yield

1, d
¢ = —f“‘“—f, i=12,3. (1.71)
Jesm %g? da

This expression allows us to estimate |¢;| in terms of ||h]..e.

The scheme of the proof of Proposition 1.11 is analogous to the one used in Proposition 1.7.
We first consider & = 0 and write h in its Fourier modes. Then we treat each Fourier mode
of Eq. (1.69) separately. For Fourier modes k = 1,2,3, we have to take care of choosing
¢; according to (1.71); in this way, orthogonality conditions (1.66), and then (1.37), will be
satisfied. The estimates for |¢;|, i = 1,2, 3, in (1.70) are obtained using (1.71). The blow-up
method used to prove the continuity of the operator, as well as the gluing argument are
similar to Section 4, we omit the details.

Likewise, we can prove Proposition 1.10 from Proposition 1.11 using a similar scheme to
Section 5.
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1. A SUPERCRITICAL PROBLEM IN EXTERIOR DOMAINS

1.7.1 Proof of Theorem 1.2
Using a similar scheme to Section 6, from Proposition 1.10 we can prove the existence of

solutions to problem (1.67) in low dimension, we omit the details. In particular, we have

Proposition 1.12. Let us consider a > 0 and Z > 0. Then there are positive numbers A,
C such that for any || < Z and any 0 < X\ < A there exist ¢re, c1(N,E), ca(N,E), c3(N,€)
solution to problem (1.67) such that

lérelleg + max [e:(\ )] < CX forall 0 <A< A, [¢] < Z, (1.72)
where
v =1/2min{o, 1}.
Next we make a remark on how to recognize when ¢; = 0 in Eq. (1.68).

Lemma 1.13. There is ¢g > 0 small such that if A < gy and ¢ is a solution to (1.68) such
that ||@||«e < 400, ||h||we < +00, then ¢; =0 for all i =1,2,3 if and only if

0¢ OU, oW, , o
on o, dS(x) + / h@xi de =0 foralli=1,2,3.

Proof. Since 0,,U, satisfies the linear homogeneous equation in R?, multiplying (1.68) by
this function and integrating by parts in Br(0) \ D, ¢, where R is large, we obtain

0¢ oU, 0 U,
— — ¢ d
on Ox; on Oz, > 5(@)
9(Br(0)\Dx¢) (1.73)

3 oU.
/ ( z:zl dz;

Br(0)\Dx ¢

Since [|¢|«¢ < 400 we see that
lp(2)| < Clz|™® for all |z| > R
A scaling argument and elliptic estimates show that
IVo(x)| < Cla|P~1 for all |2| > R,
where R’ > 0 is a large fixed number. Thus
0¢ OU, 0 oU,

_(bi

- < =2 forall |z| > R’
on Ox; on Ox; < Clal or all |z] 2 &,

and hence 96 U 9 ou
li ve a Y « —0.
Rortoo / (ém Ox; ¢8n 0z, ) dS(z) =0
0BRr(0)
Letting R — 400 in (1.73) yields
3 ouU, oU, d¢ dU,
;C / Oz o / Ox; . / on Ox; (z)
R3\Dy ¢ R3\Dj ¢ ODx¢

For A > 0 sufficiently small the matrix with entries ng\DA . P, %lia dz is close to [, ®;9% dz
» J J

which is invertible. The lemma follows. ]
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1.7. THE CASE N =3

Seeking ¢; = 0. Finally we show how to find a & = {(\), A > 0 small, such that
ci(A,€) =0 foralli=1,23,

and thereby prove Theorem 1.2.
Let us assume 0 € D and 0 € (1,2). We have found a solution ¢y ¢, c1(X,§), c2(A,§),
c3(A, &) to (1.67). By the previous lemma, for all A small ¢; = ¢; = ¢3 = 0 if and only if

oU. D¢ OU. B
(Bx+ M(9re)) 5" do + / S o dS(r) =0 (1.74)

R3\Dj ¢ 0D ¢

forall t =1,2,3.
Let us define

ouU,, Opre OU,
G;(§) = / (Ex+ M(¢re)) 5. 4t / 225 O

R3\Dj ¢ 0D ¢

ds(z). (1.75)

Using local uniqueness, the fixed point characterization of ¢, and elliptic estimates, one can
prove that the functions G; are continuous; we omit the details.
Recalling the definition of fy in (1.20), we claim that

Gi(€) = foX'/? / o — §|—16U“gga dz + o(A'/?) (1.76)
J
R3

uniformly on compacts sets of R3. Then, for A small G;(&) ~ foAY/ 2%%(5 ), o we can expect
that there exists { annulling the functions G, j = 1,2, 3.
We first observe that

oU,, Y
M(¢>\,§) I, dz = O(A /2). (1.77)
R3\Dj ¢ '
Indeed,
oU,
/ ‘M(Qb/\,&)am dr = / - dx + / e day
R3\Dy ¢ ' Bi(§)\Da ¢ R3\B; (¢)

by (1.59) and (1.72),

oU, - Y
[ oG] a < cappzeromess [ g

B1(§)\Dx ¢ B1(§)\Dx e
< O+ X7

Likewise, (1.60) and (1.72) yield

ou, 3
[ oo as <cozernee [ - gsa
RO\B1(6) Z R3\B1(6)

AL/2
< Che™',
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1. A SUPERCRITICAL PROBLEM IN EXTERIOR DOMAINS

These inequalities prove (1.77).
On the other hand, we need to estimate the boundary integral of (1.75). We claim that

Obye
on

Ore(y) = Pre (5 + \/)\Toy) for all y € R®\ D.

5 A
|ore(y)| < CAV? for all |y| < \/f

Likewise, by (1.72) and the definition of the norm ||||. ¢, we see that ¢, ¢ is uniformly bounded.
Furthermore, (1.67) implies that [A¢y¢| < C in RY \ Dy ¢, thereby ¢, ¢ satisfies

(x)’ = O(A"Y%),  uniformly for 2 € 0Dy (1.78)

In fact,

By (1.72), we have

|Agre| < CA.

By elliptic estimates N
sup |V e| < CAV2,
oD

which proves (1.78). Using the last inequality we derive

DonedUs .
/ PrE dS(a) = O()

6D)\’5

This fact together (1.77) prove the claim made in (1.76).
Finally, let us consider the vector field

G(&) = (G1(§), G2(£), G5())-
G is continuous and, thanks to (1.76),
G()-¢£<0 forall [¢| =R,

for any fixed small R > 0. Using this and degree theory we obtain the existence of ¢ such
that ¢y = ¢g = ¢3 = 0. Which is the desired conclusion. O
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Chapter 2

Bubbling solutions for nonlocal
elliptic problems

This chapter is focused on the existence of bubbling solutions for the problem with nonlocal
equation

{ (—A)Y’u=u’, u>0 1inQ, 2.1)

u=0 on 09,

where © is a smooth bounded domain in RY, 0 < s < 1, N > 2sand p = (N+2s)/(N—2s)+e
(e > 0 small).

2.1 Introduction

For the usual Laplacian, problem (2.1) was extensively studied when the exponent p ap-
proaches critical from below, namely p = (N + 2s)/(N — 2s) — ¢, see Brezis and Peletier
[10], Rey [63, 64, 65], Han [50] and Bahri, Li and Rey [4]. In the latter reference, bubbling
solutions are found for N > 4, concentrating around nondegenerate critical points of certain
object which involve the Green’s and Robins’s function of 2. On the other hand, the super-
critical case p = (N +2s)/(N — 2s) 4 ¢ was studied by del Pino, Felmer and Musso [35, 36],
in particular they showed a concentration phenomena for bubbling solutions to this problem
when the domain satisfy certain “topological condition', for instance a domain exhibiting
multiple holes.

In the fractional framework, several authors studied nonlinear problems of the form
(—A)*u = f(u) for a certain function f : RN — R. Among others, it is worthwhile to
mention the work by Cabré and Tan [16] and Tan [72] when s = 1/2. They established the
existence of positive solutions for equations having the subcritical growth, their regularity
and symmetry properties. See also [9]. Recently, and for the subcritical case, Choi, Kim and
Lee [27] developed a nonlocal analog of the results by Han [50] and Rey [64] mentioned in
the previous paragraph. They also proved Theorem 2.2 below in the case p = p* — . With
a new framework in the spirit of [35, 36], we’ll be able to generalize the work by Choi, Kim
and Lee, and consider both subcritical and supercritical case.

Throughout this Chapter, p* := (N + 2s)/(N — 2s) represents the critical exponent. For
this exponent, the corresponding equation in RY

(—=A)u = u? (2.2)
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has an explicit family of solutions of the form

N—-2s

wre(r) = A" wA (= §))

with € € RY and \ > 0, where

(2) = —

N—2s

L+ |2) 5

and ay s > 0 (see [24] for classification results).

We construct solutions of (2.1) that concentrate at certain points in Q as ¢ — 0. These
concentration points are determined by the critical points of a map which involves the Green’s
function of the operator (—A)® and its regular part. Let G denote the Green’s function for
(—A)® in Q, that is, for any & € Q, G(+, ) satisfies

(=A)G(- &) = de() in

G.E)=0 onQ, (2:3)

where 0¢ denotes the Dirac mass at the point £. In the entire space, we denote the Green’s
function by I', which satisfies

(=A)T(2,€) = d¢(x) for all x € RV,
lim I'(z,£) =0,

|z|—o00

for each fixed £ € RY. The function I' is explicitly given by

bn,s
[(x,8) = \x—]g\’N—?S’ (2.4)

where b = b(N, s) > 0. We also define the regular part of the Green’s function G of € by

H(z,§) = G(z,&) —T'(z,§) forax, &€, xv#¢. (2.5)

Its diagonal is usually called the Robin’s function of the domain.
Given m € N, the following function will provide to be very important for constructing
solutions of (2.1):

i=1 i<j

E1y.o oy ém € Qand Ay,... Ay >0 (see (2.30)).
We recall the definition of stable critical sets introduced by Y.Y. Li [52].

Definition 2.1 (Stable critical set). Suppose that Q@ C RY is a domain and ¥ is a C(f2).
We say that a bounded set A C € of critical points of W is a stable critical set if there is a
number § > 0 such that ||U — ®||peca) + [|[V(¥ — @) || pe(ay < § for some & € C'(Q2) implies
the existence of a critical point of ® in A.

Our main result in this chapter is the following:
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Theorem 2.2. Assume 0 < s <1, N > 2s, and Q2 be a smooth bounded domain in R™. Sup-
pose that W in (2.6) has a stable critical set A. Then, there exists a point £ = (&1,...,&n) € A
such and a family of solutions of (2.1) which blow up and concentrate at each point &;,
t=1,...,m, as € tends to zero.

We shall also show the following result in the subcritical case and with m = 1, i.e. a
single bubble.

Theorem 2.3. Assume 0 < s < 1, N > 2s, and Q) be a smooth bounded domain in RY.
Then, if p = p* — ¢, there ezists a point & € Q and a family of solutions of problem (2.1)
which concentrate at the point & as € tends to zero. Moreover, £ is a critical point of the
Robin’s function ¢(x) = H(x,x).

The chapter is organized as follows: In Section 2 we recall the definition and the basic
properties of the fractional Laplacian in bounded domains and in the whole RY. In Section 3
we shall develop the analytical tools toward the main results. We study the linearization
around specials entire solution of (2.2), an initial approximation shall be done as well as. Fi-
nally, Section 4 and 5 contains the reduction to a finite dimensional functional and its relation
with the original problem (2.1); these sections contain the final tools to proof Theorem 2.2
and 2.3 in Section 6.

2.2 Preliminaries

In this section we recall some basic properties of the fractional Laplacian. The notation used
throughout this chapter is settled down as well.

In the entire space, the operator (—A)® in RN, 0 < s < 1, is defined through Fourier
transform F, by

FI(=A) () = [¢[* Flul(¢)-
On a bounded domain €2, we define (—A)?® through the spectral decomposition of (—A) in
H ()

(=A) = > 1P,
=1

where {1, ¢; }5°; are the eigenvalues and corresponding eigenvectors of —A on Hj(Q) and P;
is the orthogonal projection on the eigenspace corresponding to ;. The fractional Laplacian
is well defined in the fractional Sobolev space H{(€2),

Hy() = {u=)_aipy € L*(Q) : Y_aii < oo},
=1 =1

which is a Hilbert space endowed with the following inner product
<Z ai¢iazbi¢i> = Zaibiﬂf7
i=1 i=1 Hy(Q) =1

and we have the following expression for this inner product:

< U,V > gz )= /(—A)S/Qu(—A)S/QU = /(—A)Suv, u,v € Hj(). (2.7)
Q Q
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We will often work with an equivalent definition based on an appropriate extension prob-
lem introduced by Caffarelli and Silvestre [20]. This problem is set in © x (0,00) and it
will be convenient to use the following notation: z € RY, y > 0, and X = (z,y) € RY :=
RY x (0, 00); likewise, we denote by C the cylinder Q2 x (0, 00) and by 9,C its lateral boundary,
i.e. 9 x (0,00). The ambient space Hg;(C) is defined as the completion of

C;.(C) :={U € C®(C) : U = 0 on 9,C}

1/2
10l = ( / y”SWUP) . (2.8)

This is a Hilbert space endowed with the following inner product

with respect to the norm

(U, V) = /C y' "*VU - VV  forall U,V € Hy(C).

In the entire space, we denote by D*(RY ™) the completion of C5°(RY*!) with respect to the
norm || - HRﬁJrl defined as in (2.8). We point out that if  is a smooth bounded domain then

H3 () = {u = trlaxoU s U € Hy,(C)}.
The extension problem is the following: given u € H(2), we solve
div(y'"*VU) =0 inC,
U=0 on 0;C, (2.9)
U=u on (2,

for U € Hj [ (C), where divergence and V are operators acting on all variables X = (z,y).
Then, up to a multiplicative constant,

(—A)’u = — hII(l] y' %9, U, (2.10)
Y—r

where ¢ = ¢(N, s) > 0 (see [20] and [21] for the entire and bounded domain case, respectively).
Regarding this extension procedure, the Green’s function defined in (2.3) can be seen, up
to a positive constant, as the trace of the solution G for the following extended Dirichlet-

Neumann problem
div(y' *VG(-,€)) =0 in C,

G(,§) =0 ondC, (2.11)
— lir% y' 0,G (-, &) = d¢(-) on Q,
y—

¢ € Q (we denote the Green’s function, as well as its extension, by G). Moreover, we have
the following representation formula

U(z) = /Q G2, &) (—A)ul)de for all 2 € C, (2.12)

where u = tr |ox0yU. Likewise, the regular part of the Green’s function defined in (2.5) can
be extended in U € Hg ;(C) as the unique solution of

div(y'"*VH(z,£) =0, z€C,

H(z,€) =T(z - ¢), z € 0rC, (2.13)
lig(l)yl_zs@yH(z,S) =0, ze€,
Y
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2.3. INITIAL APPROXIMATION AND REDUCED ENERGY

¢ € Q (we denote the regular part of the Green’s function, as well as its extension, by H).

In the next sections, given a a function v € H{(£2), when we speak of its s-harmonic
extension to 2 x (0,00) we will always refer to the solution of (2.9). This extension process
depends on the domain, and we include the possibility that the domain is RY, in which case
U can be written as a convolution of v and an explicit kernel

U(x,y):/ P(x —t,y)u(t)dt (2.14)
RN
where
y28
P(x,y =C S 25
)= )

(see [20]). Then, the s-harmonic extension of the fundamental solution (2.4) to RY :=
RY x (0,00) is given just by

c
[(z1, 22) = m for z1,29 € ]R_]X, 21 # 29.

2.3 Initial approximation and reduced energy

Let © be a bounded domain with smooth boundary in RY. It will be convenient to work
with the enlarged domain

__1
QE = £ N72SQ'

Then the change of variables

U(ZL‘) — 82+E(]\}_2/2) u(é‘l\]i2sl‘)7 €T E QE)

transforms equation (2.1) into

{ (=AYv=0"% v>0 inQ, (2.15)

v=0 on 0.
For the sake of generality, we will develop an initial approximation with concentration

at m uniformly separated points in 2 that stay away from the boundary. Let us fix a small
0 > 0 and work with &;,...,&,, € €2 such that

& —&)| >0 foralli#j and dist(§,00)>4d for all 4. (2.16)

Let us write )
{i=e 756 € Q.. (2.17)
Given points as above and Aq,..., A\, > 0 we consider the following family of solutions to

(2.15):
N—2s
Yy 2

wi(z) = w/\i,ﬁg(x) = ONs (M) : (2.18)

We will restrict the parameters \; so that

N € (6,67 forallie{l,...,m}. (2.19)
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2. BUBBLING SOLUTIONS FOR NONLOCAL ELLIPTIC PROBLEMS

Let W; denote the s-harmonic extension of w; to RY ™ given by the formula (2.14), so
that W, satisfies

{dmy”svm =0 iR, (2.20)

Wi =w; oOon RN.

We introduce the function v; to be the H{(€2.)-projection of w;, namely the unique solution
of the equation

“AYv, = wP i
{( A)v; =w)  in ), (2.21)

v; =0 on 0f2..

The functions v; can be expressed as
v =w; —@; in ),
where ¢; is the trace on (). of the unique solution @; of

div(y'"2V®;) =0 inC.,
®; =W, on 9,C., (2.22)

lim y1_258yd52- =0 on (),
y—0

where C. is the enlarged cylinder €. x (0,00) and 9.C; its lateral boundary.
We look for a solution of problem (2.15) of the form

v =T+, (2.23)

where .
V= Z V;
i=1
and {&;, \;}, are suitable points and scalars which made the term ¢ of small order all over

.. As we note in the previous section (see (2.9) and (2.10)), solutions of (2.15) are close

related to those of
div(y'"*VV) =0 in C,

V>0 in C.,
V=0  ondC., (2.24)
— lim yl—zsayv — P on Q..

y—0

These functions correspond, in turn, to stationary points of the energy functional

L[ 1
[ (V) = 2/c y'? |V‘/\2—p*+1i€/Q v

We remark that in the subcritical case these functionals are well defined and C! in the Hilbert
space Hi; (C.,y' **dxdy) defined as the completion of C>°(C.) with respect to the norm

1/2
(/ y' | VV d:cdy) .

If a solution of the form (2.23) exists, we should have I, (V) ~ I..(V'), where V and V denote
the s-harmonic extension of v and v, respectively. Then the corresponding points (£, \) in

prtlde (2.25)
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2.3. INITIAL APPROXIMATION AND REDUCED ENERGY

the definition of v are also “approximately stationary" for the finite dimensional functional

(&,\) — I..(V). It is then necessary to understand the structure of this functional and to
find critical points of it which survive small perturbations.

In order to understand the previous energy functional, we first analyze the behavior of ¢,
and v; as € tends to 0, we’ll need the following maximum principle.

Lemma 2.4 (Maximum principle). Suppose that U is a weak solution of the problem

div(y'"*VU) =0 inC,
U=g ondf,
limy'"*9,U =0 on Q,
y—0

for some function g : 0, — R. Then

sup |U(2)| < sup |g(2)].

zeC z€0L.C
Proof. Let U = sup.cy, ¢ 9(2), and consider the function V(z) = U — U(z) which satisfies
div(y'"*VV) =0 inC,

V>0 on0.f,
lim y' %9,V =0 on Q.
y—0

Note that VT =0 on 9:Q. Then, we deduce that
0= /y1—2svv . vv—i— — _/y1—25|vv+|2.
C C

It implies that V* = 0, and then U < U in C. By a similar argument, we can deduce that
inf.co,c g(2) < U in C, which completes the proof. ]

Lemma 2.5 (Expansion of ¢; and v;). Assume that &, ..., &y satisfy (2.16) and A1, ..., A\
satisfy (2.19). Then

N—2s

pi(e" T z) = a); * H(z,&)e+ o), (2.26)
uniformly for x € Q. And, away from x = §&;,
1 N—2s
vi(eTVmx) =a)\ ? G(x,&)e + o(e), (2.27)

uniformly for x on each compact subset of Q. Here a = (N, s) = fRN w? and G, H are
respectively the Green’s function of the fractional Laplacian with Dirichlet boundary condition
on ) and its regqular part.

Proof. Using (2.12), the function W; in (2.20) can be written as

Wi(z) = /]RN T(z,7)w? (7)dr.

Then, recalling the definition of w; in (2.18), we have that

_ N+42s

Wi(z) =X 2 / Dz, 1w (A N(r = €))dr forall z = (z,y) € RY .
RN

37



2. BUBBLING SOLUTIONS FOR NONLOCAL ELLIPTIC PROBLEMS

Regarding (2.22), let us now consider the functions @;.(z) = @i(e_ﬁz) and H,;.(z) =
2

N—2s
a); 2 H(z,&)e defined in C (H is the extended function in (2.13)). Using the previous
identity, we have that,

1 _N 2s «
Br(z) = Wi ®mz) = A8 /R Pt (07 (- €) dr

(2 (2

N—2s

=\? / F(sfﬁz,ﬁg + /\iT)wp*(T) dr
RN

N—-2s
2

= )‘ig/ T & + NeV s 7)u? (1) dr
RN
N-2s
=a) * [(z,&)e +o(e),
uniformly for z € 9, (recall also that & remains far from 0€2). Therefore,

sup |P;.(2) — Hi-(2)] = o(¢)
z€0,0

By the previous lemma, we deduce that

sup |®;.(2) — H; ()] = o(e).
2€Q
This establishes (2.26). A similar argument can be used to state (2.27), we omit the details.
[l

With these estimates on hand let us focus on the energy functional. As the points &; are
taken far apart from each other and far away from the boundary, we have the fist approxi-
mation

I:I:a(v) ~ ZIZEE(WZ) ~ mCN
i=1

where )
C —— 1-2s VW 2 - w p*+1
N Q/Rf“y | | p+1 RN| |
and W is the s-harmonic extension of w. To work out a more precise expansion, it will be
convenient to recast the variables \; into the A;’s given by

A = (ay ;)7 (2.28)

with -
f]RN wP' T

P+ 1)( [ wr)?
Lemma 2.6 (Expansion of the energy). The following expansion of the energy holds:

aN:(

Lo(V) = mCy + [yv + pn ¥ (€, A)Je + o(e) (2.29)
uniformly with respect to (&, A) satisfying (2.16), (2.19) and (2.28). Here

1 m
‘1’(57/\) = 9 {Z H(ﬁm&)/\? - 22G<§ia€j>AiAj} + 10g(A1 e Am) (2-30)
i=1 i<j
— m m m p*+1
YN {j:p*+1pNj: 2leogaN:|:p*+1/RNw logw} (2.31)
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2.3. INITIAL APPROXIMATION AND REDUCED ENERGY

and f .
Y4

_ Jry W

PN 7}9* T

Proof. Consider the energy functional

1 1
(V)= Hsvv?—/ 14
o=y [wmeve— o[

In order to prove (2.29), let us first estimate /o(V'). Recall that v = > v;, and then
V =>7",V, where V and V; represent the s-harmonic extension of v and v;, respectively.
We have

p*+1

(V) = (1)

1 1-2 2 1 / *+1
=Nz SIVV;]? — vP
;2 A (2.32)
1 m p*+1 m
+3 [y - [ [(%s) -Xu ]
i) J Ce p Q. \i=1 i=1

Now, recall that, by (2.21), V; satisfies up to a constant

div(y'"*VV;) =0  inC.,
Vi=0  ondLC, (2.33)

.
—limy'29,V; = w! on Q..
y—0

Integrating by parts, we deduce that

1-2s 2 _ p* p*+1 p*
/ y Vi —/ w; Ui —/ w; Wy Y
€ € QE

Thus, recalling the definition of w; given in (2.18) and then using the previous lemma, we
have that

2
/ T AVAVARES / wP —ay (/ wp*) H (&, &)Ae + o(e)
€ RN RY

2
— / y'E|I VW —an (/ wp*) H (&, &)N2e + o(e),
Rerl RN

where the last equality is due to W is the s-harmonic extension of w, which satisfies equation
(2.2).
By a similar argument, we see that

(2.34)

2
[ oy —ax ([ o) Glegmne ot (235)
€ RN

2
[ = [ o e (/ wp*) HE )N +o(e)  (236)
Q. RN RN
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2. BUBBLING SOLUTIONS FOR NONLOCAL ELLIPTIC PROBLEMS

m p*+1 m )
[ () -xa
e \i=1 =1

2
= 2ay (/ wp*> G(&,&)NiNje +o(e) for all i # j.
RN

Putting (2.34)—(2.37) in (2.32), we conclude that

and

(2.37)

Io(V) =mCy + %N {i H(&, &) —2) G(&, @)AZ-AJ} e+ o(e).
=1

i<j
On the other hand,

_ _ 3 — 9 — —
Ii5<V) — [O(V) = i(p*—|—1)2/9 VP AR F p*—i—l/g % e logV + 0(8).

The right hand side can be computed as in [35, Lemma 2.1] and [36], it gives us the following
expansion

I..(V)—1y(V)
m * m *
I e — el ] / p*+1
[ <p*+1>2/RN“’ 2 + 1) Og“N< Ry )

p*+1
fRJ\;w log(Al R Am) T *m
p + 1 p + ]. RN

w? " log w} e+ o(e),

which concludes the proof. O

2.4 The finite-dimensional reduction

Given § > 0, consider pints & € €2, and numbers A; > 0, for i = 1,...,m, such that
€ — &l > w4, dist(€],00.) > e TS, § <A <d L (2.38)

As we mention in the previous section, we look for solutions to problem (2.15) of the
form v = v+ ¢ (see (2.23)). So that, in this section we consider the intermediate problem of
finding ¢ and ¢;; such that

(AP (O+¢) =0+ )" =+ > cyw” 'z inQ,
i,J

¢=0 on 02, (2.39)

/ qbwp*_lzij =0 for all 7, j
where the &’s and the \;’s satisfy (2.16) and (2.19), respectively; and z;; are defined as
follows: consider the functions
22‘]' == 8%.11))\2.75;, 1 S 1 S m, 1 S] S N, (240)

N —2
Zio = Tswxi,gg +(@=&) Vuye, 1<i<m (2.41)
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2.4. THE FINITE-DIMENSIONAL REDUCTION

and then define the z;;’s in (2.39) to their respective H{(€2.)-projection, i.e. the unique
solutions of
(—A)Szzj = (—A)SEZ] in Q&‘,
25 =0 on 0f)..

Remark 2.7. i) In order to find solutions of (2.15), we have to solve (2.39) and then find
points &; and scalars A; such that the associated c;; are all zero.

ii) Observe that for ¢ € L>(R") the integral

*
—1
/ wP Zijqb
RN

is well defined because w? ~'(z) < C(1 + |z|)™* and |z;;(z)] < C(1 + |z]) N2,

iii) The role of the functions z;; will be clarified in Proposition 2.9.

The first equation of (2.39) can be rewritten in the following form:

(—AY'6 = (" £ )" T = R+ Mo(6) + 3 eiu? 2y

where

= sz ,
Me(6) = (0+ @)™ — 7% — (p" & )0 715,

Then we need to understand the following linear problem: given h € C*((.), find a function
¢ such that for certain constants ¢;;, ¢ =1,...,m, j =0,..., N one has

(_A>S¢ - (p* + 5>@p*_1i€¢ =h + Z Cz’jwp*_lzij in st
i,J
¢=0 on 9, (2.42)
pw? 'z =0 for all 4, j.
Qe

To solve this problem, we consider appropriate weighted L*°-norms: For a given o > 0, let
us define the following norm of a function h: 2. — R

B Ih(z)|
1o = s00 S~ T e — 2o

With these norms, we have the following a priori estimate for bounded solutions of (2.42).

Lemma 2.8. Let a > 2s. Assume that the points {&}™, C Q and the scalars {\;}1", satisfy
(2.16) and (2.19), respectively. Assume also that ¢ € L>().) is a solution of (2.42) for a
function h € C%(Q2.). Then there is C' such that for e > 0 sufficiently small

9]l =22y < CllAlla (2.43)

and

cij| < Ch|a- (2.44)
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From now on, we denote by C' a generic constant which is independent of € and {&}",
{\i}, satisfying (2.16) and (2.19), respectively. The proof of this lemma is based on the
following non-degeneracy property of the solutions w) ¢ (see [32]).

Proposition 2.9. Any bounded solution ¢ of equation
(=46 =pufy'e inRY
s a linear combinations of the functions

N — 2s
2

wae + (x = &) - Ve, Oy wreg, 1<j<N. (2.45)
We will also need the following convolution estimate.
Lemma 2.10. For 2s < a < N there is C' such that
11+ [2))2 72 (T % h) || oo vy < 1L+ [2]) | oo vy,
where T is defined in (2.4).

Proof of Lemma 2.8. Let us first estimate the constants ¢;;. Testing the first equation in
(2.42) against zj; and then integrating by parts twice, we deduce that

Zcij/ wp*_lzijzlk = / [(—A)Szlk — (p* + 8)1—)p*—1:tszlk]¢ — / thk, e>0.
i.j Qe Qe Qe

This defines a linear system in the ¢;;’s which is almost diagonal as € approaches to zero,
indeed, for k=1,..., N

. ey (0w o\’
/ WP iz = 61-1(5%/ w’;hol (;J’\O> + o(1)
- RN T
and for k=0

* * N - 28 2
/ wP _IZZ'jZlo = 51'1(5]'0 /N w§i701 ( 9 Wx;,0 + - VIU)\Z.70> + 0(1)
B R

On the other hand, we deduce that, for [ =1,...,m,
R L e P

after noticing that (—A)S,Elk—p*wiiglilk = 0 (recall the definition of Zj; in (2.40) and (2.41)),
and then applying the dominated convergence theorem. Also, it is easy to see that

‘ / hzy,
Qe

n

< Ofhlla-

Therefore, the constants c;; satisfy the estimate

lcij] < Cllhlla +o(D)]|0]lx@.) ase—0. (2.46)
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let us prove (2.43). We proceed by contradiction, assuming there are sequences &, — 0,
¢n € L®(S2, ), which is a solution of (2.42) for some h,,, and such that

onllee@.y =1, ||hnlla =0 asn — oo.

Let &; ., denote the sequence of associated points, scaled according to (2.17), and let \;,, be
the sequence of parameters. Observe that, by (2.46),

el < Cllbnlla + o)l énllr=(a.,) = o(1) asn — oc. (2.47)

We shall prove that
Jim (6]l =0, (245)

for v = min{«, 8} — 2s and  is any number such that 2s < g < 4s. In particular
| ®nll oo,y — 0 as n — 400, which is a contradiction.
To show (2.48), we first prove that for any R > 0,

¢n — 0 uniformly on Bg(&;,,). (2.49)

Suppose that this is not true and translate the system of coordinates so that &, = 0. Then
there is some point x,, € Br(0) such that

, (2.50)

N —

|0 (n)| =

By passing to a subsequence we can assume that ¢, converges uniformly on compact sets of
RY to a bounded solution ¢ of the problem

(~Ay¢ =puf'¢ inRY

for some A > 0 (recall that \;,, stay bounded and bounded away from zero by (2.19)). By
Proposition 2.9, ¢ is a linear combination of the z;;’s. We can take the limit in the third
equation of (2.42) and use the Lebesgue dominated convergence theorem to find that ¢
satisfies

/ wﬁjo_lzijgb:O forall1 <i<m,0<j <N,
RN

and we deduce from this that ¢ = 0. But because of (2.50) there must be a point x such
that |¢(x)| > 4, which is a contradiction.
We claim that for any 2s < < 4s

lim ||(p* 4+ &,)0" ¥ ¢,|l5 = 0. (2.51)

n—oo

Indeed, observe that 0 < (p* £&,)0P 1Hn <O (1 + |z — &, )%

inl) 7 S0

< my (1 o = €D ).

[(p™ £ €0)0” _1ian¢nHB < C sup m(1+|z—¢ |)P |Pn ()]

T€Qe,

Let € > 0 be given. Then there exists R > 0 large so that

s (L4 o= &)™
i (1+z =&,

<& Voe, \Ur Bg(E,)
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By (2.49), there is ng such that for all n > ny

sup |¢,| <e.
Br(&; ,,)

It follows that for n > ng,

"4 o =g |) ]
sup —,; ’ on(x)| <€,
S S U =g,y 7@l

and this proves (2.51).
Indeed, let

1 — &) .
sl e 40 (2]
J= J

(I+]z—&)
hin =

= S T e - g

1+ |z —=¢&) +
tin(r) = = : Y cpw? Tzl
TPy

fZ,n($> =

—a |hn(l')|,

and observe that 3=, fi, = |(p* £,)07 “1En |, S5 hin = |ha| and X, 6, = Sk crpw? "Lz
We extend the functions f;,, h;, and ¢;,, by zero outside €2.,. Let 1);, be the solution to

(_A>S¢i,n = fz’,n + hz‘,n + ti,n in RN,

with ¢ ,(x) — 0 as |z| — oo, obtained by convolution with T".
Let 1, = 32, ¥, and observe that 1, satisfies

(=AY, =g, in RN
where

(0" £ ) 0(x)" "5 ()] + R ()] + ] D cipw(@) ()] if €,
gn<m) = Lk
0 if o d Q.

Using the maximum principle for the extended problem in . x (0,00), Lemma 2.4, we find
G| < b 0 Q. (2.52)

Therefore we can get weighted L> estimates for ¢,, by establishing these estimates for .
Note that centering at &, = 0,

I+ )il Lo < [[n]la

and therefore, by the previous lemma,

(1 + ‘x|>a72sr * hi,nHLOO(]RN) < ||l |- (2.53)
Similarly,
11+ J2))* 72T st | oo mry < Y Jew![0” ™ 2o (2.54)
Lk
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Finally, if 2s < 8 < 4s, using again the previous lemma we find that
1+ )72 * finll e eyy < N1+ [2])” finll oy < (07 £ €2)0” 75 Gullg. (2.55)
Hence, by (2.53)—(2.55)

[nlly ey < CUI@" £ €)0” 75 Gl + Nhalla + D lewl ™~ 2u]la),
L,k

where v = min{ — 2s,a — 2s}. Using (2.52) we get

1l < CUP" £ )t == bulls + 1l + D lewlw?” = 2 lla)-
N

But ||(p* £ £,)07 " F 0|5 + [[halla + Xik lew||wP " zmlla — 0 as n — oo by (2.47) and
(2.51). This proves (2.48).
Finally, (2.44) is a consequence of (2.43) and (2.46).

As a consequence of Lemma 2.8, we deduce the following proposition.

Proposition 2.11. Let o € (2s,4s) and assume constrains (2.16) and (2.19) hold. Then,
there is g > 0 such that for all 0 < ¢ < g9 and all h € C*(.), problem (2.42) admits a
unique solution ¢ = L.(h). Moreover, for certain constant C' > 0,

[ Le(R)][a—2s < ClAla (2.56)

and
|cijl < Clh]la- (2.57)

Proof. Let us consider the space

H={o€ Hy(@): [ ow12y=0 vij)

€

endowed with the usual inner product < ¢,9 >= [, (=A)*?¢(—=A)*?y, as in (2.7). The
weak formulation of problem (2.42) is the following: Find ¢ € H such that

< ¢, >=/ (pig)ap*—lﬂer/ h+ZcU Pl for all o € H.

With the aid of the Riesz’s representation theorem, this equation takes the form
¢ =Fe(¢) +h (2.58)
where F. and h are operators defined in L?(€.) by
F.=(=A)"Foly,
h=(=A)""oly;
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I and [y are the functions defined in L%(€).) given by

W) = /Q (0" & &) e,
lh(y) = /h+zczj L

(—A)~* represents the inverse of the fractional Laplacian operator.

Using compact embeddings in fractional Sobolev spaces, we deduce that F. is compact
(see for instance [1, Ch. VII] and [58]). Fredholm’s alternative guarantees unique solvability
of this problem for any h provided that the homogeneous equation

has only the zero solution in H. Lemma 2.8 guarantees that this is true provided that ¢ > 0
is small enough.

Finally, estimate (2.56) is a consequence of (2.43) and a simple argument by contradiction.
O

It is important for later purposes to understand the differentiability of Le on the variables
& and A;. To this end, given « € (2s,4s), we define the space

L (€) = {h € L=(%) « [|hlla < oo},
and consider the map
(&, A h)— S A h) = L.(h),

as a map with values in L2 N H(€.).
The proof of the next results are similar to that found in [36] for the case m = 2 (see also
[35]). We omit the details.

Proposition 2.12. Under the conditions of the previous proposition, the map S is of class
C! and

Ve aS(E, A R)lla-2s < CllA]la-

Proposition 2.13. Assume the conditions of Proposition 2.11 are satisfied. Then, there is
a constant C > 0 such that, for all € > 0 small enough, there exists a unique solution

=0 N) =0+

to problem (2.39) with ¢ defined by ¢ = L.(R.) and for points &', A satisfying (2.38). More-
over, the map (£, A) — (&', A) is of class C* for the || - ||a—a2s-norm and

[lla—2s < Ce™m2, (2.59)
Ve a|lans < Ce™n21, (2.60)
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2.5 The reduced functional

Let us consider points (', A) which satisfy constrains (2.38) for some § > 0, and recall that

¢ = e ™. Let o(z) = ¢(&', A)(z) be the unique solution of (2.39) given by Proposition 2.13.
Let ® the s-harmonic extension of ¢ (recall (2.9)) and consider the functional

I(S?‘A) = Iie(v + (I))a
where I, is defined in (2.25). The definition of ® yields that
Z'(V+®)[0] =0 forall ®ec Hy (),

/ Ow? 712'1']',
=

and such that

where 0 = tr |o, {0} ©.
It is easy to check that

8xj?]i = Zij + 0(1), ('3Ajvi = Zijo + O(l),

as € — 0. The last part of Proposition 2.13 gives the validity of the following result, see [36,
Sec. 6] for details.

Lemma 2.14. v = v + ¢ is a solution of problem (2.15) if and only if ({,A) is a critical
point of L.

Next step is then to give an asymptotic estimate for Z(£,A). As we expected, this
functional and I.(V') coincide up to order o(¢). The steps to proof this result are basically
contained in [35, Sec. 4] and [36, Sec. 6], we omit the details.

Proposition 2.15. We have the expansion
Z(&A) = mCy + [yw + pv ¥ (&, A)]e + o(e), (2.61)

where o(g) — 0 as e — 0 in the uniform C*-sense with respect to (£, \) satisfying (2.16) and
(2.19). The constants in (2.61) are those in Lemma 2.6 and

(e A) = ; {Z H(&, &)A] — ZZG(&,@)A@'AJ} £ log(Aq -+ Ap).
i=1

i<j

2.6 Proof of Theorem 2.2 and Theorem 2.3

In this section we prove the main theorems of this chapter. Let us firs note that Theorem 2.2
is a direct consequence of the previous proposition, Lemma 2.14 and the stability of the set
A of critical points of W.

Concerning Theorem 2.3, let us suppose that p = p* — ¢ in (2.15) and m = 1, that is, we
consider the subcritical case and study the concentration phenomena for just one bubble. In
this case the function U in (2.30) takes the form

W(E A) = SHol€, O ~logh, €€QA>0.
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2. BUBBLING SOLUTIONS FOR NONLOCAL ELLIPTIC PROBLEMS

Thanks to the coercivity of ¥ in A, in order to find a critical point of W(&,A), we have to
find one to Hq(&,&). it is called the Robin’s function of the domain 2, and we denote it by

p(€) = Ho(¢,€), €€

The next result provide the existence of a critical point &, of the Robin’s function. More-
over, &y is a minimum of ¢ in Q and then (&, A) is a stable critical point of ¥, in the sense of
Definition 2.1, for a suitable A > 0. Before the precise statement of the result, let us review
a fractional version of the Kelvin transform (see Appendix A in [66]).

Lemma 2.16 (Fractional Kelvin transform). Let u be a smooth bounded function in R\ {0}.
Let x +— x/|z|? be the inversion with respect to the unit sphere. Define u*(x) = || Nu(z*).
Then,

(—A)u* (@) = 2|V (=A) u(a”),

for all x # 0.

Recall also the following identity

[z —
|z* —y*| = . (2.62)
|z[[y|

Lemma 2.17. Given £ € Q, we define the function d(§) := dist(&,09). Then, there exists
positive constants ¢; and co such that,

ad()* ™V <€) < ed(@*™, £eq, (2.63)
and then ¢ has a minimum value in ).

Proof. Let £ = (&9,...,£%) € 99, and consider the ball B := Bj/;»(1/2,0,...,0) C RV.
After a rearrange of variables, we can assume that &) = 1 and B C Q°. We shall use the
Green’s function of a semi-space in RY ™ namely S_ = {¢ = (&,..., &y, ) 1 & < 1,y > 0}.
The Kelvin transform is then used to bound the Green’s function of €2, which we denote by
Gq.

Notice that the Green’s function of a semi-plane like S_ (recall the definition of fractional
Green’s function in (2.11)) is given by

Gs (Z,Y)=T(Z-Y)-T(Z-Y), ZY€e€S_,Z#Y,

where Y is the reflection of Y with respect to the plane 9S_.

Concerning the Kelvin inversion with respect the N 4 1-dimensional unit sphere, observe
that @ x Ry € B¢ x RT C S_*. Then, we consider the Kelvin transform of the Green’s
function of the semi-space S~ and define

F(2,6) = [P N|zP Y [0z~ ) ~T(2° ~&)], ZeB xRy.6eB

It is easy to check that F'(Z,£) > 0 in 022 x R,. On the other hand, using (2.62), function
F' can be written as

Ty |25—N
3

I

F(Z,8) =T(Z ~¢€) —c|ZI¢"| -

Y
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then, F satisfies up to a positive constant

div(y'"*VF(-,£)) =0 in Q xRy,
F(,§) =20 ond xRy, (2.64)
- lir%yl B0, F(+,€) = d¢(-) omn Q,
Yy—

Therefore, using a minor variant of the maximum principle, Lemma 2.4, we deduce that
Gqo < F in ). This implies that

ét* 2s—N

|g*‘ forall Z € QxR & €.
As €0 € 090 is arbitrary, we conclude that in a neighborhood of 92 there exist a constant

c1 > 0 such that ¢(&) = Hq(£,€) > c1d(€)**~N. The smoothness of Hq allows us to extend

this inequality to the whole domain (2.

The other inequality in (2.63) can be proven by a similar argument using an interior ball
instead.

Ho(Z,€) > ¢|Z|€"| -

O

Theorem 2.3 is a direct consequence of previous lemma and Theorem 2.2.
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Chapter 3

Non-local phase transitions in the
Heisenberg group

In this chapter we study rigidity properties for stable solutions (see Definition 3.6) of non-local
equations of the type
(—As)v = f(v) inH, (3.1)

where s € (0,1), f € C'(R), v > max{0,1 — 2s} and H is the Heisenberg group (see
Section 2). We want to give a geometric insight of the phase transition for Eq. (3.1). Following
the ideas in [68], we give a geometric proof of rigidity properties for fractional boundary
reactions in H. This chapter is mainly based on the paper [53].

3.1 Introduction

The relation between entire stable solutions and minimal surfaces, as performed in this work,
is inspired by a famous conjecture of De Giorgi [34] (in the Euclidean setting) and in it is
in the spirit of the proof of Bernstein theorem given by Giusti [49]. Similar De Giorgi-type
results (in the Euclidean setting) have been proven by Cabré and Sola-Morales [15] for the
square root of the Laplacian, and later generalized by Cabré and Sire [12] for arbitrary roots.
Sire and Valdinoci [68] gave a proof of analogous rigidity properties for phase transitions
driven by fractional Laplacians. Unlike the method in [12, 15], which require a Liouville-
type result, the proof in [68] relies heavily on a Poincaré-type inequality which involves the
geometry of the level sets of u. Last technique is inspired on the work by Sternberg and
Zumbrun [69, 70].

In Chapter 2, a Poincaré-type inequality will be found through a suitable development
of some techniques for level set analysis. This follows the ideas of Sternberg and Zumbrun
[69, 70]; Farina [38]; Farina, Sciunzi and Valdinoci [39]; Sire and Valdinoci [68]. Some properly
modified computations by Ferrari and Valdinoci [41] are needed in order to understand the
complicated geometry of the Heisenberg group. This inequality, together with an “abstract’
formulation of a technique recently introduced by Caffarelli and Silvestre [20], is used to
study rigidity properties of solutions to (3.1).

The standard fractional Laplacian is a non-local operator. This fact does not allow
to apply local PDE techniques to treat nonlinear problems for (—A)®. To overcome this
difficulty, Caffarelli and Silvestre showed in [20] that any fractional power of the Laplacian can
be determined as an operator that maps a Dirichlet boundary condition to a Neumann-type
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3. NON-LOCAL PHASE TRANSITIONS IN THE HEISENBERG GROUP

condition via an extension problem. More precisely, let us consider the boundary reaction
problem for u = u(z,y), v € RY and y > 0,

—y*u, = f(u) on RY x {0}, (3:2)

{ div(y*Vu) =0 in RN x (0, 00),
where @ = 1 — 2s. It is proved in [20] that, up to a normalizing factor, the Dirichlet-to-
Neumann operator I, : u\aﬂqﬂ — —y“uy|aR§+1 is precisely (—A)* and then that u(z,0) is a

solution of
(—A)u(x,0) = f(u(z,0)). (3.3)

On the other hand, sub-Laplacians in Carnot groups (i.e. simply connected strati-
fied nilpotent Lie groups) exhibit strong analogies with classical Laplace operators in the
Euclidean space (Harnack inequality, maximum principle, existence and estimates of the
fundamental solution). Following [20], a construction of a Ag-harmonic “lifting” operator
v =wv(z) = u = u(z,y) from H to H x RT can be carried out by means of the spectral
resolution of —Ay in L*(H) in such a way that v is the trace of the normal derivative of u
on {y = 0} (see Ferrari and Franchi [40] and the references therein).

For the time being, we leave the precise framework for Section 2, instead we discuss the
main results.

Let us define H := H x (0,+00). As in the Euclidean case, the study of the non-local
equation (3.1) is related to the analysis of the following degenerate elliptic problem (see
Section 2 for details):

{ divg(y*Vgu) =0 in H x (0, 00), (3.4)
—y*u, = f(u)  on H x {0}. '

Definition 3.1 (Functional framework).  (I) Notion of weak solution: (3.4) may be un-
derstood in the weak sense, namely supposing that v € L2, (R%) with

loc
y*|Vaul® € LY(Bf) (3.5)

for any R > 0, and that

/ﬁy“Wﬁu,Vﬁ@ﬁ:/Hf(U)f (3.6)

for all £ : R — R bounded, locally Lipschitz, which vanishes on R} \ Bg and such
that
y*|Vgél® € LY(BR). (3.7)

We use here the notation R} = R? x (0,00) and Bf; := Bp NRY.
(IT) Notion of stability: Let u be a weak solution of (3.4), u is stable if
Lrivat - [ rwe zo (38)
H H
for any & as above. This condition is natural in the calculus of variation framework,
in particular it says that the second variation of the associated functional has a sign,

as it happens for local minima, for instance.
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3.1. INTRODUCTION

For the precise statement of our geometric result, we introduce the following notation:
fixed y > 0 and ¢ € R, we look at the level set

S :={r e R’ s.t. u(z,y) = c},
and we consider the regular points of S, i.e.
L:={z €S s.t. Vyu(z,y) # 0}. (3.9)

Although S and L depend on y € (0, +00), we do not make it explicit in the notation.
We also define

RL = {(z,y) € H x (0, +00) s.t. Vgu(z,y) # 0}.
Since L is a smooth manifold, given x € L, we denote:
(i) vs, be the intrinsic normal along L,

)
ii) v,, be the intrinsic unit tangent along L,
Y g g
(ili) hg, be the the intrinsic mean curvature along L,
iv) p., be the imaginary curvature along L,
7y

(see Definition 3.8 for details).
In this framework, we can state our geometric formula; see Section 2 for the definition of
the vector fields X, Y, T and the Hessian matrix H.

Theorem 3.2. Let u € C%(H) be a bounded and stable weak solution of (3.4). Assume
furthermore that for all R > 0, L
|Viu| € L¥(BE). (3.10)

Then, for any ¢ € C°(R*), we have

/ Y V|V 6P

H

= / y" (|Hul? = (Hu)*ve y, vay ) — 2(TY uXu — TXuYu)) ¢

7Y
2
Huvg y, vy,
:/y“\VHu\2 hi,y+<px,y+< W;IU\ y>H> +2<TVx,y,vx,y>H] ¢ (3.11)
R

Remark 3.3. We observe that (3.11) may be interpreted in two ways:

(i) One way is to think that some interesting geometric objects which describe u, such as
its intrinsic Hessian and the curvature of its level sets, are bounded by an energy term.
These quantities involved in the inequality are weighted by a test function ¢ which can
be chosen as we wish.
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3. NON-LOCAL PHASE TRANSITIONS IN THE HEISENBERG GROUP

(i) Another point of view consists in thinking that (3.11) bounds a suitably weighted L2-
norm of its gradient. The weights here are given by the stable solution w. So, this
interpretation sees (3.11) as a Sobolev-Poincaré inequality.

The result in Theorem 3.2 has been inspired by [69, 70]; in particular, they obtained a
similar inequality for stable solutions of the Allen-Cahn equation, and symmetry results for
possibly singular or degenerated models have been obtained in [38, 39]. Actually, the study of
geometric inequalities for semilinear equations goes back to [69, 70], where uniformly elliptic
PDEs in the Euclidean space were taken into account, and further important developments
have been performed in [38]. Recently, in [68] has been proved a similar inequality to (3.11)
in the Euclidean setting. Related geometric inequalities also played an important role in [11].

The next theorem is a rigidity result. For the precise statement of it, let us define the
following suitably weighted energy:

/’7(7_) = / 4ya‘VHU($17$2>$379)’2<x%‘|‘33§ ‘|‘?JQ) d($1,$2,x3,y)- (312)
B(0,7)

In this expression, B(0, T) represents a ball in H with a gauge norm that will be defined in
Section 4 (see (3.43) and (3.44)). No confusion should arise with the Euclidean ball.

Theorem 3.4. Let the assumptions of the previous theorem hold. Suppose also that
(Tvyy, Voy)m >0 for all x € H,y > 0; (3.13)

and n, previously defined, satisfies the growth

R_n(1) dr + n(R)
lim inf f‘/ﬁ T 5 R?
R—+o00 log” R

— 0. (3.14)

Then, the level sets of u intersected with L (recall (3.9)) are minimal surfaces in the Heisen-

berg group (i.e., the curvature h,, vanishes identically) and on such surfaces the following
holds
(Huvgy, Vg y)m

3.15

DPzy = —

Remark 3.5. (i) We observe that (3.14) may be seen as a condition on the growth of a
suitably weighted energy 7.

(ii) Notice also that if, for any R large enough,
n(R) < CRY,

for some constant C' > 0, then (3.14) is satisfied.

Before stating the rigidity result, let us precise the notion of stable solution for Eq. (3.1):

Definition 3.6. A bounded solution v € C2(H) of (3.1) is stable if for all ¢ € W*(H) we
have

[l-anier - [ ro)ezo (3.16)

For the precise definition of the space W*(H) and the fractional operator (—Ag)?, we refer
the reader to Section 2.
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Throughout this chapter, C*(H) denotes the set of Hélder continuous functions with
respect to the norm p defined in the next section (see (3.21)). Our rigidity result is the
following;:

Theorem 3.7. Let v € C*7(H), o € (0,2s), be a bounded stable solution of Eq. (3.1).
Assume also that the “harmonic lifting" of v to H (see Subsection 2.3), which we denote by u,
satisfies (3.13) and (3.14). Then, the level sets of v in the vicinity of non-characteristic points

are minimal surfaces in the Heisenberg group (i.e., the curvature h vanishes identically).

The chapter is organized as follows: In Section 2 we recall the definition and the basic
properties of the Heisenberg group, as well as the precise definition of the fractional sub-
Laplacian involved in Eq. (3.1); we also discuss some regularity properties related to the
degenerate elliptic problem (3.4). In Section 3 we shall develop the analytical tools toward
(3.11), in particular one part of this inequality will be given in Theorem 3.19; the geometry of
the Heisenberg group will be fundamental in the proof of Theorem 3.2 at the end of Section 3
(see [41, Section 2|). Finally, Section 4 contains the application to the stable solutions in the
entire space; we prove Theorem 3.4 and Theorem 3.7.

3.2 Preliminaries

Let us briefly recall the definition and the basic properties of the Heisenberg group, so we
will be able to precise the meaning of the fractional sub-Laplacian operator involved in (3.1).

3.2.1 The Heisenberg group

Let H be the Heisenberg group, namely R* endowed with the following non-commutative
law: for every (1,22, %3), (y1,%2,¥3) € R?

(21,22, w3) © (Y1, Y2, Y3) = (T1 + Y1, T2 + Y2, T3 + Y3 + 2(22y1 — 2192)).
We shall denote X = (1,0,2x,) and Y = (0,1, —2x;). With the same notation we denote the

two vector fields X = 8%1 + ngm% and Y = 8%2 — 2x1% generating the algebra. We denote
also by
0
T:=[X,Y]=—-4—.
8%3

In particular, on each fiber Hp = span{X,Y} an internal product is given as follows: for
every U, V € Hp, with U = ay X + £1Y and V = a, X + 52Y, we have

(U, V)u = a1 + B fe.

This internal product makes the vectors X and Y orthonormal on Hp. We shall denote the
norm on Hp for every U € Hp as

Ul = (U, X)% + (U, Y )2

No confusion should arise between the Euclidean objects (-, ) and | - | and the ones on the
fibers in the Heisenberg group respectively denoted by (-, )g and | - |g.

For a smooth function w, we denote Vyu(P) = (Xu(P),Yu(P)), where Xu(P) and
Yu(P) are the coordinates of the vector Vyu(P) with respect to the basis given by X and
Y at P. The vector Vyu is called the intrinsic gradient of w.
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3. NON-LOCAL PHASE TRANSITIONS IN THE HEISENBERG GROUP

Definition 3.8.  (I) We remind that a point P € ¥ is characteristic for the C' level set
> of u when the fiber in P coincides with the Euclidean tangent space X at P, namely
Hp = TpX. In particular if Vyu(P) # 0, then P is not characteristic.

(IT) Whenever P € {u = k} N {Vgu # 0}, one can consider the smooth surface {u = k}

and define

 [Vau(P)|
Usually, such v is called the intrinsic normal. Associated with v, to any non-characteristic
point P € {u = k}, there exists the so called intrinsic unit tangent direction to the
level set {u = k} at P defined as
(Yu(P), —Xu(P))

V= y

| Viu|

where the above coordinates are given with respect to the (X,Y)-frame. We observe
that v and v are orthonormal in H.

(III) The intrinsic mean curvature h, in a non-characteristic point P € ¥ of the level surface
given by u, is defined as
h = divgr(P),

while the imaginary curvature p at the point P € 3 of the level surface ¥, given by wu,
is defined as

Tu(P)
[Vau(P)|
Remark 3.9. For the notion of intrinsic mean curvature we refer to [2, 3, 22, 25, 47, 61], while
for the notion of imaginary curvature and its geometric meaning we refer to [2, 3.

The Kohn-Laplace operator on H is defined by
Agu = X?u + Y?u. (3.17)
Since a divergence operator is defined on each fiber, we can write
Agu = divyg(Vgu) = X (Xu) + Y (Yu).

With regards to problem (3.4), we define H := H x R, and given u and h = (hy, hy, hs) we
denote
Vau = (Xu,Yu,uy), divgh = Xhy+Yhy+ 0,hs.

We define the horizontal intrinsic Hessian matrix as

XXu YXu]

Hu = lXYu YYu

Its norm is given by

[Hul = \/(XXu)? + (Y Xu)? + (XYu)? + (YYu)2.

As usual, we set

(Hu)? = (Hu)(Hu)”.
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3.2. PRELIMINARIES

For any A > 0, the dilatation 0, : H — H is defined as
(5)\<.T1,£L’2,$3) = ()\33'1,)\.’132,)\21}3). (318)

Through this chapter, by H-homogeneity we mean homogeneity with respect to group di-
latations 9.

The Haar measure of H = (R3,:) is the Lebesgue measure £3 in R3. If A C H is
L3-measurable, we write also |A| := L£3(A). Moreover, if m > 0, we denote by H™ the
m-dimensional Hausdorff measure obtained from the Euclidean distance in R® ~ H.

Definition 3.10 (Carnot-Carathéodory distance). An absolutely continuous curve v : [0, 7] —
H is a sub-unit curve whit respect to X and Y if it is an horizontal curve, i.e., if there real
measurable functions ¢;(s), c2(s), s € [0,T] such that

A(s) = e1(8) X (v(s)) + e2(8)Y (y(s)), forae. s€[0,T],

and if, in addition,
c+c< 1.

If x,y € H, their Carnot-Carathéodory distance (cc-distance) d.(x,y) is defined as follows:
d.(z,y) = inf{T > 0 : there is a sub-unit curve vy with v(0) = z,v(T) = y}.

The set of sub-unit curves joining x and y is not empty, by Chow’s theorem. We shall
denote B.(z,r) the open balls associated with d.. The cc-distance is well behaved with
respect to left translations and dilatations, that is

de(zox,z0y) = de(2,y), de(0x(2),0r(y)) = Ade(2,y)

for x,y,z € Hand A > 0.
We also have

|B(z,7)] = r*|B.(0,1)| and |0B.(x,r)| = r*|0B.(0,1)| (3.19)

(recall that 4 = homogeneous dimension of H).
We can define a group convolution in H: if, for instance, f € D(H) and g € L{. (H), we
set

fxglx /f z)dy forz e H (3.20)

(here y~! denotes the inverse in H). We remind that the convolution is well defined when
f,g € D'(H), provided at least one of them has compact support.

3.2.2 Fractional powers of sub-elliptic Laplacians

Here, we collect some results on fractional powers of sub-Laplacian in the Heisenberg group
(see [40, 42]).

To begin with, let us characterize (—Ag)® as the spectral resolution of Ay in L?(H) (see
[40, Theorem 3.10] and [42, Section 3]).
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3. NON-LOCAL PHASE TRANSITIONS IN THE HEISENBERG GROUP

Theorem 3.11. The operator Ay is a positive self-adjoint operator with domain Wﬁl’z(H).
Denote now by {E()\)} the spectral resolution of Ay in L*(H). If a > 0 then

+o0
(e = [ e aE)
0
with domain .
WE(H) = {v € L2(H) - / N d(E(\v, v) < oo},
0
endowed with the graph norm.

Before giving a more “explicit” expression of the fractional sub-Laplacian, we recall some
definitions. Denote by h = h(t, x) the fundamental solution of Ay + /0t (see [42, Proposi-
tion 3.3]). For all 0 < 8 < 4 the integral

Ry(x) = F(61/2)/o N

converges absolutely for = # 0. Moreover

(i) Ry is the fundamental solution of Ay;

(ii) if v € D(H), then
(—Amn)* = Ag * Ry_;

(iii) the kernels R, admit the following convolution rule: if o, 3 > 0, a+ 3 < 4, y 'z # 0
and x # 0, then

Rar(2) = Ra(2) * Ry(x).
If 8<0,8¢{0,—2.—4,..}, then

D g M 1
Ralz) = / 15Ut ) dt
TTBR) o
defines a smooth function in H \ {0}, since ¢ = h(t,r) vanishes of infinite order as t — 0 if
x # 0. In addition, Rg is positive and H-homogeneous of degree 5 — 4.
We also set

_1
p(z) =Ry (x), 0<a<2. (3.21)

p is an H-homogeneous norm in H, smooth outside of the origin. In addition, d(z,y) :=
p(y~! o x) is a quasi-distance in H. In turn, d is equivalent to the Carnot-Carathéodoty
distance on Hl, as well as to any other H-homogeneous left invariant distance on H.

Recall that, as usual, & denotes the Schwartz space of rapidly decreasing C*° functions.
We have the following representation formula:

Theorem 3.12 ([40], Theorem 3.11). For every v € S(H), (—Ag)*v € L*(H) and
(—Au)v(z) = /H(U(iE oy) —v(z) — w(y)(Vav(x),y)) B-as(y) dy
=PV, [(0(y) ~ vl Roanly ™ o) dy,

H

where w is the characteristic function of the unit ball B,(0,1).
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3.2.3 A Poisson Kernel

With a natural notion of group convolution, the Heisenberg group makes possible to recover,
starting from the abstract representation in terms of spectral resolution, another explicit
form of the fractional power in terms of the convolution with suitable Poisson kernel (see [40,
Theorem 4.4]).

If v € L*(H) and y > 0 (recall that —1 < a < 1), we set

muw:=¢w¢f%—Am“ﬂW%v;:/%m¢w¢ﬂuﬂﬂV%dEuﬁa
0

where 6 := (1 —a)*! and ¢ : [0,00) — R solves the boundary value problem

_ta(b” + (b = 07
¢(0) =1,
p22§3¢()

]
We denote by h(t,-) the heat kernel associated with —Apg as in [42, Proposition 3.3], and
by Pu(-,y) the “Poisson kernel”

oo 2
Pa(-y) = Coy / H0=3)/26= 4 (¢, ) i, (3.22)
0
where
2a—l
C,=
I'((1=a)/2)
Then
P]HI('a y) >0

and

u(,y) = v * Pu(-,y). (3.23)

Neumann condition: With this representation at hand, we can show a relation between
the extension u and the fractional sub-Laplacian of v; this relation is an analogous version
of that for the Euclidean setting in (3.2)—(3.3). Indeed,

Ju(z,y) —u(z,0) _ yav * Py(-,y) —v(z)
Yy Yy
—C/ (@=3)/26- 4tv*h( ) dt

— Cau( // tla=3)/2 _Tth(t,g_lom) dtdé¢
= C, 926~ p(t, 67 o - dtde.
Lélt et €7 0 2)(0(€) — v(z)) didé

Y

On the other hand

lim Ca/ t@a=9/2¢ 4th(t Elox)dt = CoRy .
0

y—0t
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3. NON-LOCAL PHASE TRANSITIONS IN THE HEISENBERG GROUP

Thus

yli%i yaU(I,y) ; u(z,0) _ . /H(U<€) — 0(2)) Ra_1(€) d€

(3.24)
~ l1—a
= Co(—Am) 2 v(z).
Remark 3.13. We note that v € C?(R?) N L>(R?) is a stable solution of (3.1) if and only if
its lifting u(,y) = v * Py(-,y) is a stable solution of (3.4).

3.2.4 Regularity theory for (3.1) and (3.4)

In the following, we prove several regularity properties for solutions of (3.1) and (3.4). Some
classical pointwise estimates: the Harnack inequality and the Holder continuity of the weak
solutions (De Giorgi-Nash-Moser theorem), can be extended to a class of strongly degenerate
elliptic operators of the second order, like that in (3.4).

The following result, that is the counterpart in the sub-elliptic framework of the Euclidean
setting, can be found in [54]; this idea goes back to [44, 45]. Basically, this is possible thanks
to weighted Sobolev-Poincaré inequalities in Carnot Groups.

Before stating the regularity result, we define the notion of As-weight:

Definition 3.14. Let G be a Carnot group (see [8, Chapter 1] for the precise definition). A
function w € L (G) is said to be an Ay-weight with respect to the cc-metric of G if

swp fwl)dyef  wly) Ny <oc,
z€G,r>0J B.(z,r) Be(z,r)

In particular, H x R can be naturally provided with a structure of Carnot group (see [40,
Section 2]) in which the function w(z,y) = y* is an Ay-weight with respect to the cc-metric
of H x R if and only if —1 < a < 1.

Theorem 3.15. Let G be a Carnot group and Q@ C G be an open set. Let now w € L (G)
be an As-weight with respect to the Carnot-Carathéodory metric d. of G. Then, if u €
W (Q,wdz) is a weak solution of

diV((;(wVGu) = 0, (325)

w 1s locally Holder continuous in . If, in addition, uw > 0, then there exist C,b > 0 (inde-
pendent of u) such that the following invariant Harnack inequality holds:

sup u < C inf wu
Be(z,r) Be(z,r)

for any metric ball B.(z,7) such that B.(x,br) C Q.
Suppose now ) satisfies the following local condition: for any xo € OS2 there exists ro > 0
and o > 0 such that
| Be(z0,7) N Q| > «|Be(zo, )| forr < ro.

Then u is locally Hélder continuous in €.

To end the section, we state a result which let us control further derivatives in x. Basically,
this is possible thanks to the fact that the operator is independent of the variable x € H.
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Lemma 3.16. Let u be a bounded weak solution of (3.4). Then,
Yy IVaXul’,y'|VaYul® € LY(Bf)
for every R > 0.

Proof. Given R > 0, let us prove that y*|VgXul* € L'(Bf).
We consider the incremental quotient

. B .
u(x o( 61);hy) u(l‘,?J) for all (CCaZ/> € H,

where e; = (1,0,0). Recall that (see Proposition 1.2.11 in [8])

uh<x? Z/) =

lim uy(z,y) = Xu(z,y) for all (z,y) € H.
h—0
Thanks to (3.10) and the smoothness of f, we have
)l <C

for some C > 0.
Let now & be as requested in (3.6). We have

/ﬁy“Wﬁuh,Vﬁ@ﬁ—/H[f(u)]h&= —/ﬁyaw]ﬁu, Vﬁfh)@Jr/Hf(u)ih

= 0.

(3.26)

(3.27)

We now consider a smooth cut-off function 7 such that 0 < 7 € C§°(Bg41), with 7 = 1 in

Bgr and V7 < 2. Taking ¢ := u;,72 in the above expression, we find that

2/Ay“Tuh<Vﬁuh,VﬁT>ﬁ+/Aya72|vﬁuh|2—/[f(u)]hum'z.
i i H

Note that ¢ satisfies (3.7) thanks to (3.5) and u € LS. (R%).
Now, by Cauchy-Schwarz inequality, we have

£
/AyaTUh<Vﬁuh, Varg > — 5 /A Y 2| Vau |
fi fi
]' 2
o a v,\ 2
28/@19 uh’ HT’

for any £ > 0. Choosing ¢ small, (3.28) reads

[ya72|vﬁuh|2 <c ( / Yl + / |[f<u>]huh|)
m B {lz|<R}x{y=0}

R+1
for some C' > 0. This inequality, together (3.10) and (3.27), allows to control

/A yaT2|Vﬁuh|2
H

uniformly in h.

(3.28)

(3.29)

By sending h — 0 and using Fatou lemma (recall also (3.26)), we obtain the desired

claim.
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3. NON-LOCAL PHASE TRANSITIONS IN THE HEISENBERG GROUP

3.3 Analytic and geometric inequalities

In this section we develop the analytical and geometrical tools toward (3.11), we follow the
ideas in [41, 68]. We summarize the main points of the argument and omit some technical
computations.

3.3.1 Analytical computations

We start with two lemmas, the fist one is a version in the Heisenberg group of a classical
result (see [41]):

Lemma 3.17. Let ¢ € R. Suppose that §) is an open domain ofﬂ and that w : @ — R
is Lipschitz with respect to the metric structure of H. Then, Vgw = 0 for almost any
r € {w = c}.

And the second one, an elementary observation.

Lemma 3.18. Let u be as in Theorem 3.2. Assume that & € C*°(R%,R) and vanishes outside
a ball. Then

[\ya<Vﬁu, VﬁXf)ﬁ = /Ay“(—<VﬁXu, Vﬁ@ﬁ + 2TY ug) (3.30)
H H
and
/Ay‘l(Vﬁu, VaYé)g = /Aya(—<VﬁYu, Val)g — 2T Xuf). (3.31)
H H

Proof. Using integration by parts we deduce that

/Aya<Vﬁu, VX&) = /Aya(XuXXf+YuYX§+0yu8y(X§))
H H

_ /ﬁ V(X XuXE+ YuY XE — 8, Xud,€)

_ /ﬁ Y (—(VeXu, Vet + Y XuY € + YuY X¢)

_ /ﬁ Y (— (Ve X, Veb)a + Y XuYE — XYuYE + YuY XE — YuXYE)
_ /ﬁ Y (—(VeXu, Vb)s — TuY€ — YuT¢)

_ /ﬁ Y (—(VaXu, Va)s + 2TV u)

(recall that TX = XT and TY = YT). The proof of (3.31) is similar. O

Next result gives the first part of the inequality (3.11). The proof is inspired by some
computations in [38, 39, 68, 69, 70].

Theorem 3.19. Under the hypothesis of Theorem 3.2, we have
[Vl Vg
H

> / y” (|Hu]2 — ((Hu)* Vs, Vi) — 2(TY uXu — TXuYu)) ¢*. (3.32)

Ry
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3.3. ANALYTIC AND GEOMETRIC INEQUALITIES

Proof. Let us consider ¢ = |Vgu|¢ as a test function in (3.8). Thanks to (3.10) and
Lemma 3.16 (see also [68, Lemma 7]), it is possible to use here such a test function. We
deduce that

L (Va(¥aulo) + p,(Vaule)) - [ F@VauPe =0 (333)
H
The first term can be computed in the same way as in [41, Theorem 1.3]. We find that,
in Ri,
|VH(|VHU|¢)|2 = |VHU|2|VH¢)|2 + ¢2<(HU)2Vx7y, Vx7y>]1-]1 + 2<HUVH¢, VHU>H¢ (334)

By exploiting Lemma 3.17 with w = |Vyul|, we obtain that V4(|Vygu|¢) = 0 almost every-
where outside R%. Analogously, using Lemma 3.17 with w = Xu or w = Yu, we conclude
that Vg Xu = VgYu = 0 almost everywhere outside Ri. Thus, (3.33) is equivalent to

0< / Y (IVaul*|Vag|® + ¢*(Hu)vey, Vay)u + 2(HuV e, Vau)uo) (3.35)
R4

+

+ [ Va0 = [ Ve
R+
Let us now compute the last term. First, note that

/ f'(u)(Xu)?p* = / X (f(u)(Xup?) (3.36)

/f X(Xug?).

Let £ be as in the previous lemma. By the weak solution notion (3.6) and the previous
lemma, we deduce that

- /H flu)Xe = /ﬁ y" [(VaXu, Vgé)g — 2TYug]. (3.37)

A density argument (see Lemma 3.4 and Theorem 2.4 in [26]), implies that (3.37) holds for
¢ = —Xug?, where ¢ is as in statement of Theorem 3.2. Therefore

/ Fu)X (Xug?) = /A y" [(VaXu, Vg(Xue?))z — 2TV uXue?| . (3.38)
Similarly, we have )

/ FU)Y (Yug?) = /ﬁ Y [(VaYu, Va(Yug?))g + 2T XuY ug?)| . (3.39)
Then, by (3.36) and then summing term by term in (3.38) and (3.39), we see that

| rive = [ 1 [xw?+ o] ¢

_ /ﬁ Y (|VeXul + [VaYul2)s?
+/ﬁya(<vqu, Va(¢*)yaXu+ (VY u, Vi(¢))uY u)
+2 /ﬁ Yy (TXuYu—TYuXu)g?
n /ﬁ y" [0, Xud, (Xug?) + 0,y ud, (Yue?)] .
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3. NON-LOCAL PHASE TRANSITIONS IN THE HEISENBERG GROUP

Putting this in (3.35) we deduce, after a rearrangement, that

0< / YVl | Vo ? (3.40)
R4

[ VXU~ VeVl 4 ((H0) vy v
R4

+2(TY uXu — TXuYu)] ¢*
[ Tl — [ 0,500, (Xu) + 0,10, (Vu?)]
Rt

H

here we used the fact that:
2<HUVH¢, VHU>H¢) — <VHXU, VH(¢2)>HXU — <VHYU, VH(¢2)>HYU =0.

Finally, developing some calculations for the last terms in (3.40), we conclude that

/ v, (|Vizulo)|? — /y (0, Xud, (Xug?) + 0,Y ud, (Y ue?)|
R H

_ /Aya\vﬂumaya))u / Y10, Vinuld)? + 2/ Vssuld, | Vizul 69, 6
H R4

+

1
- |ayVH“|2¢2 - an|vHu|2ay<¢2)]

= [ Vsl @07 + [ 3100,/ Vaul)? = 10,Vsule?
I 4

R-‘r
é/A?J“\VHU\Z(%d))Z-
H

. . 4
For the last inequality, note that, on R,

2

Vigu - Vgdyu < |0, Vaul2.

Vi
This and (3.40) complete the proof. O

(6, Vsul)? = ]

3.3.2 Geometrical computations

To obtain the second part of (3.11), it is necessary a geometric analysis of the level sets of
u at non-degenerate points P where {Vyu # 0} (recall the smooth manifold L, defined in
(3.9)). We omit the details and instead refer the reader to [2, 3] and [41, Section 2].

Lemma 3.20. On the smooth manifold L we have

Huv, ,, v, 2
|Hul|* — <(Hu)2yx’y,yx,y>H = |Vyul? hzq,y + (px,y + < |V;1u| ’y>H> ] (3.41)
and
TYuXu—TXuYu=—|Vgul*{Tvsy, sy )u. (3.42)

Proof of Theorem 3.2. Finally, the form of the geometric inequality given in (3.11) is a con-
sequence of Theorem 3.19 and the previous lemma. O]
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3.4 Applications to entire stable solutions

3.4.1 Proof of Theorem 3.4

The strategy for proving Theorem 3.4 is to test the geometric formula of Theorem 3.2 against
an appropriate capacity-type function to make the left-hand side vanish. This would give
that the curvature of the level sets for fixed y > 0 vanishes.

For this, given = = (x1, z2, 3) € H we define its gauge norm as

1/4
el = (2] +23)* +23) . (3.43)

We also use the notation Z := (z,y) for points in H and define the norm

1/2
2l = (I=l + ) (3.44)

(recall that H=H x R, ). Analogously, we denote the ball centered at 0 of radius R by
B(0,R) ={Z € Hst. |Z|g < R}.
and, given r; < 7y, the semi-annulus by
Aryy i ={Z € RL st | Z]5 € [r1,7m2]}.

Lemma 3.21. Let g € LS. (R%, [0, 4+00)) and let ¢ > 0. Let also, for any T > 0,

loc

n(r) = /B , )g(Z) 4z (3.45)

Then, for every 0 <r < R,

9(2) Fn(r) n(R)
< —Z =
/AT_VR‘ZVIA dZ_q/r o dr + R

H

Proof. By changing order of integration,

A
/ gé q) 47
Ar,R

1215

R
9(Z) 1
- dr | dZ + — Z)dz
q/AT*R (/Z i r) + 5 ATYRg( )

k&

f 9(2) n(R)
< q/r </B(o,7) s dZ) dr + 0
([ g 1)

TQ+1 R4

IN
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3. NON-LOCAL PHASE TRANSITIONS IN THE HEISENBERG GROUP

Proof of Theorem 3.4. Given Z = (x,y) € M, let us consider the function
9(Z) = 4y |Vuu(Z) (a1 + 23 + y°)

(recall that x = (x1,x92,23)). Then, the function 7 defined in (3.12) is consistent with the
notation in (3.45). Moreover, by (3.14) and the previous lemma,

/ IZ) 47—, (3.46)
A

lim inf
4
VvR,R |Z|]}A]I

R—+oo (log R)?

Now, we define for all R > 1 the test function

1 if |Z|s < VR,
2log | &
oniz) = 2o (dE) | o
e if VR < |Z|g <R,
0 if |Z] > R,

and we observe that
2
S AR VAP

where O can be any of the operators X, Y or 9,. It is straightforward to verify that

X(1Z1g) = 1215 |2|&"[o1 (2] + 23) + w273],
Y(|Z|g) = |Z|ﬁl|$|ﬁ2[x2($% + 23) — w123,

0,(1Z1g) = 1215"y.
Therefore, for Z € A 5 g,

Vaor(Z)] = (X¢r)* + (Yér)* + (0,0R)"

4 ,
(o )? 1ZI22X(1Z15)% + Y (1Z15)* + 0,(1Z15)?)
4
= | 2|5 (2t + ah + ).
(log R)?" 'H

Thus, plugging ¢ inside the geometric inequality of Theorem 3.2, we deduce that

Huvyy, Vay i)
/ ya|VHu]2 hi,y + (p:c,y + (Huv ikt ’y>H> + 2{TVsy, Vo)
B(0,VR)+NR4 A%

1 / 9(2)

= dz

4 Y
(og 7)o, 121

for all R > 1.
Theorem 3.4 follows from the previous identity together (3.13) and (3.46). O
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3.4.2 Proof of Theorem 3.7

Before proving Theorem 3.7, let us state the following regularity result for the extension
with the Poisson kernel (see (3.23)). Recall that C*(H) denotes the set of Holder continuous
functions with respect to the norm p defined in (3.21).

Lemma 3.22. Let v € C*°(H)NL>*(H), o € (0,2s). Then the function u(-,y) = v Pu(-,y),
defined in (3.23), satisfies

u e ().

Proof. Fix o € (0,1] and let v € C%7(H)NL>*(H). Recall the following homogeneity property
of h = h(t,z) (the fundamental solution of Ay + 0/0t):

h(r?t, 6,(x)) = r~*h(t,z) for all (t,z) € (0, +00) x H (3.47)

(see (3.2) in [42]), where ¢, is the family of dilatations defined in (3.18).
We have, for all ¢ € H and y > 0,

Pa(6,(6),y) = Cay'™ / TR (1,5,(6)) dt

0

_c. / H09)/26= 3 (428, 8, (€)) dlt
0

= Cy / =32~ ai (¢, €) dt
0
- ay_4PH(§7 ]-)

Then, given (z,y) € H, we have

ule,y) = / oo €1 PulE,y) de
— / oz 0 6,(6) ") Pal6, (€), y) dé

H

=C, /Hv(xoéy(ﬁ)_l)PH(f,l)df.

~

Therefore, for (z™M, y1), (22, y,) € H
‘u(x(l)a yl) - u(x(Z)’ y2>’
=G / [0(z® 08, (6)7") —v(@® 0 8,,(6)7")|Pa(, 1) d€
H

<C / d(zM 08, (&)1, 2% 06,,(6)7")7Pa(é,1) d¢,
H

where d is the homogeneous distance associated to the homogeneous norm in (3.21).
Using the properties of homogeneous norms in Carnot groups (see [8, Section 5.1}), we
deduce that

d(z™ 0 8,,(6)7Y, 2@ 04,,(6)7) < Cld(zW, @) + |y — 1| p(€)).
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3. NON-LOCAL PHASE TRANSITIONS IN THE HEISENBERG GROUP

Putting this in the previous inequality, we find that

ol 1) e, )] < € |ala. 2 + s — " [ o PHsldes] (3.48)

The integral in this expression is finite because the function Pg(¢,1) : H — R is bounded
around the origin, o € (0,2s) and

|Pu(&,1)] < Cply) >

for large p (see Remark 4.5 in [40] and (1.73) in [43]). We conclude that u € C’O’”(ﬁ). O

Proof of Theorem 3.7. Let v be a bounded stable solution of (3.1). We select the extension
u(-,y) = v(+) * Pu(-,y) by the Poisson kernel in (3.22), that is,

u(z,y) = /HU(Z)PH(Z’_l ox,y)dz. (3.49)

Let us check that u satisfies the hypothesis of Theorem 3.2. Indeed, since Py(-,y) € L'(H)
and v € L®°(H), u is well defined and bounded. Moreover, by a regularity property (see
Proposition 4.3 in [40]),

u € Wé’Q(BE; y*dady) for all R > 0, (3.50)

which implies (3.5). Therefore, u is a stable weak solution (see Remark 3.13) of (3.4). On the
other hand, gradient bound condition (3.10) follows by the following regularity argument:
Given a multi-index I, the derivatives of Py in H have the decay (see Remark 4.5 in [40])

0" Pu(, y)| < Cp~2= M

for large p = p(z). Thus, if we take “H-derivatives" in (3.49) and then use a similar argument
to that in the proof of the previous lemma, we see that u and its second order derivatives in
H are continuous up to the boundary in H.

Therefore, u satisfies the hypothesis of Theorem 3.4, and the level sets of u intersected
with L (recall (3.9)) are minimal surfaces in the Heisenberg group. Theorem 3.7 follows by
taking y — 0%,

O
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