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SUMMARY

We present here a brief overview of the contents of this thesis.

The main topic of the thesis is the study of Elliptic Partial Differential Equations.
The thesis is divided into three Parts: (I) integro-differential equations; (II) stable
solutions to reaction-diffusion problems; and (III) weighted isoperimetric and Sobolev
inequalities.

Integro-differential equations arise naturally in the study of stochastic processes
with jumps, and more precisely of Lévy processes. This type of processes, well studied
in Probability, are of particular interest in Finance, Physics, or Ecology. Moreover,
integro-differential equations appear naturally also in other contexts such as Image
processing, Fluid Mechanics, and Geometry.

The most canonical example of elliptic integro-differential operator is the fractional
Laplacian

u(r) —u(z +y)
|y|t2s

(—A)’u(z) = cmSPV/ dy, s € (0,1). (1)

n

It is the infinitesimal generator of the radially symmetric and stable Lévy process of
order 2s.

In the first Part of this thesis we find and prove the Pohozaev identity for the
fractional Laplacian. We also obtain boundary regularity results for the fractional
Laplacian and for more general integro-differential operators, as explained next.

In the classical case of the Laplace operator, the Pohozaev identity applies to any
solution of —Au = f(z,u) in Q, v = 0 on 0. Its first immediate consequence
is the nonexistence of solutions for critical and supercritical nonlinearities f. Still,
Pohozaev-type identities have been used in many different contexts, and lead to mono-
tonicity properties, concentration-compactness results, radial symmetry of solutions,
uniqueness results, or partial regularity of stable solutions. Furthermore, they are also
commonly used in nonlinear wave and heat equations, control theory, geometry, and
harmonic maps.

Before our work, a Pohozaev identity for the fractional Laplacian was not known.
It was not even known which form should it have, if any. In this thesis we find and
establish such identity. Quite surprisingly, it involves a local boundary term, even
though the operator is nonlocal.

For the Laplacian —A, the Pohozaev identity follows easily from the divergence
theorem or integration by parts formula in bounded domains. However, in the nonlocal
framework these tools are not available. Our proof follows a different approach and
requires fine regularity properties of solutions.

Namely, to prove the identity we need, among other things, the precise boundary
reqularity of solutions to the Dirichlet problem for the fractional Laplacian (1) in a
bounded domain 2. Solutions u to this problem were known to be comparable to d*,
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where d(r) = dist(x, 82), in the sense that —Cd* < u < Cd® in Q for some constant C.
However, to establish our Pohozaev identity we need a more precise boundary regu-
larity result. Namely, we prove that the quotient u/d® is Hélder continuous in €, i.e.,
that u/d* € C?(Q) for some small v > 0. In our Pohozaev identity, the quantity
plays the role that the normal derivative % plays in second order PDEs.

Also in Part I, we establish boundary regularity results for fully nonlinear integro-
differential equations. These equations arise in Stochastic Control Theory with jump
processes and in zero-sum Stochastic Games. The interior regularity of their solutions
has been recently studied by Caffarelli and Silvestre, among others. We show that
solutions u to lu = g in Q, u = 0 in R™\ 2, being I a fully nonlinear integro-differential

operator of order 2s, satisfy u/d* € C*~¢(2) for all € > 0. These boundary regularity
results improve the best known ones even for linear equations.

o0

Let us describe now our works on reaction-diffusion equations and weighted isoperi-
metric inequalities, which correspond to Parts II and III of the thesis.

Reaction-diffusion equations play a central role in PDE theory and its applications
to other sciences. Our work on this field concerns the regularity of local minimizers to
some elliptic equations, a classical problem in the Calculus of Variations. In fact, we
treat a larger class than local minimizers: stable solutions.

More precisely, we study the regularity of stable solutions to reaction-diffusion
equations of the form —Au = f(u) in Q@ C R™, u = 0 on 9. It is a long standing open
problem to prove that stable solutions to this equation are bounded, and thus regular,
when n < 9. In dimensions n > 10 there are examples of singular stable solutions
to the problem. Important examples of stable solutions are given by the extremal
solutions of problems of the type —Au = Af(u), where A > 0.

The regularity of stable solutions is well understood for some particular nonlinear-
ities f, essentially the exponential and power nonlinearities. In both cases a similar
result holds: if n <9 then all stable solutions are bounded for every domain €2, while
for n > 10 there are examples of unbounded stable solutions even in the unit ball.

For general nonlinearities f and general domains €2, it is known that when n < 4
any stable solution is bounded. The problem is still open in dimensions 5 <n < 9. A
partial result in this direction is that all stable solutions are bounded in dimensions
n < 9 when the domain €2 is a ball.

Here we study the regularity of stable solutions domains of double revolution (that
is, symmetric with respect to the first m variables and with respect to the last n —m).
Our main result is the boundedness of all stable solutions in dimensions n < 7 for all
convex domains of double revolution. Except for the radial case, our result is the first
partial answer valid for all nonlinearities f in dimensions 5 < n < 9.

While studying this problem, we were led to some weighted Sobolev inequalities
with monomial weights w(z) = i -- -z that were not treated in the literature.
Below we explain our work on this subject, which is Part III of the thesis.

In Part II we also study the regularity of stable and extremal solutions to reaction
problems with nonlocal diffusion, i.e., to problems of the form (—A)%u = Af(u) in Q,
u=01in R™\ ©Q, where (—A)® is the fractional Laplacian. For the exponential non-
linearity f(u) = €", we obtain a sharp regularity result in domains which are convex
in the z;-direction and symmetric with respect to {x; = 0} for every i = 1,...,n. This
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result is new even in the unit ball. For more general nonlinearities f and in general
domains €2, we obtain L*> and H*® estimates which are sharp for s close to 1 but not
for small values of s € (0,1).

In Part III we study the weighted Sobolev inequalities with monomial weights
w(z) = x{" -z that arose in our work on stable solutions. These weights are not
in the Muckenhoupt class and the inequalities had not been proved in the literature.
We establish them for all weights with exponents A; > 0, obtaining also the best
constants and extremal functions.

The proof of such Sobolev inequalities is based on a new weighted isoperimetric
inequality with monomial weights. We establish it by adapting a proof of the classical
Euclidean isoperimetric inequality due to Cabré. Our proof uses a linear Neumann
problem for the operator x=4div(z4V -) combined with the Alexandroff contact set
method (or ABP method).

This type of isoperimetric inequalities with weights have attracted much attention
recently. There are many results on existence, regularity, or boundedness of mini-
mizers. However, the solution to the isoperimetric problem in R" with a weight w is
known only for very few weights, even in the case n = 2. Our result provides a class
of weights (the monomial ones) for which we give the shape of the minimizers. It is
quite surprising that, even if these weights are not radially symmetric, Euclidean balls
(centered at the origin) solve the isoperimetric problem.

Also in Part III, we study more general weights. We obtain a family of new sharp
isoperimetric inequalities with homogeneous weights in convex cones ¥ C R” (in the
monomial case, > would correspond to {z; > 0, ---, x,, > 0}). We prove that Eu-
clidean balls centered at the origin solve the isoperimetric problem in any open convex
cone ¥ of R™ (with vertex at the origin) for a certain class of nonradial homogeneous
weights. More precisely, our result applies to all nonnegative continuous weights w
which are positively homogeneous of degree a > 0 and such that w'/® is concave in
the cone X.

Moreover, we also treat anisotropic perimeters, establishing similar inequalities for
the same homogeneous weights as before. It is worth saying that, as a particular case
of our results, we provide with totally new proofs of two classical results: the Wulff
inequality for anisotropic perimeters, and the isoperimetric inequality in convex cones
of Lions and Pacella.

The thesis is divided into three Parts. Each Part is divided into Chapters. Each
Chapter corresponds to a paper or a preprint, as follows.

Part I:

e X. Ros-Oton, J. Serra. The Dirichlet problem for the fractional Laplacian: reg-
ularity up to the boundary, J. Math. Pures Appl. 101 (2014), 275-302.

e X. Ros-Oton, J. Serra. The Pohozaev identity for the fractional Laplacian, Arch.
Rat. Mech. Anal., to appear.

e X. Ros-Oton, J. Serra. Nonexistence results for nonlocal equations with criti-
cal and supercritical nonlinearities, Comm. Partial Differential Equations, to
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appear.

e X. Ros-Oton, J. Serra. Boundary reqularity for fully nonlinear integro-differential
equations, Submitted. Available at arXiv (April 2014).

Part II:

o X. Cabré, X. Ros-Oton. Regularity of stable solutions up to dimension 7 in
domains of double revolution, Comm. Partial Differential Equations 38 (2013),
135-154.

e X. Ros-Oton, J. Serra. The extremal solution for the fractional Laplacian, Calc.
Var. Partial Differential Equations, to appear.

e X. Ros-Oton. Regularity for the fractional Gelfand problem up to dimension 7,
J. Math. Anal. Appl., to appear.

Part I1I:

e X. Cabré, X. Ros-Oton. Sobolev and isoperimetric inequalities with monomial
weights, J. Differential Equations 255 (2013), 4312-4336.

e X. Cabré, X. Ros-Oton, J. Serra. Sharp isoperimetric inequalities via the ABP
method, Submitted. Available at arXiv (April 2013).



Part One

INTEGRO-DIFFERENTIAL
EQUATIONS







INTRODUCTION TO PART I

Partial Differential Equations are relations between the values of an unknown function
and its derivatives of different orders. In order to check whether a PDE holds at a
particular point, one needs to know only the values of the function in an arbitrarily
small neighborhood, so that all derivatives can be computed. A nonlocal equation is a
relation for which the opposite happens. In order to check whether a nonlocal equation
holds at a point, information about the values of the function far from that point is
needed. Most of the times, this is because the equation involves integral operators. A
simple example of such operator is

Lu(x) = PV/ (u(x) —u(z + y))K(y)dy (2)

n

for some nonnegative symmetric kernel K(y) = K(—y) satisfying

/ min (1, [y*) K (y)dy < +oo.

In (2), PV denotes that the integral has to be understood in the principal value sense.
When the singularity at the origin of the kernel K is not integrable, these operators
are also called integro-differential operators. This is because, due to the singularity of
K, the operator (2) differentiates (in some sense) the function w.

The most canonical example of an elliptic integro-differential operator is the frac-
tional Laplacian

uw(z) —u(x +y)
|y["+2

(—A)u(x) = cmSPV/ dy, s € (0,1). (3)

The Fourier symbol of this operator is |£|* and, thus, one has that (—A)f o (=A)* =
(—A)t* —this is why it is called fractional Laplacian.

Lévy processes

Integro-differential equations arise naturally in the study of stochastic processes with
jumps, and more precisely in Lévy processes. A Lévy process is a stochastic process
with independent and stationary increments. Informally speaking, it represents the
random motion of a particle whose successive displacements are independent and sta-
tistically identical over different time intervals of the same length. These processes
generalize the concept of Brownian motion, and may contain jump discontinuities.

By the Lévy-Khintchine Formula, the infinitesimal generator of any symmetric
Lévy process is given by a linear integro-differential operator of the form

Lu(w) = = Y adyu+ PV [ (ula) =~ ule -+ 1) du(y) (@)

.. n
[2¥}
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where A = (a;;) is a nonnegative-definite matrix and p is a measure satisfying

/n min (1, [y|*)du(y) < co.

For example, let 2 C R™ be a bounded domain, and let us consider a Lévy process
Xy, t > 0, starting at © € . Let u(x) be the expected first passage time, i.e., the
expected time E[7], where 7 = inf{t > 0 : X; ¢ Q} is the first time at which the
particle exits the domain. Then, u solves the following integro-differential equation

Lu = 1 inQ
{ u = 0 in R™\Q,
where L is the infinitesimal generator of X; —and thus, it is an operator of the form (4).

Recall that, when X, is a Brownian motion, then L is the Laplace operator —A. In
the context of integro-differential equations, Lévy processes plays the same role that
Brownian motion play in the theory of second order equations.

Most of the integro-differential equations appearing in this thesis have a probabilis-
tic interpretation, the simplest example being the one given before.

Notice that an important difference and difficulty when studying integro-differential
equations is that the “boundary data” is not given on the boundary, as in the classical
case, but in the complement R™\ Q. This exhibits the fact that paths of the associated
processes fail to be continuous.

A special class of Lévy processes are the so-called stable processes, well studied in
probability. These processes satisfy a scaling property, and their infinitesimal genera-
tors are given by

Lu(z) = PV/ (u(z) — u(z + y))% dy. (5)

n

Here, a is any nonnegative function (or, more generally, any finite measure) defined on
S™~1 usually called the spectral measure. In our works we will focus in the operators
that satisfy the following uniform ellipticity condition

A<a(@) <A onS"H

where 0 < A < A are constants. Note that, up to a multiplicative constant, the
fractional Laplacian (—A)® is the only radially symmetric stable process of order 2s.

Why studying integro-differential equations?

To a great extent, the study of integro-differential equations is motivated by real world
applications. Indeed, there are many situations in which a nonlocal equation gives a
significantly better model than a PDE, as explained next.

In Mathematical Finance it is particularly important to study models involving
jump processes, since the prices of assets are frequently modeled following a Lévy
process. Note that jump processes are very natural in this situation, since asset prices
can have sudden changes. These models have become increasingly popular for modeling
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market fluctuations since the work of Merton [210] in 1976, both for risk management
and option pricing purposes. For example, the obstacle problem for the fractional
Laplacian can be used to model the pricing of American options [195, 235]; see also
the nice introduction of [63] and also [271, 73]. Good references for financial modeling
with jump processes are the books [100] and [269]; see also [231].

Just as an example, let us mention that in [229] Nolan examined the joint distri-
bution of the German mark and the Japanese yen exchange rates, and observed that
the distribution fits well in a Lévy stable model. Moreover, he estimated the value of
the parameter 2s ~ 1.51 and also the spectral measure a.

Integro-differential equations appear also in Ecology. Indeed, optimal search theory
predicts that predators should adopt search strategies based on long jumps where prey
is sparse and distributed unpredictably, Brownian motion being more efficient only for
locating abundant prey; see [172, 244, 296]. Thus, reaction-diffusion problems with
nonlocal diffusion such as

u+ Lu= f(u) in R" (6)

arise naturally when studying such population dynamics. Equation (6) appear also in
physical models of plasmas and flames; see [205], [211], and references therein.

It is worth saying that in these problems the nonlocal diffusion (instead of a clas-
sical one) changes completely the behavior of the solutions. For example, consider
problem (6) with L = (=A)%, f(u) = v — u?, and with compactly supported initial
data. Then, in both cases s = 1 and s € (0, 1), there is an invasion of the unstable
state u = 0 by the stable one, u = 1. However, in the classical case (s = 1) the inva-
sion front position is linear in time, while in case s € (0,1) the front position will be
exponential in time. This was heuristically predicted in [205] and [111], and rigorously
proved in [48].

In Fluid Mechanics, many equations are nonlocal in nature. A clear example is
the surface quasi-geostrophic equation, which is used in oceanography to model the
temperature on the surface [99]. The regularity theory for this equation relies on very
delicate regularity results for nonlocal equations in divergence form; see [76, 61, 77].
Another important example is the Benjamin-Ono equation

(=220 = —u 4 u?,

which describes one-dimensional internal waves in deep water [5, 140]. Also, the half-
Laplacian (—A)'? plays a very important role in the understanding of the gravity
water waves equations in dimensions 2 and 3; see [152].

In Elasticity, there are also many models that involve nonlocal equations. An im-
portant example is the Peierls-Nabarro equation, arising in crystal dislocation models
[289, 203, 116]. Also, other nonlocal models are used to take into account that in
many materials the stress at a point depends on the strains in a region near that
point [188, 123]. Long range forces have been also observed to propagate along fibers
or laminae in composite materials [173], and nonlocal models are important also in
composite analysis; see [119] and [216].

Other Physical models arising in macroscopic evolution of particle systems or in
phase segregation lead to nonlocal diffusive models such as the fractional porous media
equation; see [155, 262, 78]. Related evolution models with nonlocal effects are used in
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superconductivity [90, 297]. Moreover, other continuum models for interacting particle
systems involve nonlocal interaction potentials; see [81].

In Quantum Physics, the fractional Schrodinger equation arises when the Brownian
quantum paths are replaced by the Lévy ones in the Feynman path integral [192, 193].
Similar nonlocal dispersive equations describe the dynamics and gravitational collapse
of relativistic boson stars; see [121, 198, 170].

Other examples in which integro-differential equations are used are Image Pro-
cessing (where nonlocal denoising algorithms are able to detect patterns and contours
in a better way than the local PDE based models [300, 158, 181, 39]) and Geome-
try (where the conformally invariant operators, which encode information about the
manifold, involve fractional powers of the Laplacian [160, 85]).

Finally, all Partial Differential Equations are a limit case (as s 1 1) of integro-
differential equations.

Mathematical background

Let us describe briefly the mathematical literature on integro-differential equations.
As we will see, for many years these equations were studied by people in Probability,
who treated mainly linear integro-differential equations. More recently, these equa-
tions have attracted much interest from people in Analysis and PDEs, with nonlinear
equations being the focus of research.

Probability

The study of integro-differential equations started in the fifties with the works of
Getoor, Blumenthal, and Kac, among others. Due to the relation with stochastic
processes, they studied Dirichlet problems of the form

Lu = g(x) in
{ u = g in R™\(, (7)

being L the infinitesimal generator of some stochastic process —in the simplest case,
L would be the fractional Laplacian.

In 1959, the continuity up to the boundary of solutions was established, and also
some spectral properties of such operators [153]. For the fractional Laplacian the
asymptotic distribution of eigenvalues was obtained, as well as some comparison results
between the Green’s function in a domain and the fundamental solution in the entire
space [22].

Later, sharp decay estimates for the heat kernel of the fractional Laplacian in the
whole R™ were proved [23], and an explicit formula for the solution of

(=A)Yu = 1 in B
w = 0 inR\B

was found [178, 154]. Moreover, Green’s function and the Poisson kernel for the
fractional Laplacian in the unit ball By were also explicitly computed by Getoor [24]
and Riesz [245], respectively.
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Potential theory for the fractional Laplacian in R™ enjoys an explicit formulation
in terms of the Riesz potential, and thus it is similar to that of the Laplacian; see for
example the classical book of Landkov [191]. However, the boundary potential theory
for this operator presents more difficulties mainly due to its nonlocal character.

Fine boundary estimates for the Green’s function and the heat kernel near the
boundary have been established in the last twenty years. Namely, Green’s function es-
timates were obtained by Kulezycki [190] and Chen-Song [92] in 1997 for C'"' domains,
and in 2002 by Jakubowski for Lipschitz domains [176]. Later, Chen-Kim-Song [93]
gave sharp explicit estimates for the heat kernel on C''' domains, recently extended
to Lipschitz and more general domains by Bogdan-Grzywny-Ryznar [26].

Related to this, Bogdan [25] in 1997 established the boundary Harnack principle
for s-harmonic functions —solutions to (—A)*u = 0— in Lipschitz domains; see also
[27] for an extension of this result to general bounded domains.

Dirichlet problems of the type (7) have also been considered for operators L which
are infinitesimal generators of stable Lévy processes, i.e., for operators of the form (5).
In this case, it is also possible to develop interior regularity results and boundary
potential theory by using the associated fundamental solution; see for example [280,
28, 239, 29, 30, 281].

For more general integro-differential operators (2), regularity properties of solutions
can not be proved by using the fundamental solution. Even if these are translation
invariant operators, in general nothing can be said about their fundamental solution,
and thus other methods are required.

To our knowledge, Bass-Levin [14] is the first work in this direction. It establishes
interior Holder regularity of solutions to Lu = 0, being L an operator with a kernel
comparable to that of the fractional Laplacian. Their result applies also to non trans-
lation invariant equations, and more precisely to equations with “bounded measurable
coefficients”. After that, Song-Vondracek [276], Bass-Kassman [13], and Kassman-
Mimica [180] extended the interior regularity results of [14] to more general classes of
integro-differential operators. These works use probabilistic techniques. Their results
are closely related to those obtained with analytical methods and described next.

Analysis and PDEs: nonlinear equations

In the last ten years the study of integro-differential equations has attracted much
interest from people in Analysis and PDEs. The main motivation for this, as explained
above, is that integro-differential equations appear in many models in different sciences.
In contrast with the probabilistic works above for linear equations, more recent
results using analytical methods often concern nonlinear integro-differential equations.
In [57], Cabré and Sola-Morales studied layer solutions to a boundary reaction
problem in R’
{ -Av = 0  inRPM

g—z = f(v) on IRTM.

An important example is the Peierls-Nabarro equation, which corresponds to f(v) =
sin(7v). As noticed in previous works of Amick and Toland [5, 289], this boundary
reaction problem in all of R%™ is equivalent to the integro-differential equation

(=A)2u = f(u) in R™
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Indeed, given a function u in R", one can compute its harmonic extension v in one
more dimension, i.e., the solution to Av =0 in ]R’frl, v =1u on O]R’ﬁl = R"™. Then, it
turns out that the normal derivative d,v on R is exactly the half Laplacian (—A)Y/2u.

On the other hand, motivated by applications to mathematical finance, Silvestre
[271] studied the regularity of solutions to the obstacle problem for the fractional
Laplacian (—A)*, s € (0,1). He obtained an almost-optimal regularity result for its
solution, more precisely he proved the solution to be C***7¢ for all € > 0.

In case s = 1/2, thanks to the aforementioned extension method, the obstacle
problem for the half-Laplacian in R™ is equivalent to the thin obstacle problem for the
Laplacian in R"*!. For this latter problem, the optimal regularity of solutions and of
free boundaries was well known; see [7, 8]. However, for fractional Laplacians with
s # 1/2 no similar extension problem was available.

This situation changed when Caffarelli and Silvestre [68] introduced the extension
problem for the fractional Laplacian (—A)*, s € (0,1). Thanks to this extension, in
a joint work with Salsa [73] they established the optimal regularity of the solution
and of the free boundary for the obstacle problem for the fractional Laplacian, for all
se€ (0,1).

These developments, and specially the extension problem for the fractional Lapla-
cian, have led to a huge amount of new discoveries on nonlinear equations for frac-
tional Laplacians. Just to mention some of them, we recall the important works on
uniqueness of solutions for the equation (—A)%u = f(u) in R” [140, 141, 55, 56]; on
the fractional Allen-Cahn equation [257, 97, 45, 46]; on nonlocal minimal surfaces
(67, 74, 75, 136, 259]; on free boundary problems involving the fractional Laplacian
(66, 103]; and many others [129, 287, 288, 127].

Of course, the extension problem is only available for (—A)®, and thus to obtain
results for more general integro-differential operators, different methods are required.
While variational methods usually do not need the use of the extension, other type of
arguments seem to require its use. For example, it is still not known how to obtain
optimal regularity results for the obstacle problem for other linear operators of order 2s
different from the fractional Laplacian.

The regularity theory for nonlinear nonlocal equations is a very active field of re-
search. For elliptic equations in divergence form, Kassmann obtained the nonlocal
analog of the De Giorgi-Nash-Moser estimate [179] by adapting the Moser iteration
method to this nonlocal framework. Later, motivated by their previous works on
the surface quasi-geostrophic equation [76] and on the Navier-Stokes equation [293],
Caffarelli-Chan-Vasseur established the regularity theory for nonlocal parabolic equa-
tions in divergence form [61].

On the other hand, the regularity for nonlinear equations in nondivergence form
have been mostly developed by Caffarelli and Silvestre. In the foundational paper [69],
they established the basis for the theory of fully nonlinear elliptic integro-differential
equations of order 2s. They obtained existence of viscosity solutions to

Iu = g inQ
u = h in R"\Q,

and O interior regularity of such solutions. Here, I denotes a fully nonlinear oper-
ator of order 2s. Later, they established C?*T* interior regularity for convex equations
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[71], and developed a perturbative theory for non translation invariant equations [70].
More recently, this theory has been extended in many ways, for example to equations
with lower order terms or to parabolic equations; see [86, 89, 64, 187, 261, 87, 88|.
Other important works in this field are [165, 9, 180, 270, 72]. As explained later on
in this Introduction, our main contribution to this field is a fine boundary regularity
result for this type of fully nonlinear problems.

Let us come back to reaction-diffusion problems. They play a central role in PDE
theory and its applications to other sciences. When the classical diffusion is replaced
by a Lévy-type one, such reaction problems take the form

Lu = f(x,u) in Q
{ u = 0 in R™\Q, (8)

where L is an integro-differential operator. This type of nonlinear Dirichlet problems
have attracted much attention in the last years. Many of the mathematical works in
the literature deal with existence [131, 266, 265, 215, 137, 138], nonexistence [129, 11],
symmetry [21, 95], regularity of solutions [10, 80], and other qualitative properties of
solutions [130, 1].

For linear equations, the Lax-Milgram theorem and the Fredholm alternative lead
to existence of solutions for very general integro-differential operators [131]. For semi-
linear equations, other variational methods (like the mountain pass lemma or linking
theorems) lead also to existence results for subcritical nonlinearities [264, 265]. In case

of critical nonlinearities like f(u) = wnsa + Au, a Brezis-Nirenberg type result has
been obtained by Servadei and Valdinoci [266, 267].

A very important tool to obtain symmetry results for second order (local) equations
—Au = f(u) is the moving planes method [263, 156]. This method was first adapted to
nonlocal equations by Birkner, L6pez-Mimbela, and Wakolbinger [21], who proved the
radial symmetry of nonnegative solutions to (—A)*u = f(u) in the unit ball = B;.
Later, the moving planes method has been used to solve Serrin’s problem for the
fractional Laplacian [105, 128], and also to show nonexistence of nonnegative solutions
to supercritical and critical equations (—A)%*u = w3 in star-shaped domains [129].
This nonexistence result for the fractional Laplacian by Fall and Weth [129] uses the
extension problem of Caffarelli-Silvestre and the fractional Kelvin transform to then
apply the moving planes method.

Results of the thesis (Part I)

In the rest of this Introduction we explain our main results concerning integro-diffe-
rential equations.

Chapters 1, 2, and 3 of this Part I of the thesis deal with linear and semilinear
Dirichlet problems of the type (7) and (8). More precisely, in Chapter 1 we study
fine boundary regularity properties of solutions to these problems in case L = (—A)*,
s € (0,1). Then, in Chapter 2 we establish the Pohozaev identity for the fractional
Laplacian. After that, we obtain in Chapter 3 nonexistence results for problem (8) for
a wide class of nonlocal operators L.

Finally, the last chapter of this Part I, Chapter 4, is devoted to the study of the

boundary regularity of solutions to fully nonlinear integro-differential equations.
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Pohozaev-type identities

One of the main results of this thesis is the Pohozaev identity for the fractional Lapla-
cian.

In the classical case of the Laplace operator, the Pohozaev identity applies to
any solution to —Au = f(z,u) in Q, v = 0 on 9. This celebrated result due to
S. Pohozaev [237] was originally used to prove nonexistence results for critical and
supercritical nonlinearities f. For example, it gives the nonexistence of nonnegative
solutions (with zero Dirichlet data) to the critical problem —Au = wi? in star-shaped
domains —an equation appearing in some geometrical contexts such as the Yamabe
problem.

Identities of Pohozhaev-type have been widely used in the analysis of elliptic PDEs
[243, 237, 295, 118, 218, 236]. These identities are used to show monotonicity formu-
las, energy estimates for ground states in R", unique continuation properties, radial
symmetry of solutions, uniqueness results, or interior H! estimates for stable solutions.
Moreover, they are also used in other contexts such as hyperbolic equations, harmonic
maps, control theory, and geometry.

Before our work, a Pohozaev identity for the fractional Laplacian was not known.
It was not even known which form should it have, if any. We find and establish here
the Pohozaev identity for the fractional Laplacian, which reads as follows.

Theorem 1. Let Q C R" be any bounded C™' domain, and let d(z) = dist(x,0Q).
Let u be any bounded solution of (—A)u = f(z,u) in Q, u=0 in R"\ Q.
Then u/d* is Hélder continuous in Q, and it holds the identity

/Q(x -Vu)(—A)’udr = 282_ 1 /Qu(—A)su dr — F(lTW /ag (%)2 (x-v)do, (9)

where I' is the Gamma function.

Note that the boundary term wu/d*|sq has to be understood in the limit sense —
note that one of the statements of the theorem is that u/d® is continuous up to the
boundary.

Let us mention some consequences of Theorem 1. First, when f(z,u) does not
depend on z, our identity can be written as

u

(25—n)/52uf(u)dx+2n/QF(u)dx:F(l—i—s)Q/aQ <¥>2(x-u)da,

where F' = f. Thus, when (2 is star-shaped, it immediately leads to the nonexistence
of nontrivial solutions for supercritical nonlinearities, and also of nonnegative solutions

for the critical power f(u) = wi
in [129] for nonnegative solutions.

Second, (9) yields the following unique continuation property: if f(x,u) is subcrit-
ical, then

as explained above, this was previously showed

u

d*loq
Note that since f(u) = Au is subcritical for all A > 0, this unique continuation property
holds for all eigenfunctions. Let us mention that this unique continuation property is

=0 on ) = wuwu=0 in Q.
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not known for critical or for supercritical nonlinearities —in this case it is only known
for nonnegative solutions, thanks to the Hopf lemma.

Finally, from (9) we also deduce the following new integration-by-parts-type iden-
tity

/ Uy, (—A)vdr = —/(—A)su vy, dr 4+ T (1 + 8)2/ 4Y, do,
0 Q o d* d°

where u = v =0 in R" \ Q and u and v have certain regularity properties (which are
always satisfied by bounded solutions to linear or semilinear problems).

For the Laplacian —A, the Pohozaev identity follows easily from integration by
parts or the divergence theorem. However, in this nonlocal framework these tools are
not available. The only known integration by parts formula for the fractional Laplacian
was the one for the whole R", which has no boundary terms. To our knowledge, our
identities above are the first ones that involve an integro-differential operator and a
boundary term (an integral over 0€2). They are new even in dimension n = 1. In fact,
the constant I'(1 + s)? in our identity seems to indicate that there is no trivial way to
prove this identity without some work.

Is it important to observe that the quantity
second order equations.

Let us explain the main ideas appearing in the proof of the Pohozaev identity (9).
We first assume the domain €2 to be star-shaped with respect to the origin. The result
for general domains follows from the star-shaped case using an argument involving
a partition of unity. When the domain is star-shaped, the idea of the proof is the
following. First, one writes the left hand side of the identity as

/uA(—A)Su dz,
A=1+ JRn

where uy(z) = u(Az), A > 1. Then, integrating by parts and making the change of
variables y = v/ Az, we obtain

aq Plays the role that % plays in

s _d
/Q(x-Vu)(—A) u dx = o

n

/ uy(—A)*u de = A2 / w 5wy, 4y,
n R’ﬂ

where
w(z) = (=A)"u(z).
Thus, differentiating with respect to A at A = 17, we find

28 —n

1 d
/n u(—A)su dr + 5 ﬁ

[)\7
A=1t

/Q(x -Vu)(—A)*u dr =

where
I/\:/ wxwyAdY.

Therefore, the Pohozaev identity is equivalent to the following:

d 2
/ wywy /) dy =T (1 + 8)2/ (%) (x-v)do. (10)
A=1+ JR" N

X
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The quantity % |n=1+ fR” wxwy/y vanishes for any C'(R") function w, as can be seen
by differentiating under the integral sign. Instead, we prove that the function w =
(—A)*?y has a singularity along 9, and that (10) holds. The proof of (10) requires
a fine analysis on the singularity of (—A)*/2u near the boundary. More precisely, we
show that, for x near 02, one has

(—A)u(z) = e {log d(z) + caxa()} + h(z),

where h is a C* function and ¢; and ¢, are constants depending only on s (which we
compute explicitly). Of course, to find such fine behavior of (—A)*?u near 99, a fine
boundary regularity result for u is required. This is the object of other papers in the
thesis and we describe them below.

In the proof of Theorem 1 we do not use the extension of Caffarelli-Silvestre [68]
or other very particular properties of the fractional Laplacian, but only the scale
invariance of the operator and some integration by parts in all of R™. Thanks to this,
our methods can be used to show nonexistence of bounded solutions to some nonlinear
problems involving quite general integro-differential operators. These nonexistence
results follow from a general variational inequality in the spirit of the classical identity
by Pucci and Serrin [240]. The proof of our variational inequality follows a similar
approach to that in our proof of the Pohozaev identity. Here, instead of proving the
equality (10), we show that its left hand side is nonnegative whenever the domain €2
is star-shaped. The operators under consideration are of the form

Lu(x) = — Z a;;0;;u +PV [ (u(z) —u(r +v))K(y)dy,
Rn
where K is a symmetric kernel satisfying an appropriate monotonicity property. More
precisely, we assume that either a;; = 0 and K(y)|y|""” is nondecreasing along rays
from the origin for some o € (0,2), or that (a;;) is positive definite and K (y)|y|"™2 is
nondecreasing along rays from the origin. This is proved in Chapter 3, where we also
give some concrete examples of operators to which our result applies. In addition, we
establish an analogue result for quasilinear nonlocal equations.

Boundary regularity

To prove the Pohozaev identity for the fractional Laplacian we need, among other
things, the precise boundary regularity of solutions to the Dirichlet problem

{(—A)su = g(z) inQ
u =0 in R™\.

We prove in Chapter 1 that u € C*(R") and u/d* € C7(Q) for some small 7 > 0
whenever the right hand side g is bounded.

Moreover, to prove the Pohozaev identity we need also higher order interior Holder
estimates for the quotient u/d®, which we prove by finding an equation satisfied by
this quotient and using that it is C7(2); see Chapter 1 for more details.

To show the Hélder regularity of u/d®, we adapt the method of Krylov for second
order elliptic equations in nondivergence form with bounded measurable coefficients

[189] to this nonlocal framework.
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This method consists of using sub and supersolutions to prove an improvement of
oscillation lemma for u/d®, and then iterate it to deduce the Holder regularity of this
quantity. The method is quite general, and never uses the concrete structure of the
operator: one only needs some barriers and an interior Harnack inequality. The main
difficulty on applying this method to the fractional Laplacian is the nonlocal character
of the operator, and more precisely of its Harnack inequality. Indeed, in contrast with
the second order case, the Harnack inequality for the fractional Laplacian requires the
function to be positive in all of R™, and not only in a larger ball. Thus, a careful
control of the tails of the function is needed in order to adapt Krylov’s method to
nonlocal operators.

Our result on C7 regularity of u/d® is improved in Chapter 4. As explained below,
we establish a C°~¢(Q) estimate for u/d® for all ¢ > 0. The results of Chapter 4
apply not only to linear equations with the fractional Laplacian, but to fully nonlinear
integro-differential equations. These equations arise in Stochastic Control with jump
processes [231] and in zero-sum Stochastic Games, as described next.

Fully nonlinear equations appear when some random variable distributions depend
on the choice of certain controls, and one looks for an optimal strategy to choose those
controls in order to maximize the expected value of the random variable. This expected
value, as a function of the starting point of the stochastic process, satisfies a fully
nonlinear elliptic equation. If the stochastic processes involved are Brownian diffusions,
the resulting PDEs are classical second order equations F(D?u) = 0. Instead, if
the stochastic processes are Lévy processes with jumps, then the equations are fully
nonlinear integro-differential equations; see the books [231] and [167].

The most standard example is the Bellman equation. Consider a family of stochas-
tic processes { X/} indexed by a parameter o € A, whose corresponding infinitesimal
generators are {L,}. We consider the following dynamic programming setting: the
parameter « is a control that can be changed at any interval of time. We look for the
optimal choice of the control that will maximize the expected value of a given payoff
function h the first time that the process X; exits a domain 2 C R™. One can have also
a running cost g, so that the quantity to maximize is the expected final payoff minus
the expected total running cost. If we call this maximal possible expected value u(x),
in terms of the initial point Xy = z, the function u will solve the following equation

SUPyeca Lot = g in Q2
u = h in R™"\Q.

The equation has to be understood in the viscosity sense; see Chapter 4.

A more general fully nonlinear equation is the Isaacs equation. In this case, one
has a stochastic zero-sum game with two players in which each player has one control.
The resulting value function u(z) satisfies the equation

ilﬁlf sup Logu =g in (.

When L, (or Lag) are uniformly elliptic second order operators of the form L,u =

i ag;x) 0;ju, then these equations can be written as

F(D*u)=g in Q,
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with F' convex in the Bellman equation, and not necessarily convex in the Isaacs
equation. Instead, if the operators L, belong to some class £ of integro-differential
operators of the form (2) —or, more generally, of the form (4)—, then we have a fully
nonlinear integro-differential equation.

The interior regularity for this type of equations is quite well understood —at least
for kernels K which are comparable to |y|~"2%. In a series of three papers [69, 70, 71],
Caffarelli and Silvestre obtained sharp interior regularity results for fully nonlinear
integro-differential equations with kernels K in the class

to={ute) = PV [ {uto9) = o) Ky s 1 < KD < )

(note here the change of sign with respect to (2), just to be consistent with previous
literature). They proved existence of viscosity solutions, established their C'* interior
regularity [69], C%**™ regularity in case of convex equations [71], and developed a
perturbation theory for non translation invariant equations [70].

However, almost nothing was known on boundary regularity for fully nonlinear
integro-differential equations. In Chapter 4 we develop such a theory.

As in the case of the fractional Laplacian, the correct notion of boundary regularity
for equations of order 2s is the Holder regularity of the quotient u/d®. Recall that in
such nonlocal equations the quantity |, plays the role that % plays in second
order PDEs. This quantity appears not only in our Pohozaev identity, but also in free
boundary problems [66], and in overdetermined problems for the fractional Laplacian
[105, 128] that arise naturally in shape optimization problems.

Theorem 2, stated below, establishes boundary regularity for fully nonlinear integro-
differential equations which are elliptic with respect to the class £, C Ly defined as
follows:

E*:{Lu:/n(u(x+y)—u(x))K(y)dy; K(y)—w, AgagA}.

oyl

Note that L, consists of all infinitesimal generators of stable Lévy processes belonging
to ﬁo.

Theorem 2. Let u be any solution of the following Bellman or Isaacs equation in a
CH domain Q C R,

infgsup, Logu = g in
u = 0 nR"\Q,

with Lag € L, and with g € L>(Y). Then, u/d* € C°~¢(2) for all e > 0, and

/@l go-cey < C (llull o) + lgll=@)

where C' is a constant that depends only on n, s, and the ellipticity constants A\ and
A. Moreover, the constant C' remains bounded as s 1T 1.

It is worth mentioning that this result applies to fully nonlinear operators, but it
is new even for linear translation invariant equations Lu = ¢g with L € L,.
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We expect the Holder exponent s — € to be optimal (or almost optimal) for merely
bounded right hand sides f. Moreover, we also expect the class L, to be the largest
scale invariant subclass of £y for which this result is true.

For general elliptic equations with respect to Lg, no fine boundary regularity results
hold. In fact, as we show in Chapter 4, the class L is too large for all solutions to be
comparable to d® near the boundary. The same happens for the subclasses £; and Lo
of Ly, which have more regular kernels and were considered in [69, 70, 71].

The proof of Theorem 2 relies on a C7 boundary estimate for solutions to nonlo-
cal equations with “bounded measurable coefficients”, which is obtained via Krylov’s
method. Then, for solutions to fully nonlinear equations we push the small Holder
exponent v > 0 up to the exponent s — € in Theorem 2. To achieve this, new ideas
are needed, and the procedure that we develop differs substantially from boundary
regularity methods in second order equations. We use a new blow up and compactness
method, combined with a new “boundary” Liouville-type theorem.

This compactness method has the advantage that allows to deal also with non
translation invariant equations J(u, ) = g(x) in Q, with an exterior datum w = h in
R™\ Q; see Chapter 4 for more details.






Chapter One

THE DIRICHLET PROBLEM FOR THE
FRACTIONAL LAPLACIAN: REGULARITY
UP TO THE BOUNDARY

We study the regularity up to the boundary of solutions to the Dirichlet problem for
the fractional Laplacian. We prove that if u is a solution of (—A)*u =g in Q, u =0
in R™\Q, for some s € (0,1) and g € L>(Q), then u is C*(R") and u/d%|q is C* up to
the boundary 052 for some « € (0, 1), where 6(x) = dist(x,02). For this, we develop
a fractional analog of the Krylov boundary Harnack method.

Moreover, under further regularity assumptions on g we obtain higher order Holder
estimates for u and u/§°. Namely, the C® norms of u and u/6* in the sets {z € Q :
§(x) > p} are controlled by Cp*=# and Cp®~?, respectively.

These regularity results are crucial tools in our proof of the Pohozaev identity for
the fractional Laplacian.

1.1 Introduction and results

Let s € (0,1) and g € L*(2), and consider the fractional elliptic problem

{(_A)SZ S0 Iﬁ”\@, (11)

in a bounded domain €2 C R", where

(—A)’u(z) = cn,sPV/ Mdy (1.2)

R™ |Z’ _ y|n+2s

and ¢, s is a normalization constant.

Problem (1.1) is the Dirichlet problem for the fractional Laplacian. There are
classical results in the literature dealing with the interior regularity of s-harmonic
functions, or more generally for equations of the type (1.1). However, there are few
results on regularity up to the boundary. This is the topic of study of the paper.

Our main result establishes the Holder regularity up to the boundary 00 of the
function u/6%|q, where

d(z) = dist(x,00).

21
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For this, we develop an analog of the Krylov [189] boundary Harnack method for
problem (1.1). As in Krylov’s work, our proof applies also to operators with “bounded
measurable coefficients”. This will be treated in a future work [252]. In this paper we
only consider the constant coefficient operator (—A)*, since in this case we can establish
more precise regularity results. Most of them will be needed in our subsequent work
[250], where we find and prove the Pohozaev identity for the fractional Laplacian,
announced in [248]. For (1.1), in addition to the Hélder regularity up to the boundary
for u /6%, we prove that any solution u is C*(R™). Moreover, when g is not only bounded
but Holder continuous, we obtain better interior Holder estimates for v and u/d°.

The Dirichlet problem for the fractional Laplacian (1.1) has been studied from the
point of view of probability, potential theory, and PDEs. The closest result to the one
in our paper is that of Bogdan [25], establishing a boundary Harnack inequality for
nonnegative s-harmonic functions. It will be described in more detail later on in the
Introduction (in relation with Theorem 1.1.2). Related regularity results up to the
boundary have been proved in [184] and [66]. In [184] it is proved that u/J* has a limit
at every boundary point when u solves the homogeneous fractional heat equation. The
same is proven in [66] for a free boundary problem for the fractional Laplacian.

Some other results dealing with various aspects concerning the Dirichlet problem
are the following: estimates for the heat kernel (of the parabolic version of this prob-
lem) and for the Green function, e.g., [24, 93]; an explicit expression of the Poisson
kernel for a ball [191]; and the explicit solution to problem (1.1) in a ball for g = 1
[154]. In addition, the interior regularity theory for viscosity solutions to nonlocal
equations with “bounded measurable coefficients” is developed in [69].

The first result of this paper gives the optimal Hélder regularity for a solution u of
(1.1). The proof, which is given in Section 1.2, is based on two ingredients: a suitable
upper barrier, and the interior regularity results for the fractional Laplacian. Given
g € L>®(Q), we say that u is a solution of (1.1) when u € H*(R™) is a weak solution (see
Definition 1.2.1). When ¢ is continuous, the notions of weak solution and of viscosity
solution agree; see Remark 1.2.11.

We recall that a domain () satisfies the exterior ball condition if there exists a
positive radius py such that all the points on 02 can be touched by some exterior ball
of radius py.

Proposition 1.1.1. Let €2 be a bounded Lipschitz domain satisfying the exterior ball
condition, g € L*(2), and u be a solution of (1.1). Then, u € C*(R") and

ullcs@ny < Cllgllze (),

where C' is a constant depending only on 2 and s.

This C* regularity is optimal, in the sense that a solution to problem (1.1) is not
in general C* for any a > s. This can be seen by looking at the problem

(—A)*u = 1 in B,(xo) (1.3)

u = 0 in R™"\B,(zo), '

for which its solution is explicit. For any r > 0 and zo € R", it is given by [154, 24]
2731 (n/2)

I (%) 0(1+ s

u(zr) = ) (r* — |z — 20|’ in B,(xg). (1.4)



1.1 - Introduction and results 23

It is clear that this solution is C* up to the boundary but it is not C'* for any o > s.

Since solutions u of (1.1) are C* up to the boundary, and not better, it is of
importance to study the regularity of u/d® up to 0. For instance, our recent proof
250, 248] of the Pohozaev identity for the fractional Laplacian uses in a crucial way
that «/d° is Holder continuous up to 02. This is the main result of the present paper
and it is stated next.

For local equations of second order with bounded measurable coefficients and in
non-divergence form, the analog result is given by a theorem of N. Krylov [189], which
states that u/J is C* up to the boundary for some o € (0,1). This result is the key
ingredient in the proof of the C?“ boundary regularity of solutions to fully nonlinear
elliptic equations F'(D?u) = 0 —see [182, 59).

For our nonlocal equation (1.1), the corresponding result is the following.

Theorem 1.1.2. Let Q be a bounded C*' domain, g € L>*(Q), u be a solution of (1.1),
and 0(x) = dist(x,08). Then, u/é%|q can be continuously extended to §). Moreover,

we have u/é* € C*(2) and

[u/6°l| ga@y < Cllgll=@)

for some a > 0 satisfying a < min{s,1 — s}. The constants o and C' depend only on
Q and s.

To prove this result we use the method of Krylov (see [182]). It consists of trapping
the solution between two multiples of ¢° in order to control the oscillation of the
quotient u/d® near the boundary. For this, we need to prove, among other things, that
(—A)*65 is bounded in €2, where dg(x) = dist(z, R™ \ Q) is the distance function in Q
extended by zero outside. This will be guaranteed by the assumption that € is C!.

To our knowledge, the only previous results dealing with the regularity up to the
boundary for solutions to (1.1) or its parabolic version were the ones by K. Bogdan
[25] and S. Kim and K. Lee [184]. The first one [25] is the boundary Harnack principle
for nonnegative s-harmonic functions, which reads as follows: assume that u and v
are two nonnegative functions in a Lipschitz domain €2, which satisfy (—A)*u = 0
and (—A)*v = 0 in Q N B,(zo) for some ball B,(x) centered at o, € 0. Assume
also that v = v = 0 in B,(x0) \ . Then, the quotient u/v is C*(B, 2(x)) for some
a € (0,1). In [27] the same result is proven in open domains €2, without any regularity
assumption.

While the result in [27] assumes no regularity on the domain, we need to assume
Q to be CY'. This assumption is needed to compare the solutions with the function
d°. As a counterpart, we allow nonzero right hand sides g € L*°(Q2) and also changing-
sign solutions. In C™' domains, our results in Section 1.3 (which are local near any
boundary point) extend Bogdan’s result. For instance, assume that u and v satisfy
(—A)*u =g and (—A)*v =hin Q, v =v =0 in R"\ , and that h is positive in Q.
Then, by Theorem 1.1.2 we have that u/d* and v/§* are C*(Q) functions. In addition,
by the Hopf lemma for the fractional Laplacian we find that v/6* > ¢ > 0 in 2. Hence,
we obtain that the quotient u/v is C* up to the boundary, as in Bogdan’s result for
s-harmonic functions.

A second result (for the parabolic problem) related to ours is contained in [184].

The authors show that any solution of dyu + (—A)*u = 0in Q, u = 0 in R™ \ Q,
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satisfies the following property: for any ¢ > 0 the function u/§® is continuous up to
the boundary 0.

Our results were motivated by the study of nonlocal semilinear problems (—A)*u =
f(u) in Q, v = 0 in R™\ 2, more specifically, by the Pohozaev identity that we
establish in [250]. Its proof requires the precise regularity theory up to the boundary
developed in the present paper (see Corollary 1.1.6 below). Other works treating the
fractional Dirichlet semilinear problem, which deal mainly with existence of solutions
and symmetry properties, are [258, 264, 129, 21].

In the semilinear case, ¢ = f(u) and therefore g automatically becomes more
regular than just bounded. When g has better regularity, the next two results improve
the preceding ones. The proofs of these results require the use of the following weighted
Holder norms, a slight modification of the ones in Gilbarg-Trudinger [157, Section 6.1].

Throughout the paper, and when no confusion is possible, we use the notation
CA(U) with 8 > 0 to refer to the space C*#(U), where k is the is greatest integer
such that k£ < 8 and where 8 = § — k. This notation is specially appropriate when
we work with (—A)® in order to avoid the splitting of different cases in the statements
of regularity results. According to this, [-]cs ) denotes the C*#'(U) seminorm

|D*u(z) — D*u(y)|
[U]Cﬁ U) = [U] k6! = Ssup ;
© oH2 ) z,y€elU, x#y |$ - y|ﬂ

Moreover, given an open set U C R" with OU # @, we will also denote
d, = dist(z,0U) and dy,y = min{d,,d,}.

Definition 1.1.3. Let § > 0 and o
B € (0,1]. Forw € C¥(U) = CH¥(U)

il DA(e) = Dru(y)
S PR

> —fB. Let 8 = k+ [, with k integer and
, define the seminorm

[w]i, = sup
z,ycU

For o > —1, we also define the norm || - ||gI)U as follows: in case that o > 0,

k
ol = Y- sup( e Ip' o)) + ).
1=0 "

while for —1 < o < 0,

k

15 = wle-w + 3 sup (7 Do)l + (ul.
I=1"

Note that o is the rescale order of the seminorm [](BU()J, in the sense that [w()\)]g[)j//\ =
X5

When ¢ is Holder continuous, the next result provides optimal estimates for higher
order Holder norms of u up to the boundary.
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Proposition 1.1.4. Let Q be a bounded domain, and 8 > 0 be such that neither (8
nor 3+ 2s is an integer. Let g € CP(Q) be such that ||g||(;)Q < 00, and u € C*(R™) be
a solution of (1.1). Then, u € CP**(Q) and

@) + 19ll50),

lulls 2 < C(lul
where C'is a constant depending only on 2, s, and 3.

Next, the Holder regularity up to the boundary of «/§° in Theorem 1.1.2 can be
improved when ¢ is Holder continuous. This is stated in the following theorem, whose
proof uses a nonlocal equation satisfied by the quotient u/0* in {2 —see (1.39)— and
the fact that this quotient is C*(€2).

Theorem 1.1.5. Let Q be a bounded C™' domain, and let o € (0,1) be given by
Theorem 1.1.2. Let g € L™®(Q) be such that Hg||(s ) < 00, and u be a solution of
(1.1). Then, u/&* € C*(Q2) N CY(Q) and

lu/o*llse’ < C(lgllzm@ + lgllea”).
where v = min{1, « + 2s} and C' is a constant depending only on 2 and s.

Finally, we apply the previous results to the semilinear problem

—A)u = f(xr,u) in
{( )u = O( ) on R™\, (1.5)

where ) is a bounded C''! domain and f is a Lipschitz nonlinearity.

In the following result, the meaning of “bounded solution” is that of “bounded
weak solution” (see definition 1.2.1) or that of “viscosity solution”. By Remark 1.2.11,
these two notions coincide. Also, by f € Cloocl(Q x R) we mean that f is Lipschitz in
every compact subset of Q x R.

Corollary 1.1.6. Let Q be a bounded and C' domain, f € Cpt(Q x R), u be a
bounded solution of (1.5), and §(x) = dist(x,0). Then,

(a) u € C*(R™) and, for every B € [s,1+ 2s), u is of class C*(Q) and
(U] 8 (fzeq: 52)5p)) < Cp*=? for all pe€ (0,1).

(b) The function u/6°|q can be continuously extended to Q. Moreover, there eists
a € (0,1) such that u/6* € C*(QY). In addition, for all 5 € |, s + «, it holds
the estimate

(/6% o (fzeq:o()zp}) < Cp>=? for all pe€ (0,1).
The constants a and C depend only on Q, s, f, ||u||pem@n), and (3.

The paper is organized as follows. In Section 1.2 we prove Propositions 1.1.1 and
1.1.4. In Section 1.3 we prove Theorem 1.1.2 using the Krylov method. In Section 1.4
we prove Theorem 1.1.5 and Corollary 1.1.6. Finally, the Appendix deals with some
basic tools and barriers which are used throughout the paper.
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1.2 Optimal Holder regularity for u

In this section we prove that, assuming €2 to be a bounded Lipschitz domain satisfying
the exterior ball condition, every solution u of (1.1) belongs to C*(R™). For this,
we first establish that u is C? in Q, for all 8 € (0,2s), and sharp bounds for the
corresponding seminorms near 0f2. These bounds yield u € C*(R"™) as a corollary.
First, we make precise the notion of weak solution to problem (1.1).

Definition 1.2.1. We say that u is a weak solution of (1.1) if u € H*(R"), u =0
(a.e.) in R™\ Q, and

/ (—A)S/2u(—A)S/2vdx:/gvdx
n Q

for all v € H*(R™) such that v =0 in R™\ Q.

We recall first some well known interior regularity results for linear equations in-
volving the operator (—A)*, defined by (1.2). The first one states that w € C***(By )
whenever w € C#(R") and (—A)*w € C?(B;). Recall that, throughout this section
and in all the paper, we denote by C?, with 8 > 0, the space C*?', where k is an
integer, ' € (0,1], and 5 =k + (.

Proposition 1.2.2. Assume that w € C*(R™) solves (—A)*w = h in By and that
neither 5 nor B+ 2s is an integer. Then,

[wllgores B35 < C(llwllcs@ny + 1Plos @) »
where C' is a constant depending only on n, s, and (.

Proof. Follow the proof of Proposition 2.1.8 in [270], where the same result is proved
with B; and B/, replaced by the whole R™. O

The second result states that w € CP(B2) for each 8 € (0,2s) whenever w €
L>®(R™) and (—A)*w € L>®(By).

Proposition 1.2.3. Assume that w € C*°(R") solves (—A)*w = h in By. Then, for
every B € (0,2s),

lwlles @) < Cllwllree + [Bll=s)) ,
where C' 1s a constant depending only on n, s, and .

Proof. Follow the proof of Proposition 2.1.9 in [270], where the same result is proved
in the whole R". 0

The third result is the analog of the first, with the difference that it does not need
to assume w € C?(R™), but only w € C?(By) and (1 + |z|) ™" *w(x) € L'(R™).
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Corollary 1.2.4. Assume that w € C*(R") is a solution of (—A)*w = h in By, and
that neither 3 nor B + 2s is an integer. Then,

T — c(||<1 T lal) 2w (@) g + lollos s + ||h||oﬁ<32>)

where the constant C' depends only on n, s, and (3.

Proof. Let n € C*°(R") be such that n = 0 outside B, and n = 1 in Bjj;. Then
W :=wn € C*°(R") and (—A)*w = h:=h— (=A)*(w(1 —7n)). Note that for z € Bs

we have
(87 (w1 =) () = s | —(wd =)@,

R™\Bj 5 |z — y|nt2s

From this expression we obtain that

1(=2)* (w(1 =) llz(mr) < CNL+ [y ™" > w(y)l|r @y
and for all v € (0, 3],
[(=A)* (w(@ = n)]en@ry < CNA+[y) "> w(y)] o en
< O+ )" w(y)ll o @m

for some constant C' that depends only on n, s, 3, and n. Therefore

1l caam < C 1Rl eaan + 1L+ )7 2 w(@)l|o @),

while we also clearly have
”wHCﬁ(RT) < CHw”cB(E) -

The constants C' depend only on n, s, § and 1. Now, we finish the proof by applying
Proposition 1.2.2 with w replaced by w. [

Finally, the fourth result is the analog of the second one, but instead of assuming
w € L°°(R"™), it only assumes w € L®(Bsy) and (1 + |z|)™" *w(x) € LY(R").

Corollary 1.2.5. Assume that w € C®(R") is a solution of (—A)*w = h in Bs.
Then, for every 5 € (0,2s),

(T — c(uu T L) w(@) s gy + o) + thle<32>)

where the constant C' depends only on n, s, and (3.
Proof. Analog to the proof of Corollary 1.2.4. O]

As a consequence of the previous results we next prove that every solution u of (1.1)
is C*(R™). First let us find an explicit upper barrier for |u| to prove that |u| < Cé* in
Q). This is the first step to obtain the C* regularity.

To construct this we will need the following result, which is proved in the Appendix.
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Lemma 1.2.6 (Supersolution). There exist C; > 0 and a radial continuous function

o1 € H (R™) satisfying
(—A)Swl Z 1 m B4 \ Bl
=0 n B
Y1 m 1 (1.6)
0<p1 <Ci(lx| =1)* in By\ By
1§§01§01 Zan\B4

The upper barrier for |u| will be constructed by scaling and translating the super-
solution from Lemma 1.2.6. The conclusion of this barrier argument is the following.

Lemma 1.2.7. Let Q be a bounded domain satisfying the exterior ball condition and
let g € L>(R2). Let u be the solution of (1.1). Then,

u(@)] < Cllgllim@0d™(x) for allw € Q,
where C' is a constant depending only on ) and s.

In the proof of Lemma 1.2.7 it will be useful the following

Claim 1.2.8. Let Q be a bounded domain and let g € L>°(S2). Let u be the solution of
(1.1). Then,
[l ey < C(diam Q)*||g]l (o)

where C' is a constant depending only on n and s.

Proof. The domain €2 is contained in a large ball of radius diam §2. Then, by scaling
the explicit (super)solution for the ball given by (1.4) we obtain the desired bound. [J

We next give the

Proof of Lemma 1.2.7. Since € satisfies the exterior ball condition, there exists py > 0
such that every point of 9€) can be touched from outside by a ball of radius py. Then,
by scaling and translating the supersolution ¢; from Lemma 1.2.6, for each of this
exterior tangent balls B,, we find an upper barrier in Ba,, \ B, vanishing in B,,. This
yields the bound u < C¢* in a pg-neighborhood of 0f). By using Claim 1.2.8 we have
the same bound in all of Q. Repeating the same argument with —u we find |u| < C§°,
as wanted. O

The following lemma gives interior estimates for v and yields, as a corollary, that
every bounded weak solution u of (1.1) in a C*! domain is C*(R™).

Lemma 1.2.9. Let € be a bounded domain satisfying the exterior ball condition, g €
L>®(Q), and u be the solution of (1.1). Then, u € CP(Q) for all B € (0,2s) and for

all zg € § we have the following seminorm estimate in Br(xo) = Bs(zg)/2(%0):

[l oo Brey) < CR| g o=, (1.7)

where C' s a constant depending only on 2, s, and 3.
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Proof. Recall that if u solves (1.1) in the weak sense and 7, is the standard mollifier
then (—A)*(u*n.) = g *n. in By for € small enough. Hence, we can regularize u,
obtain the estimates, and then pass to the limit. In this way we may assume that u is
smooth.

Note that Br(zg) C Bagr(zo) C Q. Let u(y) = u(zo + Ry). We have that

(=A)%u(y) = R*g(xo + Ry) in B . (1.8)

Furthermore, using that |u| < C(||ul|re®n) + [|g]|zo(@))d* in @ —by Lemma 1.2.7—
we obtain
liill o 51y < C(Ilullzoe @y + gl () B (1.9)

and, observing that |@(y)| < C(||ullLe@n) + |g]lz()) B*(1 + |y|*) in all of R",

I+ D)™ @)@y < C(llullze@e + gl B (1.10)

with C' depending only on €2 and s.
Next we use Corollary 1.2.5, which taking into account (1.8), (1.9), and (1.10),
yields
s rs) < Clulimgen + lgllime) B
for all g € (0,2s), where C' = C(£2, s, 8).
Finally, we observe that

[Wleo (5aatenr) = B lles (5772):

Hence, by an standard covering argument, we find the estimate (1.7) for the C* semi-
norm of u in Br(x). O

We now prove the C* regularity of w.

Proof of Proposition 1.1.1. By Lemma 1.2.9, taking 8 = s we obtain

Ju(z) = uly)|

|z — y|° < C(H“”L""(R") + ||9||Loo(9)) (1.11)

for all z,y such that y € Bgr(z) with R = 6(z)/2. We want to show that (1.11)
holds, perhaps with a bigger constant C' = C(€, s), for all z,y € Q, and hence for all
x,y € R" (since u = 0 outside ().

Indeed, observe that after a Lipschitz change of coordinates, the bound (1.11)
remains the same except for the value of the constant C'. Hence, we can flatten the
boundary near zy € 02 to assume that QN B, (x¢) = {z,, > 0} N B1(0). Now, (1.11)
holds for all z,y satisfying |z — y| < v, for some v = () € (0,1) depending on the
Lipschitz map.

Next, let z = (2, 2,) and w = (w',w,) be two points in {x,, > 0} N By,4(0), and
r = |z —w|. Let us define z = (2,2, +7), 2= (2,2, + 1) and 2z = (1 — 7¥)z + "z
and wy, = Y*w + (1 — 4*)w, k > 0. Then, using that bound (1.11) holds whenever
|z — y| < ~vyx,, we have

[u(zre1) — u(ze)| < Clarer — zl* = Cly"(z — 2)(v = D" < Cy¥z — 2],
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Moreover, since x,, > r in all the segment joining z and w, splitting this segment into
a bounded number of segments of length less than 7, we obtain

|u(z) —u(w)| < C|z —w|* < Cre.

Therefore,
u(z) = u(w)] < fulzim) — w(z)| + [u(Z) — w@)] + Y |u(wper) — u(wy)]
k>0 k>0
( T+ O ) (Ileel| oo ®my + 19l 2 (2))
£>0
< C(JJull oo ny + llgll o) |12 — w%,
as wanted. O

The following lemma is similar to Proposition 1.2.2 but it involves the weighted
norms introduced above. It will be used to prove Proposition 1.1.4 and Theorem 1.1.5.

Lemma 1.2.10. Let s and « belong to (0,1), and B > 0. Let U be an open set with
nonempty boundary. Assume that neither S nor B + 2s is an integer, and o < 2s.
Then,

2s—a
w5k < C(Ilwllca(w) +[[(=A) vl )) (1.12)
for all w with finite right hand side. The constant C' depends only on n, s, a, and 5.

Proof. Step 1. We first control the C#2 norm of w in balls Bg(zg) with R = d,, /2.
Let zy € U and R = d,, /2. Define w(y) = w(xo + Ry) — w(zo) and note that

0] ca(py) < R*[w]can)
and
11+ [y) "> (y) o @y < C(n, 8) R [w]ce ).
This is because

[w(y)| = Jw(zo + Ry) — w(zo)| < RB[y|"[w]ce @)

and o < 2s. Note also that

I(=A) @lles@r = R I(=A)wlgs@mae < RUI=A)Ywlgy ™.

Therefore, using Corollary 1.2.4 we obtain that
~ o 25—«
16|23y < CR* ([w]oa@n) + [[(=A) w5 ™),

where the constant C' depends only on n, s, a, and . Scaling back we obtain

k

Z Rl_a”Dlw”L‘”(BR/z(m)) + R28+ﬂ_a[w]C“QS(BRm(xO)) =
2 (1.13)

< C(Jwlloagen + I(=A)wl &),
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where k denotes the greatest integer less that 5+ 2s and C' = C(n,s). This bound
holds, with the same constant C, for each ball Bg(z¢), zo € U, where R = d,, /2.

Step 2. Next we claim that if (1.13) holds for each ball By, o(x), x € U, then
(1.12) holds. It is clear that this already yields

k
—a s 2s—«
§}ﬁsgm%mux(wmmwweMw%UQ (1.14)
=1 z

where k is the greatest integer less than g + 2s.
To prove this claim we only have to control [w](ﬁ_g)sU —see Definition 1.1.3. Let
v € (0,1) be such that 5+ 2s = k + . We next bound

| D w(z) — D*w(y)|
|z =y

when d, > d, and |z — y| > d,/2. This will yield the bound for [w],%::;)s;w because if
|z —y| < dy/2 then y € By, /2(x), and that case is done in Step 1.
We proceed differently in the cases k =0 and k£ > 1. If £ = 0, then

d5+2sfaw(x) —w(y) _ < dy )[3+25—a w(r) — w(y)
¢ |z — y|?s+8 |z —y lz —y|®

< Cllwllos @n)-

If £ > 1, then

s—a ]Dkw(x) — Dkw(y)‘ dx K S—a— —a
@, e S o) ETIP @) - Drel)] < el

where we have used that 5 +2s —a—vy =k — «.
Finally, noting that for € Bg(xy) we have R < d,, < 3R, (1.12) follows from

(1.13), (1.14) and the definition of ||w]|\ 5., in (1.1.3). O

Finally, to end this section, we prove Proposition 1.1.4.
Proof of Proposition 1.1.4. Set @ = s in Lemma 1.2.10. O]

Remark 1.2.11. When g is continuous, the notions of bounded weak solution and
viscosity solution of (1.1) —and hence of (1.5)— coincide.

Indeed, let u € H*(R™) be a weak solution of (1.1). Then, from Proposition 1.1.1
it follows that u is continuous up to the boundary. Let u. and g. be the standard
regularizations of v and g by convolution with a mollifier. It is immediate to verify
that, for € small enough, we have (—A)%u. = g. in every subdomain U CC € in the
classical sense. Then, noting that v, — w and g. — ¢ locally uniformly in €2, and
applying the stability property for viscosity solutions [69, Lemma 4.5], we find that u
is a viscosity solution of (1.1).

Conversely, every viscosity solution of (1.1) is a weak solution. This follows from
three facts: the existence of weak solution, that this solution is a viscosity solution as
shown before, and the uniqueness of viscosity solutions [69, Theorem 5.2].

As a consequence of this, if ¢ is continuous, any viscosity solution of (1.1) belongs
to H*(R"™) —since it is a weak solution. This fact, which is not obvious, can also
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be proved without using the result on uniqueness of viscosity solutions. Indeed, it
follows from Proposition 1.1.4 and Lemma 1.4.4, which yield a stronger fact: that
(=A)*?y € LP(R") for all p < co. Note that although we have proved Proposition
1.1.4 for weak solutions, its proof is also valid —with almost no changes— for viscosity
solutions.

1.3 Boundary regularity for u/d°

In this section we study the precise behavior near the boundary of the solution u to
problem (1.1), where g € L*(2). More precisely, we prove that the function u/6%|q
has a C*(f2) extension. This is stated in Theorem 1.1.2.

This result will be a consequence of the interior regularity results of Section 1.2
and an oscillation lemma near the boundary, which can be seen as the nonlocal analog
of Krylov’s boundary Harnack principle; see Theorem 4.28 in [182].

The following proposition and lemma will be used to establish Theorem 1.1.2. They

are proved in the Appendix.
Proposition 1.3.1 (1-D solution in half space, [66]). The function ¢y, defined by
0 ifz<0
T) = - 1.15
oo(2) { e (119
satisfies (—A)°po =0 in R,.

The lemma below gives a subsolution in B; \ B /4 whose support is B; C R" and
such that it is comparable to (1 — |z|)® in Bj.

Lemma 1.3.2 (Subsolution). There exist Cy > 0 and a radial function vy = @o(|z|)
satisfying

(—A)SQOQ S O mn Bl \ Bl/4
=1 m B
2 2/ (1.16)
pa(x) = Co(1 — [z])* in By
02 =0 inR"\ B, .

To prove Hoélder regularity of u/d%|q up to the boundary, we will control the oscil-
lation of this function in sets near 0f) whose diameter goes to zero. To do it, we will
set up an iterative argument as it is done for second order equations.

Let us define the sets in which we want to control the oscillation and also auxiliary
sets that are involved in the iteration.

Definition 1.3.3. Let k > 0 be a fized small constant and let v = 1/2+2k. We may
take, for instance k = 1/16, K" = 5/8. Given a point xy in O and R > 0 let us define

DR = DR(*TO) = BR(LC()) NnQ

and
Dt = Dip(wo) = Bar(zo) N{z € Q 1 —x-v(x0) > 26R},
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where v(xg) is the unit outward normal at xo; see Figure 1.1. By C™' reqularity of the
domain, there exists pg > 0, depending on €1, such that the following inclusions hold
for each x¢ € 02 and R < pg:

B.r(y) C Dr(zo) for ally € D p(wo), (1.17)
and
Bur(y* —46Rv(y*)) C Dgr(xg) and Bur(y® — 4kRv(y*)) C D;’,R(xo) (1.18)

for all y € Dpjs, where y* € 0Q is the unique boundary point satisfying |y — y*| =
dist(y,082). Note that, since R < po, y € Dpgys is close enough to 02 and hence the
point y* — 4k Rv(y*) lays on the line joining y and y*; see Remark 1.3.4 below.

Figure 1.1: The sets Dg and D:,R

Remark 1.3.4. Throughout the paper, py > 0 is a small constant depending only on €2,
which we assume to be a bounded C''! domain. Namely, we assume that (1.17) and
(1.18) hold whenever R < py, for each zy € 952, and also that every point on 92 can
be touched from both inside and outside 2 by balls of radius pg. In other words, given
xo € 05, there are balls of radius py, By, (1) C ©Q and B, (x2) C R™ \ Q, such that
B,y (x1) N By (z2) = {xo}. A useful observation is that all points y in the segment that
joins 7 and oy —through zo— satisfy 6(y) = |y — xo|. Recall that 6 = dist(-,0%).

In the rest of this section, by [(—A)*u| < K we mean that either (—A)*u = g
in the weak sense for some g € L satisfying ||g|/r~ < K or that u satisfies —K <
(—A)*u < K in the viscosity sense.

The first (and main) step towards Theorem 1.1.2 is the following,.

Proposition 1.3.5. Let Q be a bounded C*' domain, and u be such that |(—A)*u| < K
in Q and u=0 in R"\ Q, for some constant K. Given any xo € 02, let Dg be as in
Definition 1.3.3.
Then, there exist a € (0,1) and C' depending only on 2 and s —but not on xro—
such that
supu/é® —infu/é* < CKR” (1.19)
Dg Dgr
for all R < po, where pg > 0 is a constant depending only on €).



34 Dirichlet problem for the fractional Laplacian: regularity up to the boundary

To prove Proposition 1.3.5 we need three preliminary lemmas. We start with the
first one, which might be seen as the fractional version of Lemma 4.31 in [182]. Recall
that x’ € (1/2,1) is a fixed constant throughout the section. It may be useful to regard
the following lemma as a bound by below for infp,, , u /&%, rather than an upper bound
for infD:,R u/o°.

Lemma 1.3.6. Let Q be a bounded C*' domain, and u be such that v > 0 in all of R"
and |(—A)*u| < K in Dg, for some constant K. Then, there exists a positive constant
C, depending only on ) and s, such that

inf u/0° < C( inf u/6" + KR*) (1.20)

'R R/2

for all R < po, where pg > 0 is a constant depending only on ).
Proof. Step 1. We do first the case K = 0. Let R < pg, and let us call m =
inf+ u/d* > 0. We have u > md* > m(xR)* on D/,,. The second inequality is a
w'R
consequence of (1.17).
We scale the subsolution ¢, in Lemma 1.3.2 as follows, to use it as lower barrier:

Ur(r) = (KR)¢2(37) -
By (1.16) we have

(—A)*pgr <0 in Byxr \ Ber
VR = (KR)® in Byp

Yr > 47°Cy(4kR — |2])* in Buxg \ Bur
Yr=0 in R" \ Byxr .

Given y € Dpg/2, we have either y € D}, or 6(y) < 4sR, by (1.18). If y € D/,
it follows from the definition of m that m < u(y)/é(y)*. If §(y) < 4kR, let y* be the
closest point to y on 9 and § = y*+4kv(y*). Again by (1.18), we have By,r(7) C Dg
and Bg(y) C D 5. But recall that u > m(kR)* in D, p, (=A)*u=01in Q, and u > 0
in R". Hence, u(z) > mir(x — g) in all R™ and in particular «/6* > 47°*Cym on the
segment joining y* and g, that contains y. Therefore,

inf u/0° < C inf u/6°. (1.21)
DT Dgr/2

k'R
Step 2. 1If K > 0 we consider @ to be the solution of
(=A)*au=0 in Dg
u=u in R"\ Dg.
By Step 1, (1.21) holds with u replaced by .
On the other hand, w = @ — u satisfies |(—A)*w| < K and w = 0 outside Dp.
Recall that points of 0€2 can be touched by exterior balls of radius less than py. Hence,

using the rescaled supersolution K R*p;(x/R) from Lemma 1.2.6 as upper barrier and
we readily prove, as in the proof of Lemma 1.2.7, that

lw| < C1KR*0° in Dg.
Thus, (1.20) follows. O
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The second lemma towards Proposition 1.3.5, which might be seen as the fractional
version of Lemma 4.35 in [182], is the following.

Lemma 1.3.7. Let Q be a bounded C*' domain, and u be such that u > 0 in all of R"
and |(—=A)*u| < K in Dg, for some constant K. Then, there ezists a positive constant
C, depending on ) and s, such that

sup u/0° < O inf u/6° + KR®) (1.22)

D;:R Do
for all R < pg, where pg > 0 is a constant depending only on €2.

Proof. Step 1. Consider first the case K = 0. In this case (1.22) follows from the
Harnack inequality for the fractional Laplacian [191] —note that we assume u > 0
in all R". Indeed, by (1.17), for each y € DI, we have Byr(y) C Dp and hence
(—=A)*u = 0 in Byg(y). Then we may cover D7, by a finite number of balls Byg/2(v:),
using the same (scaled) covering for all R < pg, to obtain

sup u < C inf .
Biry2(yi) Biry2(yi)

Then, (1.22) follows since (kR2/2)* < §° < (3xR/2)* in By.gj2(ys) by (1.17).
Step 2. When K > 0, we prove (1.22) by using a similar argument as in Step 2 in
the proof of Proposition 1.3.6. O

Before proving Lemma 1.3.9 we give an extension lemma —see [125, Theorem 1,
Section 3.1] where the case a = 1 is proven in full detail.

Lemma 1.3.8. Let a € (0,1] and V C R" a bounded domain. There exists a (nonlin-
ear) map E : CO%(V) — C%(R") satisfying

Ew)=w iV, [Bw)]eagn) < [Wcam, and [[Bw)||r~gn) < [lw]z=q)
for all w € C%(V).

Proof. 1t is immediate to check that

Blu)(e) =i {min {u(2) + fulow ol o1}l

2eV
satisfies the conditions since, for all x,y, z in R",
|z — 2| <z —yl* + |y — 2|
m

We can now give the third lemma towards Proposition 1.3.5. This lemma, which
is related to Proposition 1.3.1, is crucial. It states that 6°|q, extended by zero outside
), is an approximate solution in a neighborhood of 9 inside 2.
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Lemma 1.3.9. Let Q be a bounded CH' domain, and 5y = dxq be the distance function
in Q extended by zero outside §). Let = min{s,1 — s}, and py be given by Remark
1.3.4. Then,

(—A)*6; belongs to C*(Q,,),
where Q,, = QN {5 < po}. In particular,
[(=A)*65) < Cq  in Q,,,
where Cq 1s a constant depending only on €2 and s.

Proof. Fix a point z on 092 and denote, for p > 0, B, = B,(x¢). Instead of proving

that
5O(‘/E)s - 5U(y)sd

n ’Z’ _ y’n+23

(—A)*65 = cmsPV/

is C*(Q2N B,,) —as a function of x—, we may equivalently prove that

do ()" — do(y)° o~ R
PV | QN B,). 1.2
/ngo 7 — g dy belongs to C*(QN B,,) (1.23)

This is because the difference

R"\szo

Cn,s Bap, |.I' - y|n+25 |.I' - y|n+25

belongs to C*(B,,), since §3 is C*(R") and |2|~"~2* is integrable and smooth outside
a neighborhood of 0.

To see (1.23), we flatten the boundary. Namely, consider a C1! change of variables
X = U(z), where ¥ : B;,) — V C R" is a C*! diffeomorphism, satisfying that o
is mapped onto {X,, = 0}, QN Bs,, is mapped into R’}, and do(z) = (X,)4. Such
diffeomorphism exists because we assume €2 to be O, Let us respectively call V; and
V5 the images of B,, and Bs,, under V. Let us denote the points of V' x V by (X,Y).
We consider the functions x and y, defined in V, by z = ¥~} X) and y = U~ }(Y).
With these notations, we have

r—y=-DV X)X =Y)+ O (X -Y[),
and therefore
2=yl = (X = Y)TAC)(X — V) + O (IX - Y], (1.24)
where
AX) = (DY (X)) DU(X)
is a symmetric matrix, uniformly positive definite in V5. Hence,

PV/ do(x)® — 50(y)sdy _ PV/ (Xn)i — (Ya)i ——g(X,Y)dY,
Bapy T —y[" 2 (X -Y)TAX)(X =Y)[ =

2p0
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where we have denoted

n+2s

> L)

X -Y)TAX)(X -Y)
|z —y|?

9(X,Y) = ((

and J = |det DU™!|. Note that we have g € C%'(V; x V3), since ¥ is C*! and we
have (1.24).
Now we are reduced to proving that

) =y [ L0,
v (X -Y)TAX)(X —-Y)|

= 9(X,Y)dY, (1.25)
2

belongs to C*(V;*) (as a function of X), where V;* =V, N {X, > 0}.

To prove this, we extend the Lipschitz function g € C%(V, x V5) to all R*. Namely,
consider the function ¢g* = E(g) € C%(R" x R") provided by Proposition 1.3.8, which
satisfies

g =gin Vo xV, and “g*HCO’l(R"xR”) < HgHCOJ(VgXVQ)'

By the same argument as above, using that V}, CC V5, we have that ¢, € C“(V_f)
if and only if so is the function

WP | o T e

Furthermore, from g* define § € C%' (Vo xR™) by §(X, Z) = ¢*(X, X + M Z) det M,
where M = M(X) = D¥(X). Then, using the change of variables Y = X + M Z we

deduce (X.) ( (X MZ))S
n 5= n’ +
V(X) = Pv/n i \GZI”“S * (X, Z)dZ.

Next, we prove that ¢» € C*(R™), which concludes the proof. Indeed, taking into
account that the function (X,)% is s-harmonic in R —by Proposition 1.3.1— we

obtain X (X' +2)
e - L—(e- 2
PV + tdZ =
L. 2 "

for every ¢’ € R™ and for every X’ such that ¢’ - X’ > 0. Thus, letting ¢/ = e M and
X' = M~*X we deduce

(Xn)% = (en - (X + M2))
PV/n 7

s

TdZ =0

for every X such that (e M) - (M~'X) > 0, that is, for every X € R.
Therefore, it holds

o ¢(X70)_¢(sz)
¢<X) o |Z|n+25

Rn

where

(X, Z) = (en (X + MZ))3
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satisfies [¢]ce (v xmn) < €5 and [|g]lcoa w5 mn) Si o
Let us finally prove that 9 belongs to C*(V;"). To do it, let X and X be in V;*.

Then, we have -
: O(X, X,z
v — o) = [ ATy

|Z|n+2s
where
(XX, Z) = (#(X,0) - 2))(9(X,Z) - 3(X,0))
(qb(X ()) X,7) )( (X Z) (X,O)) (1.26)
Now, on the one hand, it holds
(X, X, 2)| < C|2|™+, (1.2
since [Cb]CS(Ean) < Cand ||§||0071(?2an) <C.
On the other hand, it also holds
O(X, X, 2)| < CIX — X[ min{| 2], 12}, (1.28)
Indeed, we only need to observe that
< Cmin{|Z|'% 1} X — X|°.
Thus, letting r = | X — X| and using (1.27) and (1.28), we obtain
. O(X, X, Z)]
X)—yY(X)| < ———2dZ
)~ < [ BT
C|Z| s / Cremin{|Z|, |Z|*}
< —————dZ + az
/ |Z|n+25 R™\ B, |Z|n+2s
< Ort™* + Cmax{r'~* r°},
as desired. O]

Next we prove Proposition 1.3.5.

Proof of Proposition 1.3.5. By considering u/K instead of u we may assume that K =
1, that is, that [(=A)%u| < 1in Q. Then, by Claim 1.2.8 we have ||u||pe®n) < C for
some constant C' depending only on (2 and s.

Let py > 0 be given by Remark 1.3.4. Fix zy € 092. We will prove that there
exist constants Cy > 0, p1 € (0,p9), and a € (0, 1), depending only on  and s, and
monotone sequences (my) and (My) such that, for all k£ > 0,

My —mp=4"% " —1<my <mp < M <M, <1, (1.29)
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and
my, < Cytu/6* < My in D, = Dg, (x9), where Ry = pj4~". (1.30)

Note that (1.30) is equivalent to the following inequality in Bp, instead of Dp, —
recall that Dg, = Bg, NS

mdy < Cylu < Mis5  in Bg, = Bp,(v0), where R, = ;mdk. (1.31)

If there exist such sequences, then (1.19) holds for all R < p; with C' = 4*Cy/p5.
Then, by increasing the constant C' if necessary, (1.19) holds also for every R < py.

Next we construct { My} and {m;} by induction.

By Lemma 1.2.7, we find that there exist mg and M, such that (1.29) and (1.30)
hold for £ = 0 provided we pick Cj large enough depending on €2 and s.

Assume that we have sequences up to my, and M,. We want to prove that there
exist myy1 and My, which fulfill the requirements. Let

up = Cylu — myd3 . (1.32)

We will consider the positive part u; of uy in order to have a nonnegative function
in all of R™ to which we can apply Lemmas 1.3.6 and 1.3.7. Let u; = u;’ —u; . Observe
that, by induction hypothesis,

uf =up and wu, =0 in Bpg, . (1.33)
Moreover, Cy'u > m;d in B, for each j < k. Therefore, by (1.32) we have
w, > (my —my)85 > (my — M + My —my,)85 > (=47 +47°)55  in Bp,.
But clearly 0 < 0§ < R} = pj47/° in Bg,, and therefore using R; = py4~/
u, > —p; “Ri(RY — Ry) in Bg, foreach j <k.
Thus, since for every x € Bpg, \ Bg, there is j < k such that

|z — mo| < R = p1d™7 < dlx — 20,

we find
4(x — 4z — “
wn(z) > —propors| AT FAME =20 15N e By, (1.34)
Ry, Ry,
By (1.34) and (1.33), at « € Bg, /2(%o) we have
0 —(-A u ) =, [ BlEN,
z+y¢Br, ‘y’
- 8y s 8y a .
Scn,spa/ Ra+5_ (_ _1)yn sdy
Do izrge " TRl | B g

o o 182|%(|82]* — 1)
= Cp;“RY S/ dz
1 1t o2 | 2|2

S 5091_QR5_S>
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where g9 = gg() | 0 as a | 0 since |82|* — 1.
Therefore, writing u; = C’ Ly — my 65 + u,, and using Lemma 1.3.9, we have

[(=A)uy | < CGH(=A)ul + my|(—A)°65] + [(—A)*(uy)]
< (Cy' +Cq) + opr Ry
< (Cpi™ + eopr ) Ry in Dp, /2.

In the last inequality we have just used Ry < p; and o < s.

Now we can apply Lemmas 1.3.6 and 1.3.7 with u in its statements replaced by
u, recalling that

uf =uy, = Cylu—myé® in Dp,

to obtain

KRy /2

sup (Cylu/6® —my) < C(infD+ (Cytu/o® —my) + (Cipi* + ewﬁ‘)R?)
i

DK/Rk/Z

< C(inDRk/4<Colu/5s —my) + (Cipi* + 5001Q)R?>1~35)

Next we can repeat all the argument “upside down”, that is, with the functions
uF = M,6° — u instead of uy. In this way we obtain, instead of (1.35), the following:

sup (M, — Cylu/d®) < O(Dinf (M* — Cytu/6%) + (Cipi™ + eopfo‘)Rg). (1.36)
D:’Rk/z R/t

Adding (1.35) and (1.36) we obtain

My, —my, < C’( inf (Cylu/0® —my) + Dinf (M), — C5'u/6°) + (Cipi™* + eoplo‘)Rﬁ)

DRy 4 Ry, /4

= O( inf Cjlu/6® — sup Cylu/6® + My —my + (Cipi™* + amf“)R%),

Rkt DRy 14

(1.37)
and thus, using that M, — m; = 47°% and Rj, = p147*,

sup Cylu/6® — inf Cylu/6® < (552 + Cipi +e9)dF.

Dpry 1y DRy gy
Now we choose o and p; small enough so that

C—-1
0 + C1p] +eo(a) <477

This is possible since gq(«) | 0 as « | 0 and the constants C' and C; do not depend on
a nor p; —they depend only on €2 and s. Then, we find

sup C’O_1u/5S — inf C'O_lu/(;s < 4—a(k+1)’

DRy 14 Riet1

and thus we are able to choose mgi; and My satisfying (1.29) and (1.30). O
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Finally, we give the:

Proof of Theorem 1.1.2. Define v = u/0°|q and K = ||g||L~(). As in the proof of
Proposition 1.3.5, by considering u/K instead of u we may assume that |(—A)%u| <1
in 2 and that [Ju| g~ < C for some constant C' depending only on 2 and s.

First we claim that there exist constants C, M > 0, & € (0,1) and g8 € (0,1),
depending only on 2 and s, such that

) [vllzee) < C.
(ii) For all z € Q, it holds the seminorm bound
Wles@my < C A+ R,
where R = dist(x,R™\ Q).
(iii) For each xy € 092 and for all p > 0 it holds

sup v— inf v <Cpt.
B, (z0)NQ By(zo)NS2

Indeed, it follows from Lemma 1.2.7 that ||[v||fe() < C for some C' depending only
on Q and s. Hence, (i) is satisfied.
Moreover, if 8 € (0,2s), it follows from Lemma 1.2.9 that for every = € Q,

[U]CB(BR/Q(J:)) S OR_BJ /8 € (0728)7
where R = 6(z). But since Q is C™!| then provided 6(z) < py we will have
167"l (Bgynty < CR™ and  [0"]cor(py y@) < CR™T
and hence, by interpolation,
(07" cm (B atery < CRT7
for each § € (0,1). Thus, since v = ud—*, we find
WleaB ey < C(1+EF)

for all x € Q and § < min{1, 2s}. Therefore hypothesis (ii) is satisfied. The constants
C depend only on 2 and s.

In addition, using Proposition 1.3.5 and that [|v||z~@) < C, we deduce that hy-
pothesis (iii) is satisfied.

Now, we claim that (i)-(ii)-(iii) lead to

[W]ca@ < C,
for some o € (0, 1) depending only on 2 and s.

Indeed, let z,y € Q, R = dist(z,R"\ Q) > dist(y,R"\ Q), and r = |z — y|. Let us
see that |v(x) — v(y)| < Cr® for some o > 0.
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If » > 1 then it follows from (i). Assume r < 1, and let p > 1 to be chosen later.
Then, we have the following dichotomy:

Case 1. Assume r > RP/2. Let xg,yo € 02 be such that |z — xo| = dist(z,R™\ )
and |y — yo| = dist(y,R™ \ Q). Then, using (iii) and the definition of R we deduce

[v(z) = v(y)] < Jv(x) = v(zo)| + |v(zo) — v(yo)| + [v(yo) — v(y)| < ORT < Cro/P.

Case 2. Assume r < RP/2. Hence, since p > 1, we have y € Bpr/s(x). Then, using
(ii) we obtain

lo(z) — o(y)| < C(L+ R™M)rf < C (141 MP) pf < Opf=Mp,

To finish the proof we only need to choose p > M/ and take a = min{a/p,  —
M/p}. 0

1.4 Interior estimates for u/éd°

The main goal of this section is to prove the C'7 bounds in 2 for the function u/é° in
Theorem 1.1.5.

To prove this result we find an equation for the function v = u/d%|q, that is derived
below. This equation is nonlocal, and thus, we need to give values to v in R™ \ Q,
although we want an equation only in €. It might seem natural to consider u/d%,
which vanishes outside € since u = 0 there, as an extension of u/d%|q. However, such
extension is discontinuous through 02, and it would lead to some difficulties.

Instead, we consider a C%(R") extension of the function u/§%|q, which is C%(€)
by Theorem 1.1.2. Namely, throughout this section, let v be the C*(R™) extension of
u/6%|q given by Lemma 1.3.8.

Let dp = dxq, and note that u = vd§ in R™. Then, using (1.1) we have

g(x) = (=4)*(v) = v(=A)°d; + 05(—=A)"v — Ls(v, &)
in Q,, ={xeQ: §x)<p}, where
(wl(if) - wl(y)) (wz(ﬂf) - wg(y))

" ‘iL‘ _ y‘n+23

I (wy,we)(x) = cms/ dy (1.38)
and py is a small constant depending on the domain; see Remark 1.3.4. Here, we have
used that (—A)*(wyws) = wy(—A)*wy + wo(—A)%wy — Is(wq, wsy), which follows easily
from (1.2). This equation is satisfied pointwise in ,,, since g is C* in Q. We have
to consider 2, instead of  because the distance function is C*' there and thus we
can compute (—A)*5;5. In all Q the distance function d is only Lipschitz and hence
(—A)*6; is singular for s > 1.
Thus, the following is the equation for v:
1
(—A)v = = (g(m) —v(—=A)°*05 + (v, 58)) in €, . (1.39)
0

From this equation we will obtain the interior estimates for v. More precisely, we
will obtain a priori bounds for the interior Holder norms of v, treating d, °Is(v, d) as a
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lower order term. For this, we consider the weighted Holder norms given by Definition
1.1.3.

Recall that, in all the paper, we denote C¥? the space C*#', where 8 = k + 3’ with
k integer and ' € (0, 1]. B

In Theorem 1.1.2 we have proved that u/6%|q is C*(2) for some « € (0,1), with
an estimate. From this C* estimate and from the equation for v (1.39), we will find

next the estimate for ||u/(53||g_€) stated in Theorem 1.1.5.

The proof of this result relies on some preliminary results below.

Next lemma is used to control the lower order term &, °/(v,d3) in the equation
(1.39) for v.

Lemma 1.4.1. Let Q be a bounded C*' domain, and U C §,, be an open set. Let s
and « belong to (0,1) and satisfy a +s <1 and o < s. Then,

Hh@m%W§?OSC<wawr+Wﬁﬁh)7 (1.40)

for all w with finite right hand side. The constant C' depends only on €2, s, and .
To prove Lemma 1.4.1 we need the next

Lemma 1.4.2. Let U C R™ be a bounded open set. Let ay,as, € (0,1) and 5 € (0, 1]
satisfy a; < B fori =1,2, ay+ay < 2s, and s < B < 2s. Assume that wy, ws € CP(U).
Then,

2 ws, w1550 < € ([ordomqany + lunl 5™ ) ([walomseny + fealis™ ), (1:41)

for all functions wy,ws with finite right hand side. The constant C depends only on
a1, a9, n, B, and s.

Proof. Let o € U and R = d,,/2, and denote B, = B,(z). Let

K — <[w1]00‘1(R") + [wﬂéj(?”) ([wQ]CQQ(RTL) + [w2](ﬁjl?2)> .
First we bound |/s(wq, ws)(z0)].

|wi(z0) — wi(y)||wa(zo) — wa(y)]

(i, wn)(w)] <€ [ T dy
< 0/ L Lt O 2 i
— JBgr(0) | z[rt2s

cof oo,
R\ B(0) |z |t2s

< CRM ‘=2 o

Let 21,2 € Bprya(20) C Bag(xo). Next, we bound |[; (w1, wa)(w1) — Ls(wq, wa)(x2)].
Let 1 be a smooth cutoff function such that n = 1 on B;(0) and n = 0 outside Bs/2(0).
Define

nf(z) =n (x ;23:0) and  @; =(w; — w;(wo))n™, i=1,2.
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Note that we have
3R
||wz||L°° Rn) = sz||L°°(33R/2) < b [wz’]Cai(R")

and
[Wi] oo @my < C([wi]cza(zagm)||77||L°0(83R/2) + [Jwi — wz‘(o)||L°°(BaR/2)[wi]Cﬁ(Bgm))
< O R%—P AP (=)
< [wi]cesny + [wil g™ ) -

Let
©; = w; — w;(To) — W;
and observe that ¢; vanishes in Bg. Hence, ¢;(x1) = ¢;(x2) = 0, i = 1,2. Next, let us

write
I (wy, we) (1) — Is(wr, we)(x2) = cnys (J11 + J12 + Jo1 + Ja2),

where
B (@1(%) — wl(?J)) (w2(x1) - wQ(Q))
= /n |21 — y[nt2s W
B / (’61_11(952) - @1(3/)) (11_)2(1'2) - U_Jz(y)) dy .
n |2y — y|+2s
:/ w1 (x1) — wl(y))w(y) n (@1(%) —@1(9))@2(9) dy .
R™\Bp w1 — y[" |wg — y|" >
J :/ — (w2 (1) — Wa(y)) 1 (y) n (wa(22) — Wa(y)) 1 (y) dy
T Jensg w1 — y[rt2s |wg — y[rt2s ’
and

_ y’n+2s ‘$2 _ y|n+23 Y-

Ty — / er)p2y) — e1(y)ea(y)
R\ Bg |71
We now bound separately each of these terms.
Bound of Jy;. We write Jy; = J}, + J3 where

1 ’lI)l(ZL'l) — wl(l‘l + Z) - ’lI)l(.’L'Q) + ?I)l(l'g + Z) U_)Q(.’L’l) — lDQ(ZL’l + Z)
e + o) )

dz,

dz .

J121 _ / (1171(372) - ’U_11<$U2 + Z)) (U_Jg(l’l) |—Z|f_§2(‘:jl —+ Z) — U_)2(x2) + U_JQ(QIQ + Z))

To bound |J{,| we proceed as follows

dz +

i< [ i Nl U Vi
111 —
+(0)

|Z|n+25

Re1=B[y (fal),rBRagf,Bw (faz)zﬁ
+/ (w1l [wal .|| "
R™\B;(0)

|Z|n+25

< CRa1+a2—2Br2ﬁ—2sK )
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Similarly, |JZ,| < CRM+e2=28p28-25
Bound of Ji2 and Jo;. We write Jio = J}, + J7, where

= —aly) @) D)

R”\Bpg |2y — y|mr2s

and

1 1
I = / - Wy (z9) — W { - } dy .
12 R™\Br SOQ(y)( 1( 2) 1<y>) |$1 N y|n+28 |£L'2 I y|n+25 Y
To bound |J{,| we recall that py(z1) = 0 and proceed as follows

Ral—ﬁ[wl]ggl)rﬁ

|£L'1 _ y‘n+2s

U112‘ < C/ |$1 - 9102[902]00@2(11@
R™\Bpr
< O R te2—=B=2s,.0 [r < (' Rataz—28,26-2s [~

We have used that [ps]ces@n) = [w — W]cezmn) < 2[w]cae@n), 7 < R, and 3 < 2s.
To bound |J3)], let ®(z) = |z|7"~2%. Note that, for each v € (0, 1], we have

|D(21 — 2) — P20 — 2)| < Clzg — z|"|2| 7277 (1.42)
for all 21,2, in Bg/y(0) and z € R™ \ Br(0). Then, using that ¢s(z2) = 0,

|CL’1 — T |2672s

[Tl < C / \ |22 — Y™ [p2] coa () 2] 0o dy
"\ Bgp

< C«Ra1+a2—2,3,r2ﬁ—2sK )

) Jas — |28

This proves that |Jio| < CR*1F22728p:26=25 ¢ Changing the roles of a; and ay we
obtain the same bound for |Jy|.
Bound of Jys. Using again ¢;(x;) =0, i = 1,2, we write

Jag = /RW\BR(%(M) —o1(y)) (w2(21) — p2(y)) ( ! ! ) dy .

|$1 _ y|n+2s o |LL’2 _ y|n+2s
Hence, using again (1.42),

T — J]2|2’872S
J S C .13 - a1+a2 0,0¢ n 0,0t n |—d
| Jas| Rn\BR| 1=yl (2] 2(R )[<P2]o 2 (R) 21 — y|"r28 Y

< CRal—l—ag—QﬁrQB—QsK )

Summarizing, we have proven that for all xq such that d, = 2R and for all xy, x5 €
BR/Q(JI()) it holds
|15(35, w)(wo)| < CRM 272K
and
|25 (05, w) (1) — Ls(85, w) ()|

|1 — 2o|20-25

This yields (1.41), as shown in Step 2 in the proof of Lemma 1.2.10. ]

S CRa1+a2*2/5([w](102U + [w]ca(Rn)) .

«
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Next we prove Lemma 1.4.1.

Proof of Lemma 1.4.1. The distance function dy is C*! in Q,, and since U C Q,, we
have d, < do(x) for all z € U. Hence, it follows that

[53)ceem + [05)55) < C(, 8)

for all 5 € [s,2].
Then, applying Lemma 1.4.2 with wy = w, wy = 0§, a1 = o, g = 5, and f = s+«
we obtain

110,095 < € (Tulown + [l ).
and hence (1.40) follows. O
Using Lemma 1.4.1 we can now prove Theorem 1.1.5 and Corollary 1.1.6.

Proof of Theorem 1.1.5. Let U CC Q,,. We prove first that there exist o € (0,1) and
C, depending only on s and €2 —and not on U—, such that

/815 < € (gl + 91567

Then, letting U 1 €2, we will find that this estimate holds in ,, with the same
constant.
To prove this, note that by Theorem 1.1.2 we have

[4/8°|| ey < C(5,2) |9l oo -

Recall that v denotes the C*(R") extension of u/d°|q given by Lemma 1.3.8, which
satisfies ||vHCa @& = [u/0°lca). Since u € C***5(Q) and § € CH1(Q,), it is clear

that ||v|]a tosy < 00 —it is here where we use that we are in a subdomain U and not
in €2,,. Next we obtain an a priori bound for this seminorm in U. To do it, we use the
equation (1.39) for v:

(—A)°v = %(g(x) —v(—=A)%0; + 1(58,1))) in Q,, ={reQ:0(x)<po}.

Now we will se that this equation and Lemma 1.2.10 lead to an a priori bound for
||U||<():§)5U To apply Lemma 1.2.10, we need to bound ||(—A)* ||(28 ). Let us examine
the three terms on the right hand side of the equation.

First term. Using that

d, = dist(x,0U) < dist(xz,00) = §(z)
for all z € U we obtain that, for all a < s,
l6 gl < C(s, ) lglea” -
Second term. We know from Lemma 1.3.9 that, for a < min{s, 1 — s},

1(=2)"0lloe@yy) < C(s,).
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Hence,

1675 0(= AV < diam(@P |5 o(~AY &G < C(s,0) [olleemn
< C(s,9)lgll (o) -

Third term. From Lemma 1.4.1 we know that
17080155 < 5.0 Bollewany + B2 )
and hence

s s 25— oz
10710, 62) | <cm&mw0wmwﬁwmﬁﬁ
< C(n, 5,9, a, ) |[ollca@n + ol S

for each ¢y > 0. The last inequality is by standard interpolation.
Now, using Lemma 1.2.10 we deduce

25—«
0155 < © (ollongn + I(=2)2l55 )
25—a) —s s (2s—a s sS—a
< C (Iwllonn + 167 gI % + 107 0(=AY 8315 + 1 (0, 5155
go@ammwmmmwﬂw“wymmmm%w

and choosing ¢y small enough we obtain

Il < € (Ngllze + lglsa™)

Furthermore, letting U 1 €),, we obtain that the same estimate holds with U replaced
by QPO

Finally, in Q \ ©,, we have that u is C*"?* and ¢* is uniformly positive and C%.
Thus, we have u/0° € C7(Q\ Q,,), where v = min{l, o + 2s}, and the theorem
follows. O

Next we give the

Proof of Corollary 1.1.6. (a) It follows from Proposition 1.1.1 that v € C*(R™). The
interior estimate follow by applying repeatedly Proposition 1.1.4.

(b) Tt follows from Theorem 1.1.2 that u/8%|q € C*(2). The interior estimate
follows from Theorem 1.1.5. O

The following two lemmas are closely related to Lemma 1.4.2 and are needed in
[250] and in Remark 1.2.11 of this paper.

Lemma 1.4.3. Let U be an open domain and o and [ be such that o < s < 8 and
[ —s is not an integer. Let k be an integer such that B = k+ " with ' € (0,1]. Then,

[(=A)2w]52 < O(l[wlloan + lw]53) . (1.43)

for all w with finite right hand side. The constant C' depends only on n, s, o, and .
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Proof. Let o € U and R = d,,/2, and denote B, = B,(x¢). Let  be a smooth cutoff
function such that 7 =1 on B;(0) and 1 = 0 outside Bs/»(0). Define

)= (T5) e @ wla)a"

Note that we have

_ _ 3R\“
ey = ol < (5 ) foloen:

In addition, for each 1 <[ <k
!

ID'@|| gy < C Y ID™(w = w(20) D' 0|

m=0
l
< CR™ e ([w]ca(Rn) + Z[w]q(;g)> :
m=1

Hence, by interpolation, for each 0 <[ < k —1

Bsry2)

l
m=1

and therefore
(D oy < CR™H w5 (1.44)

Let ¢ = w — w(xg) — w and observe that ¢ vanishes in Bg and, hence, ¢(x1) =
p(x2) = 0.

Next we proceed differently if 5/ > s or if 8’ < s. This is because C?~* equals
either C*F#'=s or Ck-1145" s,

Case 1. Assume 8’ > s. Let x1,20 € Brjso(v9) C Bar(vo). We want to bound
| DE(—A)*?w(zy) — DF(—A)*"?w(xy)|, where D* denotes any k-th derivative with re-
spect to a fixed multiindex. We have

(=A)"Pw = (=A)Pw+ (=A)"¢ in Brys.

Then,
Dk(—A)S/Q’w(I‘l) - Dk(—A)S/Q’LU(JTg) = Cn7%(<]1 + JQ) s
where
D*@(x,) — DFw(y)  DFw(xs) — D*w(y)
J1 = - dy
n |21 — y|"te w2 — y|"te
and

Jz:Dk/R L(y)dy—Dk/R L(y)dy

mBg |71 — Y[t mBp |T2 — Y[t
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To bound |.J;| we proceed as follows. Let r = |x; — x5|. Then, using (1.44),

/ DF¥w(xy) — DFw(zy + 2) — DFw() + D*w(zq + 2)
n |z|n+s

RB|lw (fcv) 2|8 RB||lw (fa)rﬁ’
. Jollslel” el
n+s n+s
. 2| R”\B, 2|

< CRPr? = ||w|S.

dz

| 1| =

Let us bound now |.J;|. Writing ®(z) = |z|7"* and using that ¢(z) = 0,

| Jo| =

L., #0) (D 0 —0) D0 ) dy

xy — xo)¥ 0
<o lwo—yluleemy =l

dy
R”\Bpg ) |l’0 - y|n+5

where we have used that
|D*® (2 — 2) — DF®(25 — 2)| < Olzy — 25]7 %) 2|77

for all 21, 2y in Brj2(0) and z € R™\ Bk.
Hence, we have proved that

[(=8)" 0] s gy < ORIl

Case 2. Assume ' < s. Let 1,20 € Bpgyso(x9) C Bar(zo). We want to bound
| DF=1(—=A)*2w(x,) — D*1(=A)%?w(z,)|. We proceed as above but we now use

|DF"Yo(zy) — DM 'w(2y +y) — DFrw () + DF o (2 + y)| <
< |DMw(x1) — Drw ()| 1yl + 1y @]l o ey
< (lon — 22l gl + [y ) B w5
in B,, and
Db (ay) = DF (e +y) — DV hib(ag) + DF (e +y)| <
< | D*w(21) = Drw(w + y)| |21 — o] + |21 — 2o 7@ 0 gamy
< (97 |a1 — o] + |1 — 2" ) RO fuw]| )

in R™\ B,.. Then, as in Case 1 we obtain [(—A)S/zw]cg,s(BR(xo)) < C’Ra*ﬁHwH(ﬁ?Ua).

This yields (1.43), as in Step 2 of Lemma 1.2.10. O

Next lemma is a variation of the previous one and gives a pointwise bound for
(—A)*2w. Tt is used in Remark 1.2.11.

Lemma 1.4.4. Let U C R™ be an open set, and let 8 > s. Then, for all x € U
|(=2)w()] < C(llwlle@n + wlle) (1 + | log dist(z, 6U)!),

whenever w has finite right hand side. The constant C' depends only on n, s, and (.
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Proof. We may assume 3 < 1. Let xp € U and R = d,,/2, and define w and ¢ as in
the proof of the previous lemma. Then,

(=A)Pw(zo) = (—A)*0(20) + (—A)"?p(20) = cn5 (J1 + o),

where
o / D) 00+ 2) g g g, / —elots)
n | 2|t AV TR A e
With similar arguments as in the previous proof we readily obtain |J;] < C(1 +
[log Rl)||w]|§,; and |12 < C(1 + | log R])|[w]lcszn)- O

1.5 Appendix: Basic tools and barriers

In this appendix we prove Proposition 1.3.1 and Lemmas 1.3.2 and 1.2.6. Proposition
1.3.1 is well-known (see [66]), but for the sake of completeness we sketch here a proof
that uses the Caffarelli-Silvestre extension problem [68].

Proof of Proposition 1.3.1. Let (x,y) and (r, ) be Cartesian and polar coordinates of
the plane. The coordinate 6 € (—m, ) is taken so that {# = 0} on {y =0, > 0}. Use
that the function r* cos(6/2)% is a solution in the half-plane {y > 0} to the extension
problem [68],

div(y'"*Vu) =0 in {y > 0},

and that its trace on y = 0 is . [
The fractional Kelvin transform has been studied thoroughly in [31].

Proposition 1.5.1 (Fractional Kelvin transform). Let u be a smooth bounded function
inR"\{0}. Letz > x* = x/|z|* be the inversion with respect to the unit sphere. Define
u*(z) = |z|*"u(x*). Then,

(—A) ' (z) = |27 (=A) u(z"), (1.45)
for all x # 0.

Proof. Let zy € R™\ {0}. By subtracting a constant to u* and using (—A)*|z[>*™™ = 0
for x # 0, we may assume u*(xg) = u(x§) = 0. Recall that

2" =y
|| [y*]
Thus, using the change of variables z = y* = y/|y|?,

(—A)’u*(z0) = ns PV/]R L@)d

w |wo —y|mHee
—ly|* "u(y") +2 +2
s PV [ T

lz —y| =

—l2""*u(2)

+2 -2
e L LR
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Now, using Proposition 1.5.1 we prove Lemma 1.2.6.

Proof of Lemma 1.2.6. Let us denote by 1 (instead of u) the explicit solution (1.4) to
problem (1.3) in B;, which satisfies
(=A@ =1 in By
=0 in R"\ B, (1.46)
0<y <C(l—|z|)* in By.

From 1, the supersolution ¢; in the exterior of the ball is readily built using the
fractional Kelvin transform. Indeed, let £ be a radial smooth function satisfying ¢ =1
in R"\ Bs and £ =0 in By, and define ¢; by

pi(x) = Cla[* (1 = |271) + () - (1.47)
Observe that (—A)*¢ > —Cs in By, for some Cy > 0. Hence, if we take C' > 42577 (1 +
Cy), using (1.45), we have
(=AY (z) > Clo|™27" + (=A)*¢(z) > 1 in By.
Now it is immediate to verify that ¢, satisfies (1.6) for some ¢; > 0.

To see that ¢, € Hi (R™) we observe that from (1.47) it follows

loc
[Vei(z)| < C(jz| = 1) inR™\ By
and hence, using Lemma 1.4.4, we have (—A)%2p, € LP (R") for all p < oco. O

loc

Next we prove Lemma 1.3.2.
Proof of Lemma 1.3.2. We define

() = (1= |2[*)"xm (2).
Since (1.4) is the solution of problem (1.3), we have (—A)®; is bounded in B;. Hence,
for C' > 0 large enough the function ¢ = ¥, + me satisfies (—A)*yY < 0in By \ Byys
and it can be used as a viscosity subsolution. Note that 1) is upper semicontinuous,
as required to viscosity subsolutions, and it satisfies pointwise (if C' is large enough)

wEO in Rn\Bl
(-A)%ﬁ S 0 n Bl \ B1/4
77/1 =1 in Bl/4

P(x) > el — |z])® in By.

If we want a subsolution which is continuous and H*(R") we may construct it as
follows. We consider the viscosity solution (which is also a weak solution by Remark
1.2.11) of

(=A)py =0 in B\ Bip
0 =0 in R"\ By
Y2 = 1 in Bl/4-

Using v as a lower barrier, it is now easy to prove that ¢, satisfies (1.16) for some
constant ¢, > 0. ]






Chapter-Two

THE POHOZAEV IDENTITY FOR THE
FRACTIONAL LAPLACIAN

In this paper we prove the Pohozaev identity for the semilinear Dirichlet problem
(—A)u = f(u) in Q, v = 0 in R"\Q. Here, s € (0,1), (—A)*® is the fractional
Laplacian in R”, and Q is a bounded C*! domain.

To establish the identity we use, among other things, that if u is a bounded solution
then u/0°|q is C* up to the boundary 0€2, where §(z) = dist(x,0f2). In the fractional
Pohozaev identity, the function u/0%|sq plays the role that Ou/dv plays in the classical
one. Surprisingly, from a nonlocal problem we obtain an identity with a boundary
term (an integral over 0f2) which is completely local.

As an application of our identity, we deduce the nonexistence of nontrivial solutions
in star-shaped domains for supercritical nonlinearities.

2.1 Introduction and results

Let s € (0,1) and consider the fractional elliptic problem

—A)u = f(u) inQ
{( )u = O() in R™\Q2 (2.1)

in a bounded domain €2 C R", where

(—A)u(x) = ¢, PV /Rn %dy (2.2)

is the fractional Laplacian. Here, ¢, s is a normalization constant given by (2.50).

When s = 1, a celebrated result of S. I. Pohozaev states that any solution of (2.1)
satisfies an identity, which is known as the Pohozaev identity [237]. This classical result
has many consequences, the most immediate one being the nonexistence of nontrivial
bounded solutions to (2.1) for supercritical nonlinearities f.

The aim of this paper is to give the fractional version of this identity, that is, to
prove the Pohozaev identity for problem (2.1) with s € (0,1). This is the main result
of the paper, and it reads as follows. Here, since the solution u is bounded, the notions
of weak and viscosity solutions agree (see Remark 2.1.5).

53
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Theorem 2.1.1. Let Q be a bounded and C** domain, f be a locally Lipschitz function,
u be a bounded solution of (2.1), and

d(z) = dist(x,00).

Then,
u/8%q € C*(Q) for some a € (0,1),

meaning that u/8°|q has a continuous extension to Q which is C*(Q), and the following
tdentity holds

u

(2s —n) /Quf(u)d:v + 2n/QF(u)dx =T(1 +s)? /aQ <§>2 (x - v)do,

where F(t) = fot f, v is the unit outward normal to 02 at x, and I' is the Gamma
function.

Note that in the fractional case the function u/d§°|sq plays the role that du/0v plays
in the classical Pohozaev identity. Moreover, if one sets s = 1 in the above identity
one recovers the classical one, since u/d|gq = Ju/0v and I'(2) = 1.

It is quite surprising that from a nonlocal problem (2.1) we obtain a completely local
boundary term in the Pohozaev identity. That is, although the function w has to be
defined in all R™ in order to compute its fractional Laplacian at a given point, knowing
u only in a neighborhood of the boundary we can already compute [, (5%)2 (x-v)do.

Recall that problem (2.1) has an equivalent formulation given by the Caffarelli-
Silvestre [68] associated extension problem —a local PDE in R’}*!. For such extension,
some Pohozaev type identities are proved in [33, 46, 58]. However, these identities
contain boundary terms on the cylinder 9Q x RT or in a half-sphere 9B} N R,
which have no clear interpretation in terms of the original problem in R™. The proofs
of these identities are similar to the one of the classical Pohozaev identity and use
PDE tools (differential calculus identities and integration by parts).

Sometimes it may be useful to write the Pohozaev identity as

25[u) e gy — 2n€[u] = T(1 + 5)* / <2>2 (- v)do
Rm) 90 o8 ’
where £ is the energy functional
1
el = 3lulhan) — [ Pl 23
= f, and
CTLS

e = NPl = %5 [ [ MO gy,

We have used that if v and v are H*(R") functions and « =v =0 in R™ \ Q, then

/Qv(—A)Sud:c:/n(—A)S/Qu(—A)S/dex, (2.5)
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which yields
[ stz = [ |-8yPuPde = e,
Q n

As a consequence of our Pohozaev identity we obtain nonexistence results for prob-
lem (2.1) with supercritical nonlinearities f in star-shaped domains . In Section 2.2
we will give, however, a short proof of this result using our method to establish the
Pohozaev identity. This shorter proof will not require the full strength of the identity.

Corollary 2.1.2. Let Q be a bounded, C*t, and star-shaped domain, and let f be a
locally Lipschitz function. If

uf(u) > /0 “fdt forall ueR, (2.6)

n — 2s
2n

then problem (2.1) admits no positive bounded solution. Moreover, if the inequality in
(2.6) is strict, then (2.1) admits no nontrivial bounded solution.

For the pure power nonlinearity, the result reads as follows.

Corollary 2.1.3. Let Q be a bounded, C**, and star-shaped domain. If p > "2,
then problem
(=A)Yu = |ulftu inQ
{ u = 0 in R™\Q
admits no positive bounded solution. Moreover, if p > Zf—;j then (2.7) admits no
nontrivial bounded solution.

(2.7)

The nonexistence of changing-sign solutions to problem (2.7) for the critical power
p = 22 remains open.

Recently, M. M. Fall and T. Weth [129] have also proved a nonexistence result
for problem (2.1) with the method of moving spheres. In their result no regularity
of the domain is required, but they need to assume the solutions to be positive. Our
nonexistence result is the first one allowing changing-sign solutions. In addition, their
condition on f for the nonexistence —(2.16) in our Remark 2.1.14— is more restrictive
than ours, i.e., (2.6) and, when f = f(z,u), condition (2.15).

The existence of weak solutions u € H*(R™) to problem (2.1) for subcritical f has
been recently proved by R. Servadei and E. Valdinoci [268].

The Pohozaev identity will be a consequence of the following two results. The first
one establishes C*(R") regularity for u, C%(Q) regularity for u/%|q, and higher order
interior Holder estimates for u and u/d°. It is proved in our paper [249].

Throughout the article, and when no confusion is possible, we will use the notation
CA(U) with 3 > 0 to refer to the space C%# (U), where k is the is greatest integer such
that k < (8, and 8’ = 8 — k. This notation is specially appropriate when we work with
(—A)® in order to avoid the splitting of different cases in the statements of regularity
results. According to this, [-]cs() denotes the C*#(U) seminorm

|D*u(z) — D*u(y)|
[ulcswy = [Ulener @y = sup ,
) oRE) z,yel, z#y |z — y‘ﬁ

Here, by f € Cloo’cl (Q x R) we mean that f is Lipschitz in every compact subset of
Q xR,
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Theorem 2.1.4 ([249]). Let Q be a bounded and C-' domain, f € C2H(Q x R), u be
a bounded solution of

—A)Yu = f(z,u) inQ
{( )u = ()( ) in R™\Q, (28)

and §(z) = dist(x,0). Then,
(a) u € C*(R™) and, for every B € [s,1+ 25), u is of class C?(Q) and

(U] 8 (fzeq: 52)5p)) < Cp*=? for all p e (0,1).

(b) The function u/°|q can be continuously extended to Q. Moreover, u/8° belongs

to C*(Q2) for some o € (0,1) depending only on Q, s, f, ||u||Lemn). In addition,
for all B € [a, s + a, it holds the estimate

[u/0%] 08 ({zeq: 5(2)2p}) < Cp*F for all p e (0,1).

The constant C' depends only on Q, s, f, ||u||Lemn), and [

Remark 2.1.5. For bounded solutions of (2.8), the notions of energy and viscosity
solutions coincide (see more details in Remark 2.9 in [249]). Recall that u is an energy
(or weak) solution of problem (2.8) if u € H*(R"), u = 0 in R™\2, and

/ n(—A)S/Zu(—A)S/%dx: /Q flz, wvde

for all v € H*(R") such that v =0 in R™ \ Q.

By Theorem 2.1.4 (a), any bounded weak solution is continuous up to the boundary
and solve equation (2.8) in the classical sense, i.e., in the pointwise sense of (2.2).
Therefore, it follows from the definition of viscosity solution (see [69]) that bounded
weak solutions are also viscosity solutions.

Reciprocally, by uniqueness of viscosity solutions [69] and existence of weak solution
for the linear problem (—A)%v = f(z,u(x)), any viscosity solution u belongs to H*(R")
and it is also a weak solution. See [249] for more details.

The second result towards Theorem 2.1.1 is the new Pohozaev identity for the
fractional Laplacian. The hypotheses of the following proposition are satisfied for any
bounded solution u of (2.8) whenever f € C}(Q x R), by our results in [249] (see
Theorem 2.1.4 above).

Proposition 2.1.6. Let Q be a bounded and C*' domain. Assume that u is a H*(R™)
function which vanishes in R™ \ Q, and satisfies

(a) u € C°(R™) and, for every B € [s,1+ 2s), u is of class C?(Q) and

[Wes(teen:s@zpy < Cp*"  forall pe(0,1).
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(b) The function u/6%|q can be continuously extended to Q. Moreover, there ewists

a € (0,1) such that u/6* € C*(Q). In addition, for all B € [a, s + o, it holds
the estimate
[w/0%] s (feeq:s)spp < CP* 7 forall pe(0,1).
(c) (—A)*u is pointwise bounded in €.

Then, the following identity holds

/Q(a: -Vu)(—=A)u de = 282_ n /Qu(—A)su dr — F(lT—i_SP /asz <%)2 (x - v)do,

where v is the unit outward normal to 0 at x, and I" is the Gamma function.

Remark 2.1.7. Note that hypothesis (a) ensures that (—A)®u is defined pointwise in
Q). Note also that hypotheses (a) and (c) ensure that the integrals appearing in the
above identity are finite.

Remark 2.1.8. By Propositions 1.1 and 1.4 in [249], hypothesis (c) guarantees that

u € C*(R") and u/§* € C*(Q2), but not the interior estimates in (a) and (b). However,

under the stronger assumption (—A)*u € C*(Q2) the whole hypothesis (b) is satisfied;
see Theorem 1.5 in [249].

As a consequence of Proposition 2.1.6, we will obtain the Pohozaev identity (Theo-
rem 2.1.1) and also a new integration by parts formula related to the fractional Lapla-
cian. This integration by parts formula follows from using Proposition 2.1.6 with two
different origins.

Theorem 2.1.9. Let Q be a bounded and C*' domain, and uw and v be functions
satisfying the hypotheses in Proposition 2.1.6. Then, the following identity holds

u v

/(—A)su Vg, dx = —/ Uy, (—A)*vdx +T(1 + 8)2/ ——v;do
Q Q a0 0°0°

for i =1,...,n, where v is the unit outward normal to OQ at x, and I" is the Gamma
function.

To prove Proposition 2.1.6 we first assume the domain €2 to be star-shaped with
respect to the origin. The result for general domains will follow from the star-shaped
case, as seen in Section 2.5. When the domain is star-shaped, the idea of the proof is
the following. First, one writes the left hand side of the identity as

3 _d ux(—A)’u dx
/Q(x -Vu)(—A)’u dx = o ,\1+/Q A(—A)’u dx,
ux(z) = u(Ax).

Note that uy = 0 in R™\(2, since Q is star-shaped and we take A > 1 in the above
derivative. As a consequence, we may use (2.5) with v = u, and make the change of
variables y = v/Az, to obtain

where

25—n

/uA(—A)Su dx = / (=A)*Puy(=A)*Pu de = X7z / w w5 4y,
Q n Rr
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where
w(z) = (=A)"u(x)
Thus,
/(a: -Vu)(—A)u de = — ot / W xwy,yx dy
Q dA A=1+ R™
2s—n 9 d
= d — I 2.
5 /nw x+d)\>\:1+ v ( 9)
25 —n 1 d
= AYudr + = — I
5 /nu( )u x+2d)\/\:1+ A
where

I)\_/ wxwy/zdY.

Therefore, Proposition 2.1.6 is equivalent to the following equality
d 9 U\ 2
wywyx dy =T (1 + s) (ﬁ) (x-v)do. (2.10)
" o0

d\

The quantity %|)\:1+ fRn wywy,y vanishes for any C'(R") function w, as can be
seen by differentiating under the integral sign. Instead, we will prove that the function
w = (—A)*?u has a singularity along 02, and that (2.10) holds.

Next we give an easy argument to give a direct proof of the nonexistence result for
supercritical nonlinearities without using neither equality (2.10) nor the behavior of
(—A)*2u; the detailed proof is given in Section 2.2.

Indeed, in contrast with the delicate equality (2.10), the inequality

@
dx

A=1+

<0 (2.11)

A=1t

follows easily from Cauchy-Schwarz. Namely,

Iy < [Jwall 2@y llwiyall 2 @ey = llwl 72y = 1,

and hence (2.11) follows.
With this simple argument, (2.9) leads to

— /Q(x -Vu)(—A)’u dx > /Qu(—A)SU dz,

which is exactly the inequality used to prove the nonexistence result of Corollary 2.1.2
for supercritical nonlinearities. Here, one also uses that, when w is a solution of (2.1),
then

/Q(:c~VU)(—A)su dx = /Q(“’ V) f(u)da :/

Q

n — 2s

- VF(u)dr = —n/ F(u)dz.
Q
This argument can be also used to obtain nonexistence results (under some decay
assumptions) for weak solutions of (2.1) in the whole R"; see Remark 2.2.2.
The identity (2.10) is the difficult part of the proof of Proposition 2.1.6. To prove
it, it will be crucial to know the precise behavior of (—A)*/2y near 92 —from both
inside and outside ). This is given by the following result.
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Proposition 2.1.10. Let Q be a bounded and CY' domain, and u be a function such
that u = 0 in R"\Q and that u satisfies (b) in Proposition 2.1.6. Then, there exists a
C*(R™) extension v of u/d°|q such that

(=A)*2u(z) = ¢ {log™ §(z) + coxa(z)} v(z) + h(z) in R, (2.12)
where h is a C*(R™) function, log™ t = min{logt,0},

o — ['(1+ s)sin (?) | and o — Lﬂs
T tan (7)

(2.13)

Moreover, if u also satisfies (a) in Proposition 2.1.6, then for all 5 € (0,1 + s)
[(—A)* U)o (wernsmzpp < Cp " forall p€(0,1), (2.14)
for some constant C' which does not depend on p.

The values (2.13) of the constants ¢; and ¢, in (2.12) arise in the expression for the
5/2 fractional Laplacian, (—A)*/2, of the 1D function (z;})*, and they are computed
in the Appendix.

Writing the first integral in (2.10) using spherical coordinates, equality (2.10) re-
duces to a computation in dimension 1, stated in the following proposition. This result
will be used with the function ¢ in its statement being essentially the restriction of
(—A)*?u to any ray through the origin. The constant  will be chosen to be any value
in (0, s).

Proposition 2.1.11. Let A and B be real numbers, and

where log™ t = min{logt,0} and h is a function satisfying, for some constants a and
v in (0,1), and Cy > 0, the following conditions:

(1) ||h]|co(o,00)) < Co.
(i1) For all 5 € [y,1+ 7]

1Bllcsa-purpzy < Cop™®  forall pe(0,1).

(ii) |B(t)] < Cot2~7 and |B"(t)| < Cot=> for all t > 2.

Then,
d

CdA

o t
/ @ (At) @ (-) dt = A*r* + B2
A=1+ J0 A

Moreover, the limit defining this derivative is uniform among functions ¢ satisfying
(i)-(11)-(17i) with given constants Cy, «, and 7.
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From this proposition one obtains that the constant in the right hand side of (2.10),
['(1+ s)?, is given by ¢2(m? + ¢3). The constant ¢, comes from an involved expression
and it is nontrivial to compute (see Proposition 2.3.2 in Section 5 and the Appendix).
It was a surprise to us that its final value is so simple and, at the same time, that the
Pohozaev constant c¢}(m? + ¢3) also simplifies and becomes I'(1 + s)?.

Instead of computing explicitly the constants ¢; and ¢,, an alternative way to obtain
the constant in the Pohozaev identity consists of using an explicit nonlinearity and
solution to problem (2.1) in a ball. The one which is known [154, 24] is the solution

to problem
(—=A)*u = 1 in B,(xo)
u = 0 in R™\B,(zo).
It is given by
27%T'(n/2) (r2
[ (2£2) (1 + s)

u(x) = — | — z0)?)° in B,(zy).

From this, it is straightforward to find the constant I'(1+s)? in the Pohozaev identity;
see Remark 2.6.4 in the Appendix.

Using Theorem 2.1.4 and Proposition 2.1.6, we can also deduce a Pohozaev identity
for problem (2.8), that is, allowing the nonlinearity f to depend also on z. In this
case, the Pohozaev identity reads as follows.

Proposition 2.1.12. Let  be a bounded and C*' domain, f € C2H(Q x R), u be a
bounded solution of (2.8), and 6(x) = dist(x,0). Then

u/8%|q € C*(Q) for some a € (0,1),

and the following identity holds

(25—n)/ﬁuf(x,u)dx+2n/QF(x,u)dx:

:r(1+s)2/[m (%)2(.%-u)da—Q/Qx-Fx(x,u)dx,

where F(x,t) fo dr, v is the unit outward normal to 0S) at x, and I" is the
Gamma functzon

From this, we deduce nonexistence results for problem (2.8) with supercritical
nonlinearities f depending also on x. This has been done also in [129] for positive
solutions. Our result allows changing sign solutions as well as a slightly larger class of
nonlinearities (see Remark 2.1.14).

Corollary 2.1.13. Let Q be a bounded, C*', and star-shaped domain, f € C’l(lcl(Q xR),
and F(x,t) fo f(x,7)dr. If
n —2s
2

uf(z,t) > nF(x,t)+ - F(x,t) forall ©€Q and t € R, (2.15)

then problem (2.8) admits no positive bounded solution. Moreover, if the inequality in
(2.15) is strict, then (2.8) admits no nontrivial bounded solution.
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Remark 2.1.14. For locally Lipschitz nonlinearities f, condition (2.15) is more general
than the one required in [129] for their nonexistence result. Namely, [129] assumes
that for each z € Q2 and ¢t € R, the map

n+2s

A= )\_nf%f()\_ﬁx, At) is nondecreasing for A € (0, 1]. (2.16)

Such nonlinearities automatically satisfy (2.15).
However, in [129] they do not need to assume any regularity on f with respect to x.

The paper is organized as follows. In Section 2.2, using Propositions 2.1.10 and
2.1.11 (to be established later), we prove Proposition 2.1.6 (the Pohozaev identity)
for strictly star-shaped domains with respect to the origin. We also establish the
nonexistence results for supercritical nonlinearities, and this does not require any result
from the rest of the paper. In Section 2.3 we establish Proposition 2.1.10, while in
Section 2.4 we prove Proposition 2.1.11. Section 2.5 establishes Proposition 2.1.6 for
non-star-shaped domains and all its consequences, which include Theorems 2.1.1 and
2.1.9 and the nonexistence results. Finally, in the Appendix we compute the constants
c1 and ¢y appearing in Proposition 2.1.10.

2.2 Star-shaped domains: Pohozaev identity and
nonexistence

In this section we prove Proposition 2.1.6 for strictly star-shaped domains. We say
that € is strictly star-shaped if, for some zy € R",

(x —29)-v>0 for all z € 09. (2.17)

The result for general C''' domains will be a consequence of this strictly star-shaped
case and will be proved in Section 2.5.
The proof in this section uses two of our results: Proposition 2.1.10 on the behavior
of (—A)*?u near 99 and the one dimensional computation of Proposition 2.1.11.
The idea of the proof for the fractional Pohozaev identity is to use the integration
by parts formula (2.5) with v = uy, where

un(z) = u(Ax), A>1,

and then differentiate the obtained identity (which depends on \) with respect to A and
evaluate at A\ = 1. However, this apparently simple formal procedure requires a quite
involved analysis when it is put into practice. The hypothesis that €2 is star-shaped is
crucially used in order that uy, A > 1, vanishes outside €2 so that (2.5) holds.

Proof of Proposition 2.1.6 for strictly star-shaped domains. Let us assume first that 2
is strictly star-shaped with respect to the origin, that is, zp = 0.
Let us prove that

s _d
/Q(:E-Vu)(—A) udr = i\

/ ux(—A)*udzx, (2.18)
A=1tJQ
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where %‘A:H is the derivative from the right side at A = 1. Indeed, let g = (—A)*u.
By assumption (a) g is defined pointwise in €2, and by assumption (c) g € L*(9Q).
Then, making the change of variables y = Az and using that supp uy = %Q C () since
A > 1, we obtain

= lim A~ /m —u( )A__ gy//\)g(y/k)dy
o u(y) — u(y/A) —u(y/N)
gk e aa Rt o U v

By the dominated convergence theorem,

i [ 4) —uly/N)

| =1 9w dy:/ﬂ(y-VU)g(y) dy,

since g € L®(Q), |[Vu(§)] < C§(&)*™1 < CA55(y)*~! for all £ in the segment joining
y and y/\, and 6°7! is integrable. The gradient bound |Vu(§)| < C§(€)*~! follows
from assumption (a) used with § = 1. Hence, to prove (2.18) it remains only to show

that (/)
. —u(y/A
lim ——g(y/Ndy =
i [ e

Indeed, [(AQ)\Q] < C(A—1) and —by (a)— u € C*(R™) and u = 0 outside 2. Hence,

HUHLOO(()\Q)\Q) —0as A}l 1and (2.18) follows.
Now, using the integration by parts formula (2.5) with v = uy,

/u,\(—A)Sudx = / ux(—A)*udzx
Q R
— / — Ay (=A) udx

(
_ / A)2u) (Az) (—A)2u(x)da

Rn

= / wyw dx,

w(z) = (=A)*u(z) and  wy(zr) = w(Ax).

=

where

With the change of variables y = v/ Az this integral becomes

25—n

)\S/ wywdr = X" 2 /Rnwﬁwl/ﬁdy,

[ may

and thus

. wﬁwl/ﬁ dy
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Furthermore, this leads to

s d 2s—n
/Q(Vu-a:)(—A)udx = ﬁA . {/\ 2 /Rnwﬁwl/ﬁdy}
23 s d
- Jeareupdes o[ gy
=11+ JR"
2s—n d

/ wywi/x dy.(2.19)

1
— “AVudr + =
5 /Qu( )uw+2d)\/\l+

Hence, it remains to prove that

4
dx

u

L=T(+ 5)2/69 (@2 (z- ) do, (2.20)

A=1+

where we have denoted
[)\ = / WAW1 /2 dy (221)

Now, for each 6 € S"~! there exists a unique ry > 0 such that 740 € 9. Write the
integral (2.21) in spherical coordinates and use the change of variables t = r/ry:

d d r
= L == do whrd)w (~0) d
x|, dAAﬁ/Snl / : </\> "
d _ Tgt
= — do " tw(Mrpt)w | =0 ) dt
ax A:ﬁ/gnq” /o rat)™we(Are )“’<A )

_ % . /a (@ v)doz) /0 () (%”) dt,

where we have used that

1
rotd = (é—,u) do = —(z-v)do

Ty

with the change of variables S"~! — 9Q that maps every point in S™! to its radial
projection on 02, which is unique because of the strictly star-shapedness of 2.
Fix g € 002 and define

o(t) = t"T w (trg) = t'2 (—A)*?u(tzy).
By Proposition 2.1.10,

@(t) = c1{log™ 6(two) + caxpoy}v(tao) + ho(t)

n [0,00), where v is a C*(R"™) extension of u/d%|q and hy is a C*([0,00)) function.
Next we will modify this expression in order to apply Proposition 2.1.11.
Using that Q is CY! and strictly star-shaped, it is not difficult to see that % is

a Lipschitz function of r in [0, oo) and bounded below by a positive constant (inde-
pendently of zp). Similarly, (S‘(t and % are positive and Lipschitz functions
of t in [0, 00). Therefore,

log™ |t — 1| — log™ 0(tzo)
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is Lipschitz in [0, c0) as a function of t.
Hence, for t € [0, 00),

@(t) = ci{log™ [t — 1] + caxpoytv(tao) + ha(t),

where hy is a C® function in the same interval.
Moreover, note that the difference

v(tzg) — v(xo)
is C'“ and vanishes at t = 1. Thus,
p(t) = ci{log™ [t — 1] + cax(o.1)(t) v (o) + h(t)

holds in all [0, 00), where h is C* in [0, 00) if we slightly decrease « in order to kill the
logarithmic singularity. This is condition (i) of Proposition 2.1.11.
From the expression

h(t) = t°7 (=A)u (tx) — er{log™ [t — 1| + caxqo (1) Yo(xo)

and from (2.14) in Proposition 2.1.10, we obtain that h satisfies condition (ii) of
Proposition 2.1.11 with v = s/2.

Moreover, condition (iii) of Proposition 2.1.11 is also satisfied. Indeed, for x €
R™\ (292) we have

—A)*?u(z :cns/L(y)d
and hence
0,(=A)Pu(@)] < Clef " and [0(=8)u(x)| < Cla| 7

This yields |¢/(t)] < Ct*7 77571 < Ct™27 and |¢/(t)| < Ct"5 7752 < Ct737 for
t> 2.
Therefore we can apply Proposition 2.1.11 to obtain

d > t 2 2, 2, 2
— Mt — | dt =
S [ etne (5) de = oo+
and thus
d 1 txg _ 2 2/ 9 2
— " w(Mxg)w | — | dt = (v(xo))” i (7° + ¢3)
N yor Jo X

for each xq € 0.
Furthermore, by uniform convergence on x, of the limit defining this derivative
(see Proposition 2.4.2 in Section 2.4), this leads to

d
— I, =¢ 7r2+c2/
dA A 1( 2) 50

u

(zo - v) (§($0)>2 dxy.

A=1+
Here we have used that, for zy € 0, v(z¢) is uniquely defined by continuity as

(u) (o) = lim u(z) :

g x—rx0, TEN 55(:E)
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Hence, it only remains to prove that
Ar?+c3)=T(1+s)%

But .
. [(1+ s)sin (%) i T
! T 2 tan (”—s) 7

and therefore

(1 + s)%sin? (Z w2
ctez _ L0+ <2><W2+tan2 ))

— T(1+s)?sin? (%S> (1 - %)
= T(1+s)

Assume now that € is strictly star-shaped with respect to a point zy # 0. Then, 2 is
strictly star-shaped with respect to all points z in a neighborhood of z;. Then, making
a translation and using the formula for strictly star-shaped domains with respect to
the origin, we deduce

/Q {(z = 2) - Vu} (=A)’udzr =

2s—n

/Q w(—A)udot

—Még(d—iyu—z)-uda

for each z in a neighborhood of zy. This yields

/qui(—A)Sudm = —@ /aQ (%)2 v; do (2.23)

for i = 1,...,n. Thus, by adding to (2.22) a linear combination of (2.23), we obtain

@ vuearua =222 u(=a)yude - L RO

(2.22)

]

Next we prove the nonexistence results of Corollaries 2.1.2, 2.1.3, and 2.1.13 for
supercritical nonlinearities in star-shaped domains. Recall that star-shaped means
x-v > 0forall z € 9. Although these corollaries follow immediately from Proposition
2.1.12 —as we will see in Section 2.5—, we give here a short proof of their second part,
i.e., nonexistence when the inequality (2.6) or (2.15) is strict. That is, we establish
the nonexistence of nontrivial solutions for supercritical nonlinearities (not including
the critical case).

Our proof follows the method above towards the Pohozaev identity but does not
require the full strength of the identity. In addition, in terms of regularity results for
the equation, the proof only needs an easy gradient estimate for solutions u. Namely,

|Vu| < C5* ' in Q,
which follows from part (a) of Theorem 2.1.4, proved in [249].
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Proof of Corollaries 2.1.2, 2.1.3, and 2.1.13 for supercritical nonlinearities. We only have
to prove Corollary 2.1.13, since Corollaries 2.1.2 and 2.1.3 follow immediately from it
by setting f(z,u) = f(u) and f(x,u) = |u[P~'u respectively.

Let us prove that if €2 is star-shaped and u is a bounded solution of (2.8), then

282_ n /Quf(ac, u)dzr + n/QF(x,u)d:U - /Qx - Fy(z,u)dz > 0. (2.24)

For this, we follow the beginning of the proof of Proposition 2.1.6 (given above) to
obtain (2.19), i.e., until the identity

1 d
—AYudr + = — 1
/Qu( )ux+2d)\ As

A=1t

where
I, = / wxwi/y dx, w(z) = (=A)*?u(z), and wy(x) = w(Az).

This step of the proof only need the star-shapedness of Q2 (and not the strictly star-
shapedness) and the regularity result |Vu| < C§*~! in Q, which follows from Theorem
2.1.4, proved in [249].

Now, since (—A)*u = f(z,u) in © and

(Vu-z)(=A)Yu=x-VF(z,u) —x- Fy(z,u),
by integrating by parts we deduce

2s—n

1 d
- [Fade~ [ Eude =220 [upder 3 5 1
Q Q 2 Q 2 dA\ A1+

Therefore, we only need to show that

L
dx

I, <0. (2.25)

A=1+

But applying Holder’s inequality, for each A > 1 we have

Iy < [Jwall 2@y llwiyall 2 @ny = w0l 2@y = 1o,
and (2.25) follows. O

Remark 2.2.1. For this nonexistence result the regularity of the domain 2 is only used
for the estimate |Vu| < C6*'. This estimate only requires Q to be Lipschitz and
satisfy an exterior ball condition; see [249]. In particular, our nonexistence result for
supercritical nonlinearities applies to any convex domain, such as a square for instance.

Remark 2.2.2. When 2 = R™ or when () is a star-shaped domain with respect to
infinity, there are two recent nonexistence results for subcritical nonlinearities. They
use the method of moving spheres to prove nonexistence of bounded positive solutions
in these domains. The first result is due to A. de Pablo and U. Sanchez [236], and
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they obtain nonexistence of bounded positive solutions to (—A)*u = u? in all of R",
whenever s > 1/2 and 1 < p < 222, The second result, by M. Fall and T. Weth [129],
gives nonexistence of bounded positive solutions of (2.8) in star-shaped domains with
respect to infinity for subcritical nonlinearities.

Our method in the previous proof can also be used to prove nonexistence results
for problem (2.7) in star-shaped domains with respect to infinity or in the whole R™.
However, to ensure that the integrals appearing in the proof are well defined, one must
assume some decay on v and Vu. For instance, in the supercritical case p > %gi we
obtain that the only solution to (—A)*u = u? in all of R™ decaying as

C
Vu| € ———
ol + o Vul < s,

With6>#,isu50.
In the case of the whole R", there is an alternative proof of the nonexistence of
solutions which decay fast enough at infinity. It consists of using a Pohozaev identity

in all of R™, that is easily deduced from the pointwise equality

(—A)¥(z - Vu) =2s(—=A)’u+x - V(—A) u.

n+2s

The classification of solutions in the whole R" for the critical exponent p = "+

was obtained by W. Chen, C. Li, and B. Ou in [94]. They are of the form

n—2s

ILL 2
u(z) =c (—) )
p? + |z — o

where p is any positive parameter and c is a constant depending on n and s.

2.3 Behavior of (—A)*/?u near 9

The aim of this section is to prove Proposition 2.1.10. We will split this proof into two
propositions. The first one is the following, and compares the behavior of (—A)*/?y
near J92 with the one of (—A)*/253, where §y(x) = dist(z, 9Q)xa(z).

Proposition 2.3.1. Let Q be a bounded and C*' domain, u be a function satisfying
(b) in Proposition 2.1.6. Then, there exists a C*(R™) extension v of u/6%|q such that

(—A)Pu(z) = (=A)"25(z)v(z) + h(z) in R",
where h € C*(R™).

Once we know that the behavior of (—A)*/2u is comparable to the one of (—A)*/253,
Proposition 2.1.10 reduces to the following result, which gives the behavior of (—A)*6§
near 0S).

Proposition 2.3.2. Let Q be a bounded and CY' domain, 6(z) = dist(x,09), and
0o = 0xq. Then,

(~A)726(2) = c1 {log™ 8(x) + eaxa(w)} + h(z) in R,
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where ¢; and ¢y are constants, h is a C*(R™) function, and log™ t = min{logt,0}. The
constants ¢y and co are given by

J o0 1— 28 14 2° d
S I S U R = A

where ¢, s is the constant appearing in the singular integral expression (2.2) for (—A)
i dimension n.

s

The fact that the constants ¢; and ¢y given by Proposition 2.3.2 coincide with the
ones from Proposition 2.1.10 is proved in the Appendix.

In the proof of Proposition 2.3.1 we need to compute (—A)*? of the product
u = dgv. For it, we will use the following elementary identity, which can be derived
from (2.2):

(=A)* (wrwse) = wi(—A)*wy + wa(—A) wy — Iy(wy, ws),

where

(wi1(z) — wi(y)) (wa(z) — wa(y))

Rn |z — y|nt2s

I(wy,wy)(x) = ¢, sPV dy. (2.26)

Next lemma will lead to a Holder bound for I4(d5,v).

Lemma 2.3.3. Let Q) be a bounded domain and 6y = dist(x,R™\ Q). Then, for each
a € (0,1) the following a priori bound holds

HIS/2(687w>HCa/2(R”) < Clw]gagny, (2.27)
where the constant C' depends only on n, s, and «.
Proof. Let x1,x9 € R™. Then,

[ L52(05, w) (1) — Lsja (65, w)(22)| < ¢ s (J1 + J2),

where
\w(z1) — w(zy + 2) — w(w2) + w22 + 2)|[65(21) — G321 + 2)]
Jl = |Z‘n+s dz
and
(w(wa) — w(ws + 2)|[65 (1) — 631 + 2) — 63 (22) + 6§(z2 + 2)|
Jy = FRE dz.

Lt = lay — sl Using that |53

cs@ny < 1 and supp g = Q,

Jy < / jw(z1) —w(w) + 2) —w(zy) ;|20+(f2 + 2)| min{|z|*, (diam Q)*} "

[w]oa(Rn)ra/2|z|a/2 min{|z|*, 1}
|Z|n+s

<C dz

R~
S C?“a/z [w]ca(Rn) .
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Analogously,

The bound for ||I;/2(5, )| re®n) is obtained with a similar argument, and hence
(2.27) follows. O

Before stating the next result, we need to introduce the following weighted Holder
norms; see Definition 1.3 in [249].

Definition 2.3.4. Let § > 0 and 0 > —fp. Let 8 = k + [, with k integer and
B € (0,1]. Forw € C#(Q) = C*P(Q), define the seminorm

| Dfw(z) — D’“w(y)l)
|z —y|”

[w]gg)) = sup (min{é(x)75(y)}ﬂ+a

z,ye)

For o > —1, we also define the norm || - ||g7§)2 as follows: in case that o > 0,

k

Julfh = 3= sup (3™ Dwto)] ) + Ful,

—0 €

while for —1 < o <0,

k
Il = Nollo-oy + S sup (860 D w(e)] ) + Full
=17

The following lemma, proved in [249], will be used in the proof of Proposition 2.3.1
below —with w replaced by v— and also at the end of this section in the proof of
Proposition 2.1.10 —with w replaced by u.

Lemma 2.3.5 ([254, Lemma 4.3]). Let Q be a bounded domain and o and § be such
that o < s < 8 and B — s is not an integer. Let k be an integer such that § =k + ('
with B' € (0,1]. Then,

704)

(=8) Pl < C(lwllee + lwlss’) (2.28)
for all w with finite right hand side. The constant C' depends only on n, s, a, and 5.

Before proving Proposition 2.3.1, we give an extension lemma —see [125, Theo-
rem 1, Section 3.1] where the case a = 1 is proven in full detail.

Lemma 2.3.6. Let a € (0,1] and V C R" a bounded domain. There exists a (nonlin-
ear) map E : C%*(V) — C%*(R"™) satisfying

&
E
I
S
s
<l

, [BEw)lcoen < [Wcoamy, and  [|[E(w)||pe@n) < ||wl|pe,)

for all w € C%*(V),
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Proof. 1t is immediate to check that

Blw)(e) = min {min {u(e) + lulong 2 — 21"} ol

zeV

satisfies the conditions since, for all z,y, z in R",

|z —x|* < |z —y|* + |y — x|”.

Now we can give the

Proof of Proposition 2.3.1. Since u/§°|q is C“(£2) —by hypothesis (b)— then by Lemma
2.3.6 there exists a C“(R™) extension v of u/0%|q.
Then, we have that

(=A)Pu(z) = v(@)(=A)"25(2) + do()* (= A)*v(x) = La(v, &),

where

/ (v(x) —v(y)) (65(x) — 6 (y))

|z — |t

as defined in (2.26). This equality is valid in all of R™ because 6§ = 0 in R"\Q and
v € C°** in ) —by hypothesis (b). Thus, we only have to see that J5(—A)*?v and
I /5(v, 65) are C*(R™) functions.

For the first one we combine assumption (b) with § = s+« < 1 and Lemma 2.3.5.
We obtain

dy,

1(=A)*20]|C" < C, (2.29)

and this yields §3(—A)*?v € C*(R"). Indeed, let w = (—A)*/?v. Then, for all 7,y € Q
such that y € Bg(z), with R = 6(x)/2, we have

5 uls) = @] _ g lwl) = w()

||(5s(x) — 5s(y)|_
|z —y|o lz —y|®

|z —yl*

+ |w(z)

Now, since
[0°(2) = 0°(y)] < CR* %z —y|* < Cmin{d(z),d(y)}* |z —y[*,
using (2.29) and recalling Definition 2.3.4 we obtain

|0°(2)w(x) = 8*(y)w(y)|
|z — yle

< C whenever y € Br(x), R=4(z)/2.

This bound can be extended to all z,y € €2, since the domain is regular, by using a
dyadic chain of balls; see for instance the proof of Proposition 1.1 in [249].
The second bound, that is,

Hs72(v; 05) low @y < €

follows from assumption (b) and Lemma 2.3.3 (taking a smaller « if necessary). [
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To prove Proposition 2.3.2 we need some preliminaries.

Fixed py > 0, define ¢ € C*(R) by

A(2) = 2°X(0,00) (%) + PHX(p0,+00) () (2.30)

This function ¢ is a truncation of the s-harmonic function z%. We need to introduce
¢ because the growth at infinity of x% prevents us from computing its (—A)%/2,

Lemma 2.3.7. Let pg > 0, and let ¢ : R — R be given by (2.30). Then, we have

(=A)"¢(2) = e {loge] + c2x(0.00) (%)} + ()

for x € (—po/2,po/2), where h € C*([—po/2, po/2]). The constants ¢; and co are given

by
ee 1—2° 14+ 2°
= s d - d )
=703 an 2 /0 {’1 EpaTET + 1 _|_Z‘1+s} z

where ¢, s is the constant appearing in the singular integral expression (2.2) for (—A)*
in dimension n.

Proof. If x < py,

PO S _ys 00 .8 _ps
_As/qux :CS</ gdy_‘_/ +—0dy)
(=4) () L3 o | =yt . |z — y|i+s

We need to study the first integral:

;

pofe ] s
Jl(ac):/ TS z|j+5 dz ifx>0
PO S _ys —00 -
J(x) :/ mdy = . (2.31)
e po/l|x e
Jo(7) = —t _dr ifr<0
\ 5(z) /OO T % o<,
since o .
:L‘ p—
(—A)Pp(x) = ad(z) = & / TP, (2.32)
o 1T =Yl

belongs to C*([—po/2, po/2]) as a function of z.
Using L’Hopital’s rule we find that

Jl(ZE) T J2($> .
= lim =
z10 log |x| =10 log ||

Moreover,

lim '~ (J{(a:) - 1) = hmxl—S(—@ L= (po/x) 1)

10 22 ((po/x) — 1)+
e hmyls( | A C ) )
yl0 y(I =yt y(l—y)tts
3 ] 1_ys_(1_y>1+s

=—py°
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and
. _ 1 . ~ofPro —(=po/z)® 1
1 _ \1-s Jl - — 1 _\l=s[ FU o
;?8( z) ( 2(7) x) zlgol( z) (:162 (14 (=po/x))*s —x
s 1 —1 (L+y)'t*e )
_ 51 1—s +
Po oY (y L+y)tts = y(l4+y)tts
1 14s _ 1
:paslim( *y) =0.
y0 Y®
Therefore,
(i(z) = log o))’ < Cla"™" in (0, po/2]
and

(J2(z) —loga])' < Cla|*™ in [=po/2,0),
and these gradient bounds yield

(J1 —log|-[) € C*([0,p0/2]) and (Jo —log]|-[) € C*([-po/2,0]).
However, these two Holder functions do not have the same value at 0. Indeed,

lgfg{(th(x) —log|z|) — (Jo(—z) —log| — z])} = lgﬁ}{a]l(x) — Jo(—2)}
> 1 -2z zy
f— d
(/M{H—d”ﬂ+ﬂ+wP”}Z
_/°° 1— 25 . 14+ 2% P
- 0 1 — z[1+s T |14 [+ — &2

Hence, the function J(z) — log|z| — caX(0,00) (), Where J is defined by (2.31), is
C*([—po/2, po/2]). Recalling (2.32), we obtain the result. O

Next lemma will be used to prove Proposition 2.3.2. Before stating it, we need the
following

Remark 2.3.8. From now on in this section, py > 0 is a small constant depending only
on €, which we assume to be a bounded C'! domain. Namely, we assume that that
every point on 02 can be touched from both inside and outside €2 by balls of radius
po- In other words, given x, € 0€, there are balls of radius py, B, (1) C Q and
B, (x2) C R™\ €, such that B, (z1) N B,y (z2) = {xo}. A useful observation is that all
points y in the segment that joins x; and x5 —through xy— satisfy §(y) = |y — x|

Lemma 2.3.9. Let Q be a bounded C*' domain, §(x) = dist(z,0), 6y = dxq, and
po be given by Remark 2.3.8. Fix xy € 02, and define

Gzo () = ¢ (—v(20) - (T — 20))
and
Sxo = {xO + tl/(l‘o), le (_p0/27 p0/2)}v (233)

where ¢ is given by (2.30) and v(xo) is the unit outward normal to O at xo. Define
also Wy, = 0 — Guy -
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Then, for all x € S,,,
(=) Pwgy () = (=A)Pwyy(20)] < Cla — o,
where C' depends only on ) and py (and not on xy).

Proof. We denote w = w,,. Note that, along S,,, the distance to 02 agrees with
the distance to the tangent plane to 0f) at z(; see Remark 2.3.8. That is, denoting
0+ = (Xo — xem@)0 and d(z) = —v(xo) - (x — x0), we have d4(x) = d(x) for all
x € S,,. Moreover, the gradients of these two functions also coincide on S, i.e.,
Vii(z) = —v(zg) = Vd(z) for all z € S,,.

Therefore, for all z € S;, and y € B,,/2(0), we have

[0+ (2 +y) — d(z +y)| < Clyf’
for some C' depending only on po. Thus, for all x € S, and y € B,,/2(0),
[w(z +y)| = (0x(= +9))} — (A= +1))1] < Clyl*, (2.34)

where C' is a constant depending on €2 and s.
On the other hand, since w € C*(R"), then

jw(z +y) —w(zo +y)| < Clz — zof”. (2.35)
Finally, let r < py/2 to be chosen later. For each = € S,,, we have

lw(z +y) — w(xo +y)|
|y|+s

(-8) () - (~8) )| <€ [ Iy

jw(z +y) —w(zo +y)| lw(z +y) —w(zo +y)|

<C dy+C dy
|y|+s R\ B, |yt
|y|25 |z — 20
< c/ = rol g
|n+s r\B, |y|["T*

=C(r* + |z —zo|’r™7),
where we have used (2.34) and (2.35). Taking r = |z — x0|"/? the lemma is proved. [
The following is the last ingredient needed to prove Proposition 2.3.2.

Claim 2.3.10. Let Q be a bounded CY' domain, and py be given by Remark 2.3.8.
Let w be a function satisfying, for some K > 0,

(1) w is locally Lipschitz in {x € R" : 0 < §(z) < po} and
Vw(z)| < K§(x)™ in {z €R" : 0<d(x) < po}
for some M > 0.
(i1) There exists o > 0 such that
w(z) —w(z®)| < Ké(z)* in {z €R": 0<d(x) <po},

where x* is the unique point on 0N) satisfying é(x) = |z — x*|.
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(iii) For the same «, it holds
[wlleatszpy) < K-

Then, there exists v > 0, depending only on o and M, such that
[wllcn@ny < CK, (2.36)
where C' depends only on ).

Proof. First note that from (ii) and (iii) we deduce that ||w||pe®r) < CK. Let p1 < po
be a small positive constant to be chosen later. Let z,y € {J < po}, and r = |z — y].
If r > pq, then

lw(x) — w(y)| < 2||w|| oo (mny

< ~®) < CK.
[z —y[” pi

If r < py, consider
o' ="+ por’u(z*) and Y =y* + por’u(y*),

where 5 € (0, 1) is to be determined later. Choose p; small enough so that the segment
joining ' and ¥’ contained in the set {§ > por®/2}. Then, by (i),

(@) — w(y)] < CK (por®2) M fa! — yf| < Cri=sM. (2.37)
Thus, using (ii) and (2.37),
w(z) —wy)| < lwz) —w(@")| +w@”) —w(z)[+

+ |w(y) — w(y)| + [wy®) —w)| + [w@) —wy)]
< Ko(x)* + Ké(y)* + 2K (por™)* + CKr' =M,

Taking f < 1/M and v = min{af3,1 — M}, we find
lw(z) —w(y)| < CKr" = CKlz —yl|”.

This proves
[wlew(ga<pt) < CK.

To obtain the bound (2.36) we combine the previous seminorm estimate with (iii). O
Finally, we give the proof of Proposition 2.3.2.

Proof of Proposition 2.3.2. Let
h(z) = (=A)*/263(z) — ¢ {log™ é(x) + caxalz)} .

We want to prove that h € C*(R") by using Claim 2.3.10.
On one hand, by Lemma 2.3.7, for all zy € 992 and for all x € S,,, where S, is
defined by (2.33), we have

h(z) = (=2)"265(2) = (=2)" 2y, (@) + h(v(z0) - (v = 20)),
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where & is the C*([—po/2, po/2]) function from Lemma 2.3.7. Hence, using Lemma
2.3.9, we find
\h(z) — h(zo)| < Cla — xo)*?  for all z € Sy,

for some constant independent of z.
Recall that for all x € S,, we have * = xy, where x* is the unique point on 02
satisfying §(z) = |z — x*|. Hence,

\h(x) — h(z")| < Clz —2*|*?  forall x € {6 < po/2}. (2.38)

Moreover,
1Bllce (15200721 < C (2.39)

for all @ € (0,1 — s), where C' is a constant depending only on «, Q and py. This last
bound is found using that ||0§|lco.1(sp0/2p) < C, which yields

1(—=A)65 ]l co((s2p0p) < C

fora <1—s.
On the other hand, we claim now that if x ¢ 02 and §(x) < po/2, then

Vh(2)| < [V(=A)25(2)] + e|d(z)| ™ < Clo(a)| . (2.40)

Indeed, observe that & = 0 in R\, [V < Co5" in Q, and | D255 < C6572 in Q.
Then, r = §(x)/2,

5(x) — Vo5
|(—A)S/2v55(l‘)| < C/ ‘V 0($) ‘y’Y+SO(x+y>’ dy
s—2 s s
cof S [ (D6 TEE Y,
B, |yl"** R™\ B, |y[+e s
<€+€+—C / 55‘1<—O
o opnts o 0 T s
as claimed.
To conclude the proof, we use bounds (2.38), (2.39), and (2.40) and Claim 2.3.10.

O
To end this section, we give the

Proof of Proposition 2.1.10. The first part follows from Propositions 2.3.1 and 2.3.2.
The second part follows from Lemma 2.3.5 with a = s and € (s,1+ 2s). O

2.4 The operator — %‘A:l‘F fR WAW1 /2

The aim of this section is to prove Proposition 2.1.11. In other words, we want to

evaluate the operator
d > t
/ w () w <—> dt (2.41)
A=1t JO A

J(w)=— —

X
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on
w(t) = Alog™ [t — 1| 4+ Bx(o,1(t) + h(t),

where log™ t = min{logt,0}, A and B are real numbers, and h is a function satisfying,
for some constants o € (0,1), v € (0,1), and Cy, the following conditions:

1) N2l ca0,00) < Co-
(ii) For all g € [y,1+ 7],
IBlloso1-puatpzy < Cop™®  forall pe(0,1).
(iii) [W(¢)] < Ct*77 and |[W'(t)| < Ct™377 for all t > 2.

We will split the proof of Proposition 2.1.11 into three parts. The first part is the
following, and evaluates the operator J on the function

wo(t) = Alog™ |t — 1| 4+ Bx(1)- (2.42)
Lemma 2.4.1. Let wy and J be given by (2.42) and (2.41), respectively. Then,
J(wo) = A*n® + B2
The second result towards Proposition 2.1.11 is the following.

Lemma 2.4.2. Let h be a function satisfying (i), (i), and (iii) above, and J be given
by (2.41). Then,
J(h) = 0.

Moreover, there exist constants C' and v > 1, depending only on the constants o, 7,
and Cy appearing in (i)-(ii)-(iii), such that

/0"" {h(m " G) - h(’f)Z} dt‘ <CO—1)

Finally, the third one states that J(wy + h) = J(wp) whenever J(h) = 0.

for each A € (1,3/2).

Lemma 2.4.3. Let wy; and wy be L*(R) functions. Assume that the derivative at
A =17 in the expression J(wy) exists, and that

Then,
j(wl + U)Q) = 3(w1)

Let us now give the proofs of Lemmas 2.4.1, 2.4.2, and 2.4.3. We start proving
Lemma 2.4.3. For it, is useful to introduce the bilinear form

Lo ) e (o)

d

1
2 d\

(w1, wy) = —
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and more generally, the bilinear forms

(w1, w2)x = —ﬁ /OOO {wl (AL) wo (;) + w <§> wy (At) — 2w1(75)w2(t)} dt,
(2.43)

for A > 1.

It is clear that limy(wy,wa)y = (w1, wy) whenever the limit exists, and that
(w,w) = J(w). The following lemma shows that these bilinear forms are positive
definite and, thus, they satisfy the Cauchy-Schwarz inequality.

Lemma 2.4.4. The following properties hold.
(a) (wy,ws)y is a bilinear map.
(b) (w,w)y >0 for allw € L*(R,).
(¢) (w1, wa)x|* < (wi, wi)r(wa, w2)y.
Proof. Part (a) is immediate. Part (b) follows from the Holder inequality
lwxwialler < llwallzallwiallze = wlz,
where w) (t) = w(At). Part (c) is a consequence of (a) and (b). O

Now, Lemma 2.4.3 is an immediate consequence of this Cauchy-Schwarz inequality.

Proof of Lemma 2.4.3. By Lemma 2.4.4 (iii) we have

0 < [(wi, w2) x| < v/(wi, w1)ry/ (w2, wa)y — 0.
Thus, (wq,wy) = limy}; (wy, wa)y = 0 and

TJ(wl + U}Q) = ’J(wl) + j(U)Q) + 2(101, U)Q) = j(wl)

Next we prove that J(h) = 0. For this, we will need a preliminary lemma.

Lemma 2.4.5. Let h be a function satisfying (i), (ii), and (iii) in Propostion 2.1.11,
A€ (1,3/2), and T € (0,1) be such that 7/2 > A\—1. Let a, 7y, and Cy be the constants
appearing in (i)-(ii)-(iii). Then,

Cmax{|t — N\, [t =1/} te(1—-71,1+7)
<< OA=1D)ME =171 te(0,1—-7)U(1+71,2)

t 2
'h()\t)h (X) — h(t) COr— 1217 t € (2,00),

where the constant C' depends only on Cy.
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Proof. Let t € (1 — 7,14 7). Let us denote h = h — h(1). Then,
h (M) h G) a2 =0 (;) R + A1) (ﬁ (M) + T G) _ 2%@)) |

Therefore, using that |A(t)| < Colt — 1|* and |2l Lo ry < Co, we obtain

B (M) R <§> — h(ty?

&7

+ C|t = 1* + C|At — 1]* +
t— =

o
Let now ¢t € (0,1 —7) U (1 4+ 7,2) and recall that A € (1,1 4+ 7/2). Define, for
e [1, A

< CM—1" |~ -1

t
A

+Olt—1)°

t
-1
+Ch

1
< Cmax{|t—)\|a,

000 = 1) (1) =

By the mean value theorem, ¢(\) = ¢(1)+v'(p)(A—1) for some p € (1, X). Moreover,
observing that ¥ (1) = ¢'(1) = 0, we deduce

[N < (A =D () = ' (1)]-
Next we claim that
W' () =" (V)] < Clu— 1Pt =177 (2.44)
This yields the desired bound for ¢t € (0,1 — 7) U (1 + 7, 2).
To prove this claim, note that
t t t
() = th' (ut h(—) — —h(ut)h (—)
(1) (ut) p Mz( ) .
Thus, using the bounds from (ii) with  replaced by ~, 1, and 1+ ~,

0=/ 0] < ) — ol ()] oo (£) = neo ol

M(i)—waﬂmg?|+4hww—h@ﬂmwﬂ

12

+1

v

t K C
< C|ut—wm—1—7+c'— —t| mTt =1+ = m~ 4
I I

t
- —t
W

C
+ EW —tPm =1+ C(p— Dt — 1]
<Cp—1)m™77,

where m = min {|ut — 1|, |t — 1], |¢t/p — 1]}
Furthermore, since p—1 < [t —1]/2, we have m > 1|t —1|, and hence (2.44) follows.
Finally, if t € (2, 00), with a similar argument but using the bound (iii) instead of
(ii), we obtain

[N < CA =127,

and we are done. ]
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Let us now give the

Proof of Lemma 2.4.2. Let us call

I, = /OOO {h()\t) h G) - h(t)2} dz.

For each A € (1,3/2), take 7 € (0,1) such that A — 1 < 7/2 to be chosen later. Then,
by Lemma 2.4.5,

1-7 1
L] < CO\— 1)1+7/ [t — 1|7 dt + C/ [t — A dt +
0 1—

1+T
1

+C (A — 1)2/ t175dt

2
COA=D)"7 74 C(r4+A=1D" +C0N =) +

T
«

1 2
- dt+0()\—1)1+7/ it — 1~ +

147

IN

1 a+1
+C (7’+1—X) +C(A—1)2

Choose now
T= ()‘ - 1)07

with # < 1 to be chosen later. Then,

1
T+A—-1<27 and T+1_X§2T’

and hence
L\ <C\ =1 Lo — 1) L o\ —1)%

Finally, choose # such that (a4 1)§ > 1 and 1+ v — 6y > 1, that is, satisfying

<f<1.

1+«
Then, for v = min{(a+1)0,1 +~v — 0} > 1, it holds

/0°° {hw) " (%) B h(t>2} dt‘ <cph-1p,

as desired. O

Next we prove Lemma 2.4.1.

Proof of Lemma 2.4.1. Let
wi(t) =log™ |t — 1] and  w(t) = X[o,1(t)-

We will compute first J(wy).



80 The Pohozaev identity for the fractional Laplacian

Define
tlog|r — 1
B(t) = / loglr —1f -
0

r

It is straightforward to check that, if A > 1, the function

1 t t
Ia(t) = (t—x)log|)\t—1|log X—l’—i—(z\—t)log X—l‘
A2 —1 t N—1_(A\—1)
- log(A> — 1)log |~ — 1| — v
og( )log |+ ‘ A <A2_1)
At —1
+2t — log | At — 1|

is a primitive of log |\t — 1|log |+ — 1|. Denoting I = [~ wy (At) wy () dt, we have

2 2
IL—-15L = /Alog|)\t—1|log£—1‘dt—/ log? |t — 1|dt
0 A 0
— o (2) = 0y0) -1
= Uy A
A2 —1 A2 A2 —2 2 2
- v —v “ S og (=1
() () G 03w ) 0
1 , 2 A0\ — 1)
(Y (2 1) - )

where we have used that

2 1 0
I = / log® [t — 1|dt = 2/ log? t'dt’ = 2/ r?e"dr = 2I'(3) = 4.
0 0 0

Therefore, dividing by A — 1 and letting A\ | 1,

>\2
277 log |t — 1
L= olm [F sl
M1 [a2_2 t
A2—1

2 log(%—l) 4
i 2 _ = e\ -
—I—lﬁrll{Qlog()\ 1)log (AZ 1) N1 NE

The first term equals to

M
2log|t —1
i [ 28l =g,

I

while the second, using that log(1 + =) ~ z for  ~ 0, equals to

2 -2 4
' 2 L) X N 4 —
1/\1?11{210g()\ 1) ()\2 2) 1 /\} 0+4—-4
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Hence,
d M 2log|t —1 M 21og |t
Sl = lim Hoglt =1,y / 2oglt] ),
d)\ A=1+ M —+o00 -M t M —~+oc0 M t+1
0 M
2log(—t 2logt
—  lim / 2log(=1) ,, +/ 8L gt
M —+o0 M t + ]_ 0 t + 1
M M “+o00
2logt 2logt 4logt
—  lim / °8 dt+/ 8Lt :/ —08 gt
M —+o00 0 1 - t 0 t + 1 0 1 - t2
1 400 1 1
4logt —4log < dt 4logt
N T T
) 1—12 A ) 1— 12
Furthermore, using that = = >_, ., *" and that
1 1 yin+1
t 1 1
/ t"logt dt:—/ —dt = ————,
0 o n+1t (n+1)2
we obtain ) )
log t 1
[ s o=
o 1—t s (2n+1) 8
and thus 4
J(wy) = — — I, =2
AA [ \oy+
Let us evaluate now J(wz) = J(X[o,17). We have
o At t dt %dt !
/0 X(0.1] (A) Xpo.1) (X) = /0 =3
Therefore, differentiating with respect to A we obtain J(ws) = 1.
Let us finally prove that (wq,wy) = 0, i.e., that
d /Al 1+ g t’dt 0 (2.45)
_ og — —|—/ og — — = U. .
dA A=1+ 0 0 A

We have

A
/ log |1 — At|dt =
0

and similarly,

Thus,

1

A b
/ log |1 — At|dt + / log
0 0

t 1
1——‘dt—2/ log |1 — t|dt
A 0
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2(0% — 1) (A —1)2 5
=|———log\ — ——| <4(\N—1)°.
T log | S40 -1
Therefore (2.45) holds, and the proposition is proved. ]

Finally, to end this section, we give the:

Proof of Proposition 2.1.11. Let us write ¢ = wy + h, where wy is given by (2.42).
Then, for each A > 1 we have

(¢, 0)x = (wo, wo)x + 2(wo, h)x + (hs h)a,
where (-, ), is defined by (2.43). Using Lemma 2.4.4 (c¢) and Lemma 2.4.2, we deduce
‘(gp, )\ — APn? — BZ| < |(w0,w0),\ — A?7n? — BQ‘ +CIA=1]".

The constants C' and v depend only on «, v, and Cy, and by Lemma 2.4.1 the right
hand side goes to 0 as A | 1, since (wg, wp)y — T(wp) as A | 1. O

2.5 Proof of the Pohozaev identity in non-star-shaped
domains

In this section we prove Proposition 2.1.6 for general C*! domains. The key idea is
that every C! domain is locally star-shaped, in the sense that its intersection with
any small ball is star-shaped with respect to some point. To exploit this, we use a
partition of unity to split the function u into a set of functions wuy, ..., u,,, each one
with support in a small ball. However, note that the Pohozaev identity is quadratic
in u, and hence we must introduce a bilinear version of this identity, namely

28 —n

/Q(x V) (—A)us di + /Q(x Vo) (—A)*uy dr = /Qul(—A)Suz dr+

26 —
2 n/u2(—A)Su1dx—F(1+s)2/ ﬂ@(Qc-u)da.
2 Jo 90 05 0°

(2.46)

The following lemma states that this bilinear identity holds whenever the two
functions u; and us have disjoint compact supports. In this case, the last term in the
previous identity equals 0, and since (—A)®u; is evaluated only outside the support of
u;, we only need to require Vu,; € L'(R").

Lemma 2.5.1. Let uy and uy be WH(R™) functions with disjoint compact supports
Ki and Ky. Then,

/K1 (x - Vup)(—A)’ug dr + / (- Vo) (—A)*uy do =

K>

2s—n 2s—n

_ /ul(—A)SUQdI—f—
2 Ji,

/ uz(—A)*uy dx.
K>
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Proof. We claim that
(=A)¥(z-Vu;) =2 - V(=A)u; +25(=A)*u;  in R"\K;. (2.47)

Indeed, using u; = 0 in R™\ K; and the definition of (—A)® in (2.2), for each z € R™\ K;
we have

(Ao Vo) = e, [
(x —y) - Vu(y) / —z - Vu,(y)
= Cns dy + cns o d
’/; o — gtz T e e — g Y

. /K div, (f;y) w(y)dy + 2 - (—A) Vaus(x)

-2
= s / Y wy)dy + o V(= A) ()
K;

as claimed.
We also note that for all functions w; and wy in L'(R™) with disjoint compact
supports W7 and Ws, it holds the integration by parts formula

—w,
Sw dy dq:—/ wso (—A)’wy. 2.48
oy = ﬂ;é;|x—mw% g, A e (248)

Using that (—A)%us is smooth in K; and integrating by parts,

/Kl(me)(—A)sW = —n/K1 wr(—A)*us _/K1 wn - V(—A) us.

Next we apply the previous claim and also the integration by parts formula (2.48) to
w; = uy; and wy = x - Vuy. We obtain

/K1 wz - V(=A)uy = /Kl ur(—A) (- Vug) — 23/ iy (— )i

Ky

:/K?(—A)sul(x~VuQ)—2$/ ur (A uy.

K,

Hence,
/Kl(x -Vup)(—A)ug = — /KQ(—A)Sul(x V) + (25 — n) /K1 (= A) s,

Finally, again by the integration by parts formula (2.48) we find

1 1
/ ul(—A)SUQ = 5/ ul(—A)SUQ + 5/ uz(—A)Sul,
Ky Ki Ko

and the lemma follows. O]



84 The Pohozaev identity for the fractional Laplacian

Figure 2.1:

The second lemma states that the bilinear identity (2.46) holds whenever the two
functions u; and uy have compact supports in a ball B such that 2N B is star-shaped
with respect to some point zy in 2N B.

Lemma 2.5.2. Let Q be a bounded C*' domain, and let B be a ball in R™. Assume
that there exists zg € QN B such that

(x—20) - v(r) >0  for allx € 02N B.

Let u be a function satisfying the hypothesis of Proposition 2.1.6, and let u; = un, and
ug = uny, where n; € CX(B), i = 1,2. Then, the following identity holds

2s—n

/B(a:'~Vul)(—A)SUde+/]3(:c~Vug)(—A)sul ar =2 /Bul(—A)SdeH-

26 —
+ 82 n/UQ(—A)Sulda:—F(1+s)2/ ﬂ%(xl/) do.
B

Proof. We will show that given n € C°(B) and letting @ = un it holds

/B@ Vi) (-AYade = 2" /Ba<—A)sa dz —T(1+ 5)2/8% (53)2 (z - v)do.

(2.49)

From this, the lemma follows by applying (2.49) with u replaced by (11 + 12)u and by
(m — m2)u, and subtracting both identities.

We next prove (2.49). For it, we will apply the result for strictly star-shaped do-

mains, already proven in Section 2.2. Observe that there is a C*! domain (2 satisfying

{a>00CcQcQNB and (z—z)- -v(z)>0 forallzed.

This is because, by the assumptions, 2N B is a Lipschitz polar graph about the point
20 € QN B and suppu C B’ CC B for some smaller ball B’; see Figure 2.1. Hence,
there is room enough to round the corner that 2N B has on 02 N 0B.

Hence, it only remains to prove that u satisfies the hypotheses of Proposition 2.1.6.
Indeed, since u satisfies (a) and 7 is C2°(B’) then @ satisfies

(@ s (wetrsiysop < CP"
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for all B € [s,1 + 2s), where 0(x) = dist(z, ). .
On the other hand, since u satisfies (b) and we have 76°/0° is Lipschitz in supp @
—because dist(z, 0\ Q) > ¢ > 0 for all x € supp t—, then we find
~ /s a—p3
[“/5 ]cﬁ({xeﬁzé(x»p}) <Cp

for all 5 € [a, s+ a].
Let us see now that @ satisfies (c), i.e., that (—A)*@ is bounded. For it, we use

(=A)%(un) = n(=A)%u +u(=A)"n = L;(u,n)

where I is given by (2.26), i.e.,

1,(u,m)(@) = ens /

(u(x) = uly)) () = n(w) ;-

n |[L’ _ y|n+2s

The first term is bounded since (—A)*u so is by hypothesis. The second term is
bounded since n € C(R"). The third term is bounded because v € C*(R") and
n € Lip(R™).

Therefore, @ satisfies the hypotheses of Proposition 2.1.6 with Q replaced by €,
and (2.49) follows taking into account that for all xy € o0 N supp @ = ON N supp @ we
have ~ ~

lim Et(a:) = lim u(x)
z—z0, 2€Q 0° (ZL’) =m0, 1€ 55(1.)

We now give the

Proof of Proposition 2.1.6. Let By, ..., By, be balls of radius r > 0 covering Q. By
regularity of the domain, if 7 is small enough, for each i, j such that B; N B; # @ there
exists a ball B containing B; U B; and a point zy € 2N B such that

(x —20)-v(x) >0  forall z € QN B.

Let {¢k}r=1,. m be a partition of the unity subordinated to Bj, ..., B,,, that is, a
set of smooth functions 1, ..., ¥, such that ¢ +--- 4+, = 1 in 2 and that ¢ has
compact support in By for each k£ = 1,...,m. Define u; = ui)y.

Now, for each i,j € {1,..,m}, if BN B; = @ we use Lemma 2.5.1, while if
B;N B; # @ we use Lemma 2.5.2. We obtain

/ (z - V) (=AY, de + / (2 V) (—A)u; da = 232_ n / wi(—A)u; dat
Q Q Q
+ 25— / uj(—A)*u;de — (1 + 8)2/ &?ﬁ(x -v)do
2 Q o0 0% 6%

for each 1 <i <m and 1 < j < m. Therefore, adding these identities for : = 1,...,m
and for j = 1,...,m and taking into account that u; + - -- + u,, = u, we find

28 —n

/Q(w-vu)(—A)Sudx: > /Qu(—A)Sudg;—mTW/m (%)2(:5-@ do,

and the proposition is proved. O
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To end this section we prove Theorem 2.1.1, Proposition 2.1.12, Theorem 2.1.9,
and Corollaries 2.1.2, 2.1.3, and 2.1.13.

Proof of Proposition 2.1.12 and Theorem 2.1.1. By Theorem 2.1.4, any solution u to
problem (2.8) satisfies the hypothesis of Proposition 2.1.6. Hence, using this proposi-
tion and that (—A)*u = f(z,u), we obtain

/Q(VU‘Z')J[(%U)C&: 2S;n/§2uf($,u)dx+mlT—i_s)2/m <%>2(93-1/)d0.

On the other hand, note that (Vu-z)f(z,u) =V (F(z,u)) - —z- F,(z,u). Then,
integrating by parts,

/Q(Vu-x)f(x,u)dx— —n/QF(x,u)da:—/Qx-Fx(w,u)da:.

If f does not depend on z, then the last term do not appear, as in Theorem 2.1.1. [

Proof of Theorem 2.1.9. As shown in the final part of the proof of Proposition 2.1.6
for strictly star-shaped domains given in Section 2.2, the freedom for choosing the
origin in the identity from this proposition leads to

o o T(+s)? w2
/mei(—A) wdm—T/aQ <§> v; do

for each ¢ = 1,...,n. Then, the theorem follows by using this identity with w = u + v
and with w = u — v and subtracting both identities. O]

Proof of Corollaries 2.1.2, 2.1.3, and 2.1.13. We only have to prove Corollary 2.1.13,
since Corollaries 2.1.2 and 2.1.3 follow immediately from it by setting f(z,u) = f(u)
and f(x,u) = |u|P~'u respectively.

By hypothesis (2.15), we have

-2
z S/uf(x,u)dxzn/F(:c,u)dx—i-/:C-Fx(:c,u)dx.
2 Ja 0 Q

This, combined with Proposition 2.1.12 gives

/ag <%)2($ -v)do < 0.

If Q is star-shaped and inequality in (2.15) is strict, we obtain a contradiction. On
the other hand, if inequality in (2.15) is not strict but w is a positive solution of
(2.8), then by the Hopf Lemma for the fractional Laplacian (see, for instance, [66] or

Lemma 3.2 in [249]) the function u/® is strictly positive in €2, and we also obtain a
contradiction. ]
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2.6 Appendix: Calculation of the constants c; and
C2

In Proposition 2.3.2 we have obtained the following expressions for the constants c;

and cs:
& 1—28 1+ 2f
= e d - d )
€1 = €3, an €2 /0 {‘1_x‘1+s + |1+$|1+s} x

where ¢, s is the constant appearing in the singular integral expression for (—A)® in
dimension n.

Here we prove that the values of these constants coincide with the ones given in
Proposition 2.1.10. We start by calculating c;.

Proposition 2.6.1. Let ¢, s be the normalizing constant of (—A)* in dimension n.
Then,
I'(1+ s)sin (%)

- :

C1

[V

Proof. Recall that
22T (242)

Cn’s = m (250)
Thus,
i ()
s = ———2L.
bR/ (1-3)
Now, using the properties of the Gamma function (see for example [6])
1
L(z)r (z + 5) =21722/71(22) and L)1 —2) = Sin?ﬂz)’
we obtain
L T(EIT() e 2T sT)sin(3)
2 Vi T(1=2)T (%) VT w/sin (%) 7T
The result follows by using that zI'(z) = I'(1 + 2). O

Let us now compute the constant c,.

Proposition 2.6.2. Let 0 < s < 1. Then,

/°° 1—2° n 1+ a° d T
r=—.
o UL —aftts |14 azftts tan (%)

For it, we will need some properties of the hypergeometric function 5F}, which we
prove in the next lemma. Recall that this function is defined as

o Fi(a,b;c;z) = Z Mi

= (¢), n!

for |z| <1,

where (a), = a(a+1)---(a+n—1), and by analytic continuation in the whole complex
plane.



88 The Pohozaev identity for the fractional Laplacian

Lemma 2.6.3. Let oFi(a,b;c; z) be the ordinary hypergeometric function, and s € R.
Then,

(i) For all z € C,

d s+1
—{Z 2F1(1+s,1+s;2+s;z)}—

dz |s+1 (1 — 2)tts’

(it) If s € (0,1), then

. 1 1
ilinl{5+12F1(1+S’1+8’2+S’x)_M}__

(1ir) If s € (0,1), then

ficor

lim
T—r+00

oFi(1+4s,1+5;24s;2) —

paag] S+12F1(1+s,1+3;2+s;—:v)}:iﬂ,

where the limit is taken on the real line.

Proof. (i) Let us prove the equality for |z| < 1. In this case,

d [ z5t! d (14 s)2 zntits
< Fi(l+s,1+82+s2) b =-— n =
dz{s+12 iL+s 1+ +S’Z)} dzz(2+s)nn!(s+1)

n>0

3 Oty (_1{ ) (—2)" = 2*(1 = )7,

n>0 n>0

where we have used that (2 + s), = %1;“5(1 + ), and that (‘;)!" = (—=1)"(7"). Thus,

by analytic continuation the identity holds in C.

(i) Recall the Euler transformation (see for example [6])
oy (a,b;cx) = (1 —2) Py Fi(c — a,c — by c; 1), (2.51)

and the value at z =1

L)l (c—a—10)
I'(c—a)l'(c—10)

oFi(a,b;c;1) = whenever a+b<ec. (2.52)

Hence,

1 e (L L2+ si2) — |
Fi(l+s,1+4s24sz) — = H :
Rk (1+s,1+52+s52) R T :
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and we can use I’Hopital’s rule,

z—1 (1 —x)° 1 —s(1 — )51
) (1 _ x)l—s
= —1i

o1 s(s+1)(s+2)

2F1(2a2a3 + S)‘T>

1
S F Fi(l+s1+s3+s:
21 s(s + 1) (s + 2) 2 L+ 814853+ 52)

Fi(1 1 ;13 i1

1
)
1 T'(3+ s)I(1 — s)
s(s+1)(s+2) T[(2)T(2)

We have used that

d 1
—SF(1.1: 24+ s:72) =
dx (L1 5 7) s+ 2

2F1(2,2;3+ s;2),

the Euler transformation (2.51), and the properties of the I" function

7r
2l(z) =T(z + 1), ()1 —-2)= ()
(iii) In [20] it is proved that
[(a)C(b) ca b —
m2F1<a,b,a+b,$) —1Og1_x+R+O<].) for x 1, (253)

where

R =—y¢(a) = () =,
1 is the digamma function, and v is the Euler-Mascheroni constant. Using the Pfaff
transformation [6]

oF1(a,byc;r) = (1 —2) "2 Fy (CL,C— b; c; Ll)
x_

and (2.53), we obtain

(1—,1')14-5 1 T
— L F(1 1 02 : = Fi(1 1:2 ;
1+S 2 1( +S7 +5a —f—S,I') 1+32 1 +57 ’ +S7ZL'—1
1
= 10g1 + R+ o0(1) for x~ 0.
— T

Thus, it also holds

_ \1+s 1
(1128 2F1(1+s,1+s;2+3;x)zlogl_x

+R+o0(1) for z~ oo,
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and therefore the limit to be computed is now
1 1
li 1 R)—|(1 R =1im.
zir—{lw{(ogl—w—i_ ) (Og1+l’+ )} .

Next we give the:

Proof of Proposition 2.6.2. Let us compute separately the integrals
1
1—2a° 1+ 2°
I = d
Rl e

o 1—2a° 14 a°
I = dx.
= [
By Lemma 2.6.3 (i), we have that

1—2° 1+ a2° 1 » 75+
/{(1_$)1+s+(1+x)1+s}dx:g(1_$) _S+12F1(1—|-$,1+8,2+S,:L')

and

1 x5t
_2(1 —s
S( + x) +5+1

oFi(14+ 5,14 5,2+ s;—x).

Hence, using 2.6.3 (ii),

U 1 1
I, = — — o Fi(1 1 ;2 ;—1).
"7 sin(ws) 325+s+12 L4814 5245 -1)

Let us evaluate now 5. As before, by Lemma 2.6.3 (i),

1—2x° 1+ 28 1 i SI5+1
/{(x—1)1+8+(x+1)1+s}dx:g<x_1) +(-1) S+12F1(1+S,1+3;2+s;x)

s+1

1 T
-1 —s
s( —HU) +s+1

Hence, using 2.6.3 (ii) and (iii),

oF (145,14 524 s;—x).

T 1 1
I, = — —1)° —— k(1 1 ;2 ;—1
2 i+ >Sin(7rs)+32S s+1° 1L +s 145245 1)
7+ cos(rs) T + isin(rs) U
= —im+ cos(ms isin(ms
sin(7s) sin(7s)
1 1
— Fi(1 1 ;2 ;—1
+s23 I 1(1+s,1+s524s;—1)

1
1 1
m P (145148248 —1).

tan(ms) N 25 s+1

Finally, adding up the expressions for I; and Iy, we obtain

/OO{ 1—2° N 14 x° }dw _ T :W_1+cos(7rs)
0 1 — x|t |14 z|tFs sin(rs)  tan(ms) sin(ms)

2 cos? (%) 7r
" 2sin (%S) cos (%S) " tan (%5) ’

as desired. [

= T
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Remark 2.6.4. Tt follows from Proposition 2.1.11 that the constant appearing in (2.10)

(and thus in the Pohozaev identity), T'(1 + s)?, is given by

c3 = i (m? + ).

We have obtained the value of ¢3 by computing explicitly ¢; and c¢;. However, an alter-
native way to obtain cg is to exhibit an explicit solution of (2.1) for some nonlinearity
f and apply the Pohozaev identity to this solution. For example, when 2 = B;(0),

the solution of
(—A)'u = 1 in By(0)
u = 0 in R"\B;(0)

can be computed explicitly [154, 24]:

2-257(n/2)

L (£2) (1 + )

u(z) = (1—z*)".

Thus, from the identity

2
(2s—n)/ udx—l—Qn/ udx:cg/ (%) (x-v)do
Bi(0) Bi(0) oB1(0) \O0

we can obtain the constant cs, as follows.
On the one hand,

2720 (n/2) s
/Bl(mu T (%52) T(1+5) /Bl(m (1= [elf) de
272T(n/2) s !
[ (2522) (1 + s) 0
2720 (n/2)

1
= \S"_l\§/0 21— r)sdr

[ (252) T(1 + )
B 2721 (n/2) ‘Snfl‘lF(n/Q)F(l +5)
T (M2)T(1+5) 20(n/2+1+s)’

where we have used the definition of the Beta function

1
Bla,b) = / 11— 1)t
0

and the identity

On the other hand,

U\ 2 2_28F(n/2) 2 .
/331@ (5—) (z-v)do = (r(%?s)r(us)) |51 2%,

(2.54)

(2.55)
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Thus, (2.55) is equivalent to

272 (n/2) IF(n/Q)T(l—I—S)_C( 27%T'(n/2) )2225
3 F( .

2 ) T+ ) 2 T2 + 1 s) ) T(1+ 5)

Hence, after some simplifications,

L(1+s)? n—i-QSF n+2s
Coq =
T T(n/2+1+s) 2 A

and using that
2I'(z) =T(1+ 2)

one finally obtains
cs = I'(1+s)?,

as before.



Chapter Three

NONEXISTENCE RESULTS FOR
NONLOCAL EQUATIONS WITH CRITICAL
AND SUPERCRITICAL NONLINEARITIES

We prove nonexistence of nontrivial bounded solutions to some nonlinear problems
involving nonlocal operators of the form

Lu(w) = = Y adyu+ PV [ (u(e) = uli + ) K (y)dy

n

These operators are infinitesimal generators of symmetric Lévy processes. Our results
apply to even kernels K satisfying that K (y)|y|"*? is nondecreasing along rays from
the origin, for some o € (0,2) in case a;; = 0 and for 0 = 2 in case that (a;;) is a
positive definite symmetric matrix.

Our nonexistence results concern Dirichlet problems for L in star-shaped domains
with critical and supercritical nonlinearities (where the criticality condition is in rela-
tion to n and o).

We also establish nonexistence of bounded solutions to semilinear equations in-
volving other nonlocal operators such as the higher order fractional Laplacian (—A)*
(here s > 1) or the fractional p-Laplacian. All these nonexistence results follow from
a general variational inequality in the spirit of a classical identity by Pucci and Serrin.

3.1 Introduction and results

The aim of this paper is to prove nonexistence results for the following type of nonlinear
problems

Lu = f(x,u) in Q
{ u = 0 in R™\Q, (3-1)

where 2 C R™ is a bounded domain, f is a critical or supercritical nonlinearity (as
defined later), and L is an integro-differential elliptic operator. Our main results
concern operators of the form

Lu(w) = PV [ (uta) = ulo -+ ) K()dy (32)

n

93
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and

Lu(z) = — Z a;;0iu + PV/ (u(z) — u(z + y)) K (y)dy, (3.3)

i !
where (a;;) is a positive definite matrix (independent of x € 2) and K is a nonnegative
kernel satisfying

2
K(y) = K(—y) and / vl _K (y)dy < oo. (3.4)
re 1+ [yl

These operators are infinitesimal generators of symmetric Lévy processes.

We will state two different nonexistence results, one corresponding to (3.2) and the
other to (3.3).

On the one hand, we consider operators (3.2) that may not have a definite order
but only satisfy, for some o € (0, 2),

K(y)|ly|™*° is nondecreasing along rays from the origin. (3.5)

Heuristically, (3.5) means that even if the order is not defined, o acts as an upper
bound for the order of the operator —see Section 3.2 for some examples. For these
operators we prove, under some additional technical assumptions on the kernel, nonex-
istence of nontrivial bounded solutions to (3.1) in star-shaped domains for supercritical

nonlinearities. When f(x,u) = |u|?"'u, the critical power for this class of operators is

__ n+4o
9= n>""

On the other hand, we establish the analogous result for second order integro-
differential elliptic operators (3.3) with kernels K satisfying (3.5) with ¢ = 2. In this
case, the critical power is ¢ = Z—Jjg

Moreover, we can use the same ideas to prove an abstract variational inequality that
applies to more general problems. For instance, we can obtain nonexistence results for
semilinear equations involving the higher order fractional Laplacian (—A)® (i.e., with
s > 1) or the fractional p-Laplacian.

When L is the Laplacian —A, the nonexistence of nontrivial solutions to (3.1)
for critical and supercritical nonlinearities in star-shaped domains follows from the
celebrated Pohozaev identity [237]. For positive solutions, this result can also be
proved with the moving spheres method [279, 242]. For more general elliptic operators
(such as the p-Laplacian, the bilaplacian A?, or k-hessian operators), the nonexistence
of regular solutions usually follows from Pohozaev-type or Pucci-Serrin identities [240).

When L is the fractional Laplacian (—A)® with s € (0, 1), which corresponds to
K(y) = cnsly]™ 2 in (3.2), this nonexistence result for problem (3.1) was first ob-
tained by Fall-Weth for positive solutions [129] (by using the moving spheres method).
In C*!' domains, the nonexistence of nontrivial solutions (not necessarily positive) can
be deduced from the Pohozaev identity for the fractional Laplacian, recently estab-
lished by the authors in [250, 248].

Both the local operator —A and the nonlocal operator (—A)® satisfy a property
of invariance under scaling. More precisely, denoting wy(z) = w(Az), these operators
satisfy Lwy(z) = A\ Lw(Az), with 0 = 2 in case L = —A and o = 2s in case L =

s

(—A)*. These scaling exponents are strongly related to the critical powers ¢ = Z—Jjg
and ¢ = 222 obtained for power nonlinearities f(z,u) = |u|? " u in (3.1).
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Here, we prove a nonexistence result for problem (3.1) with operators L that may
not satisfy a scale invariance condition but satisfy (3.5) instead. Our arguments are
in the same philosophy as Pucci-Serrin [240], where they proved a general variational
identity that applies to many second order problems. Here, we prove a variational
inequality that applies to the previous integro-differential problems.

Before stating our results recall that, given ¢ > 0 and 2 C R", the nonlinearity
f e ¥ Q1 x R) is said to be supercritical if

loc
n—ao

2

t f(x,t) >nF(z,t)+x- F(x,t) forall z€Q and t#0, (3.6)
where F'(z,t) fo z,7)dr. When f(z,u) = |u|?"u, this corresponds to ¢ > 2.

As explamed later on in this Introduction, by bounded solution of (3.1) we mean
a critical point u € L*>(2) of the associated energy functional.

Our first nonexistence result reads as follows. Note that it applies not only to
positive solutions but also to changing-sign ones.

In the first two parts of the theorem, we assume the solution u to be Wb for some
r > 1. This is a natural assumption that is satisfied when L is a pure fractional Lapla-
cian and also for those operators L with kernels K satisfying an additional assumption
on its “order”, as stated in part (c).

Theorem 3.1.1. Let K be a nonnegative kernel satisfying (3.4), (3.5) for some o €
(0,2), and

K is C'(R"\ {0}) and |VK(y)| < C %J) for all y 40 (3.7)

Jor some constant C. Let L be gwen by (3.2). Let Q C R™ be any bounded star-shaped
domain, and f € CZOO’E(Q x R) be a supercritical nonlinearity, i.e., satisfying (3.6). Let
u be any bounded solution of (3.1). The following statements hold:

(a) If u € WHT(Q) for some r > 1, then u = 0.

(b) Assume that K (y)|y|"*° is not constant along some ray from the origin, and that
the nonstrict inequality

n—o
2

holds instead of (3.6). If u € W' (Q) for some r > 1, then u = 0.

tf(x,t) >nF(x,t)+x- Fy(x,t) forall t€Q and teR  (3.8)

(c) Assume that in addition Q) is convex, that the kernel K satisfies
K(y)|y|"* is nonincreasing along rays from the origin (3.9)
for some € € (0,0), and that

max K (y) < C’%lén K(y) forallr € (0,1) (3.10)

0By

for some constant C. Then, u € W' (Q) for some r > 1, and therefore state-
ments (a) and (b) hold without the assumption u € W ().
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Note that in part (c¢) we have the additional assumption that the domain €2 is
convex. This is used to prove the W1" regularity of bounded solutions to (3.1) (and it
is not needed for example when the operator is the fractional Laplacian, see Remark
3.6.7). Note also that condition (3.5) means in some sense that L has order at most
o, while (3.9) means that L is at least of order ¢ for some small € > 0.

Some examples to which our result applies are sums of fractional Laplacians of
different orders, anisotropic operators (i.e., with nonradial kernels), and also operators
whose kernels have a singularity different of a power at the origin. More examples are
given in Section 3.2.

Note that for f(z,u) = |u|?'u, part (a) gives nonexistence for supercritical powers
q > %2 while part (b) establishes nonexistence also for the critical power ¢ = 2£2.
The nonexistence of nontrivial solutions for the critical power in case that K (y)|y|"*™
is constant along all rays from the origin remains an open problem. Even for the
fractional Laplacian (—A)*; this has been only established for positive solutions, and
it is not known for changing-sign solutions.

The existence of nontrivial solutions in (3.1) for subcritical nonlinearities was ob-
tained by Servadei and Valdinoci [268] by using the mountain pass theorem. Their
result applies to nonlocal operators of the form (3.2) with symmetric kernels K satis-
fying K (y) > Aly| ™.

As stated in Theorem 3.1.1, the additional hypotheses of part (c) lead to the
WLr(Q) regularity of bounded solutions for some r > 1. This is a consequence of the
following proposition.

Proposition 3.1.2. Let Q2 C R™ be any bounded and conver domain. Let L be an
operator satisfying the hypotheses of Theorem 3.1.1 (c), i.e., satisfying (3.2), (3.4),
(3.5), (3.7), (3.9), and (3.10). Let f € C2 (A x R), and let u be any bounded solution
of (3.1). Then,

cer@ny < C and (Vu(z)| < Co(x)2Y in Q, (3.11)

lul

where §(x) = dist(x,092) and C is a constant that depends only on Q, €, o, f, and
] oo o) -

Note that (3.11) and the fact that Q is convex imply u € W"(Q) for all 1 < r <
=5+ In (3.11) the exponents ¢/2 are optimal, as seen when L = (—A)</2 (see [254)).

Our second nonexistence result, stated next, deals with operators of the form (3.3).
Here, the additional assumptions on  and K leading to the W7 regularity of solu-
tions are not needed thanks to the presence of the second order constant coefficients
regularizing term.

Theorem 3.1.3. Let L be an operator of the form (3.3), where (a;;) is a positive
definite symmetric matriz and K is a nonnegative kernel satisfying (3.4). Assume in
addition that (3.7) holds, and that

K(y)|y|™™* is nondecreasing along rays from the origin. (3.12)

Let Q@ C R™ be any bounded star-shaped domain, f € 0071(5 x R), and u be any

loc

bounded solution of (3.1). If (3.8) holds with o = 2, then u = 0.
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Note that for f(z,u) = |u|?"'u we obtain nonexistence for critical and supercritical
powers g > 2.

The proofs of Theorems 3.1.1 and 3.1.3 follow some ideas introduced in our proof
of the Pohozaev identity for the fractional Laplacian [250]. The key ingredient in all
these proofs is the scaling properties both of the bilinear form associated to L and
of the potential energy associated to f. These two terms appear in the variational
formulation of (3.1), as explained next.

Recall that solutions to problem (3.1), with L given by (3.2) or (3.3), are critical

points of the functional
1
E(u) = i(u,u) - / F(z,u) (3.13)
Q

among all functions u satisfying v = 0 in R™ \ Q. Here, F(x,u) fo x,t)dt, and
(+,-) is the bilinear form associated to L. More precisely, in case that L is given by
(3.2), we have

(u,v) /n /n ) —u(z+y)) (v(z) —v(z+y)) K(y)dz dy, (3.14)

while in case that L is given by (3.3), we have

(u,v) = /A (Vu, Vo) dx—i—/n /n JH—y))( (x)— v(x—l—y))K(y)dxdy, (3.15)

where A(p,q) = p" Aq and A = (a;;) is the matrix in (3.3).

Both Theorems 3.1.1 and 3.1.3 are particular cases of the more general result that
we state next. This result establishes nonexistence of bounded solutions u € W7 (Q),
r > 1, to problems of the form (3.1) with variational operators L satisfying a scaling
inequality.

Proposition 3.1.4. Let E be a Banach space contained in L; (R™), and || - || be a
seminorm in E. Assume that for some o > 0 the seminorm || - || satisfies
wy € E and ||wy|| < X ¥ w]|| for everyw € E and A > 1, (3.16)

where wy(z) = w(Az).
Let Q0 C R™ be any bounded star-shaped domain with respect to the origin, p > 1,
and f € CONQ x R). Consider the energy functional

£(u) = }Qnuup - / Fla,u), (3.17)

where F(z,u) fo x,t)dt, and let u be a critical point of £ among all functions
u € E satisfying u = 0 in ]R" \ Q.
Assume that f is supercritical, in the sense that

at f(x,t) >nF(z,t)+x- F(x,t) forall x€Q and t#0. (3.18)

Ifu € L=(Q) N WL (Q) for some r > 1, then u = 0.
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Some examples to which this result applies are second order variational operators
such as the Laplacian or the p-Laplacian, the nonlocal operators in Theorems 3.1.1 or
3.1.3, or the higher order fractional Laplacian (—A)?® (here s > 1). See Section 3.2 for
more examples.

Remark 3.1.5. Proposition 3.1.4 establishes nonexistence of nontrivial bounded solu-
tions belonging to W1"(Q), r > 1. In general, removing the W' assumption may be
done in two different situations:

First, it may happen that the space Eg = {u € E : v =0 in R"\ Q} is embedded
in WL (Q), r > 1. This happens for instance when considering the natural functional
spaces associated to the Laplacian, the p-Laplacian with p > 1, the higher order
fractional Laplacian (—A)® (with s > 1), and of the nonlocal operators considered in
Theorem 3.1.3.

Second, even if the space Eq is not embedded in W'"| it is often the case that by
some regularity estimates one can prove that critical points of (3.17) belong to W,
r > 1. This occurs when the operator if the fractional Laplacian, and also in Theorem
3.1.1 (c), thanks to Proposition 3.1.2.

As said before, for local operators of order 2, the nonexistence of regular solutions
usually follows from Pohozaev-type or Pucci-Serrin identities [240]. Our proofs are in
the spirit of these identities. However, for nonlocal operators this type of identity is
only known for the fractional Laplacian (—A)® with s € (0,1) [250], and requires a
precise knowledge of the boundary behavior of solutions to (3.1) [254] (that are not
available for most L). To overcome this, instead of proving an identity we prove an
inequality which is sufficient to prove nonexistence. This approach allows us to require
much less regularity on the solution u and, thus, to include a wide class of operators
in our results.

The paper is organized as follows. In Section 3.2 we give a list of examples of op-
erators to which our results apply. In Section 3.3 we present the main ideas appearing
in the proofs of our results. In Section 3.4 we prove Proposition 3.1.4. In Section 3.5
we prove Theorems 3.1.1 and 3.1.3. Finally, in Section 3.6 we prove Proposition 3.1.2.

3.2 Examples
In this Section we give a list of examples to which our results apply.

(i) First, note that if K7, ..., K, are kernels satisfying the hypotheses of Theorem
3.1.1, and ay, ..., a,, are nonnegative numbers, then K = a1 Ky + --- + a, K,
also satisfies the hypotheses. In particular, our nonexistence result applies to
operators of the form

L=a(=A)" + - 4 ap(—A)*,

n+2 max a;
n—2maxa;

with a; > 0 and «; € (0,1). The critical exponent is ¢ =

(ii) Theorem 3.1.1 may be applied to anisotropic operators L of the form (3.2) with
nonradial kernels such as
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(iii)

(iv)

(vi)

(vii)

where H is any homogeneous function of degree 1 whose restriction to S™7 ! is
positive and C'. These operators are infinitesimal generators of o-stable sym-

metric Lévy processes. The critical exponent is ¢ = g

Theorem 3.1.1 applies also to operators with kernels that do not have a power-like
singularity at the origin. For example, the one given by the kernel

c

K(y) = , o€ (0,2),
|y|n+a log (2 + |y|>

whose singularity at y = 0 is comparable to |y|_”_"‘log |y||_1. In this example
we also have that the critical exponent is ¢ = 2+2

n—o’
Other examples of operators that may not have a definite order are given by

infinite sums of fractional Laplacians, such as L =), k%(—A)S_%.

Theorem 3.1.3 applies to operators such as L = —A + (—A)®, with s € (0,1),
and also anisotropic operators whose nonlocal part is given by nonradial kernels,

as in example (ii). For all these operators, the critical power is ¢ = Z—J_rg

One may take in (3.17) the W*?(R") seminorm

U\x
= [ [ O ey

This leads to nonexistence results for the s-fractional p-Laplacian operator, con-
sidered for example in [60, 143]. The critical power for this operator is ¢ = Zi—i;.
Our results can also be used to obtain a generalization of Theorem 8 in [240],
where Pucci and Serrin proved nonexistence results for the bilaplacian A% and
the polylaplacian (—A)X, with K positive integer. More precisely, Proposition
3.1.4 can be applied to the H*(R™) seminorm to obtain nonexistence of bounded
solutions u to (3.1) with L = (=A)*, s > 1. Note that the hypotheses u €
WLT(Q) is always satisfied, since the fractional Sobolev embeddings yield that
any function v € H*(R™) that vanishes outside 2 belongs to W7 (Q) for r = 2
(see Remark 3.1.5).

As an example, when n > 2s and f(u) = Au + |u|?"'u, one obtains nonexistence
of bounded solutions for A < 0 and ¢ > "*25 and also for A <0 and ¢ > ”*gz , as
in [240].

Proposition 3.1.4 can be applied to the usual W'?(Q2) norm to obtain nonex-
istence of bounded weak solutions to (3.1) with L = —A,, the p-Laplacian.
These nonexistence results were obtained by Otani in [232] via a Pohozaev-type
inequality.

More generally, we may consider nonlinear anisotropic operators that come from
setting

JullP = / H(Vu)|alde
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in (3.17), where H is any norm in R”. In this case, the critical power is ¢ = %.

For v+ = 0, some problems involving this class of operators were studied in
(17, 132, 112]. For v # 0, nonexistence results for these type of problems were
studied in [2].

(viii) From Proposition 3.1.4 one may obtain also nonexistence results for k-Hessian
operators Si(D?*u) with 2k < n. Recall that Sp(D?u) are defined in terms of the
elementary symmetric polynomials acting on the eigenvalues of D?u, and that
these are variational operators. In the two extreme cases k = 1 and k = n, we
have S;(D?*u) = Au and S, (D*u) = det D*u.

Tso studied this problem in [292], and obtained nonexistence of solutions u €
C*(Q) N CY(Q) in smooth star-shaped domains via a Pohozaev identity. Our
results give only nonexistence for supercritical powers ¢ > (ngik, and not for

the critical one. As a counterpart, we only need to assume the solution u to be
L®(Q) N W (Q).

3.3 Sketch of the proof

In this section we sketch the proof of the nonexistence of critical points to functionals
of the form

E(u) = %(u,u)+ /Q Flu), (3.19)

where (-, ) is a bilinear form satisfying, for some a > 0,
uy € E and  |luy]| == (un, un)Y? < X%(u,u)Y? for all A > 1, (3.20)

where uy(z) = u(Az). Of course, this is a particular case of Proposition 3.1.4, in
which p = 2, E is a Hilbert space, and f does not depend on x. Note that in this case
condition (3.16) reads as (3.20). In case of Theorems 3.1.1 and 3.1.3, the bilinear form
is given by (3.14) and (3.15), respectively.

The proof goes as follows. Since w is a critical point of (3.19), then we have that

(u,p) = / f(u)pdx for all p € E satisfying ¢ =0 in R™ \ Q.
Q

Next we use ¢ = uy, with A > 1, as a test function. Note that, by (3.20), we have
uy € E, and since (2 is star-shaped, then uy = 0 in R™ \ Q. Hence u, is indeed an
admissible test function. We obtain

(u,uy) = /Qf(u)u,\ dx for all A > 1. (3.21)

Now, we differentiate with respect to A in both sides of (3.21). On the one hand, since
u € L®(Q) N W (Q), one can show —see Lemma 3.4.2— that

AH/Qf(u)u’\dm:/Q(x'vu)f(u)dx:/Qx‘VF(U)dwz—n/F(u)dx_

a
5 o
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On the other hand,

d d d

— = — AL = — — 1

dA N (U, U)\) dA N1+ { )‘} a(“’ U) + dA N A

where
I)\ = /\O‘(u, U)\). (322)
We now claim that p

— I, <0. 2
D A <0 (3.23)

Indeed, using (3.20) and the Cauchy-Schwarz inequality, we deduce
Lo < Mullfluall < flull* = L,

and thus (3.23) follows. Therefore, we find

I < —a(u,u),
A=1+

d
—n/ﬂF(u)dw = —a(u,u) + o\

and since (u,u) = [, uf(u)dz,

/Quf(u)dx < E/QF(u)d:c.

From this, the nonexistence of nontrivial solutions for supercritical nonlinearities fol-
lows immediately.

In case of Theorem 3.1.1 (b) and Theorem 3.1.3, with a little more effort we will
be able to prove that (3.23) holds with strict inequality, and this will yield the nonex-
istence result for critical nonlinearities.

When the previous bilinear form is invariant under scaling, in the sense that (3.20)
holds with an equality instead of an inequality, then one has I = (u /s, u, / v/x)- In the
case L = (—A)*, it is proven in [250] that

d w2
Bl h=TaEs) /aQ (5—> (- v)dS,

where 6(x) = dist(x,02). This gives the boundary term in the Pohozaev identity for
the fractional Laplacian.

Remark 3.3.1. This method can also be used to prove nonexistence results in star-
shaped domains with respect to infinity or in the whole space 2 = R"™. However, one
need to assume some decay on u and its gradient Vu, which seems a quite restrictive
hypothesis. More precisely, when f(u) = |u|? 'u and the operator is the fractional

Laplacian (—A)*, this proof yields nonexistence of bounded solutions (decaying at

infinity) for subcritical nonlinearities ¢ < Zf—g‘; in star-shaped domains with respect to

infinity, and for noncritical nonlinearities q # %32 in the whole R™. The classification
n+2s

of entire solutions in R™ for the critical power ¢ = 522 was obtained in [94].



102 Nonexistence results for nonlinear nonlocal equations

3.4 Proof of Proposition 3.1.4

In this section we prove Proposition 3.1.4. For it, we will need the following lemma,
which can be viewed as a Holder-type inequality in normed spaces. For example,

for [lull = (fgn [ul?) M P we recover the usual Holder inequality (assuming that the
Minkowski inequality holds).

Lemma 3.4.1. Let E be a normed space, and || - || a seminorm in E. Let p > 1, and
define ® = %H ||P. Assume that ® is Gateaux differentiable at uw € E, and let D®(u)
be the Gateaux differential of ® at w. Then, for all v in E,

(D (u),v) < p@(u)/¥ @(v)'/7,

where % + % = 1. Moreover, equality holds whenever v = u.

Proof. Since ®'/? is a seminorm, then by the triangle inequality we find that
O(u +ev) < {@(u)? + 6®(v)l/p}p

for all v and v in E and for all £ € R. Hence, since these two quantities coincide for
e =0, we deduce

O(u+ev) < 4 {@(u)'? + 5@(@)1/p}p = p®(u)/P'd(v)V?,

(DD (). v) =

- E e=0
and the lemma follows. O
Before giving the proof of Proposition 3.1.4, we also need the following lemma.

Lemma 3.4.2. Let Q C R™ be any bounded domain, and let w € W' (Q), r > 1.
Then,
Uy —u

A—1

—x-Vu weakly in L'(),
where uy(x) = u(Ax).

Proof. Similarly to [124, Theorem 5.8.3], it can be proved that

J

Thus, since 1 < 7 < oo, then L” 2 (L") and hence there exists a sequence A\, — 1,
and a function v € L"(Q2), such that

Uy —Uu

A—1

dx < C/ |Vul|"dz.
0

Uy, — U
A —1

— v weakly in L"(2).
On the other hand note that, for each ¢ € C'°(Q2), we have

/Qu(x-qu)dx:—/Q(:U-Vu)¢dx—n/u¢dx.

Q
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Moreover, it is immediate to see that, for A sufficiently close to 1,

O — __1/U1/,\—U )\_"—1/
P o N et A de.
/Q“A—l v LT vl Ty [ uede

Therefore,
L Gr/xn, — @
/Qu(x-qu)dac = kll_)nolo Qul/)\k—_ldx
Uy, — U

= lim —

el A v gbdx—n/ﬂugbdx

:—/Qvgbd:);—n/ﬂz@d:v.

Thus, it follows that v = x - Vu.
Now, note that this argument yields also that for each sequence i, — 1 there exists

a subsequence A\, — 1 such that

Uy, — U

. —x-Vu weakly in L"(Q).
A —1

Since this can be done for any sequence i, then this implies that

BN 1 weakly in L"(2).
A—1
Finally, since L"(Q2) C L*(2), the lemma follows. O

We can now give the:

Proof of Proposition 3.1.4. Define ® = éH - ||P. Since w is a critical point of (3.17),
then

(D@(u),gp}z/ﬂf{x,u)gpdm (3.24)

for all p € E satisfying ¢ = 0 in R™\ 2. Since (2 is star-shaped, we may choose ¢ = uy,
with A > 1, as a test function in (3.24). We find

(DP(u),uy) = /Qf(x,u)uAdx for all A > 1. (3.25)

We compute now the derivative with respect to A at A = 1% in both sides of (3.25).
On the one hand, using Lemma 3.4.2 we find that

L
dx

A_1+/quf(l”,u)alx = /(ZE'Vu)f(:v,u) d

Q

= /Q{x V(F(z,u) — - Fy(z,u) }dz (3.26)

= — /Q{nF(a:,u) + - Fy(z,u) }da.
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Note that here we have used also that F(z,u) € W'(Q), which follows from u €
L>(Q), (z-Vu)f(x,u) € L"(Q), and z - F,(z,u) € L™.
On the other hand, let

Iy = X(DP(u), uy). (3.27)
Then,
d d
— (D®(u),uy) = —a(DP(u),u) + — I,
dA A=1+ dA =1+t (3 28)
g .
=—a [ uf(z,u)dr + — I,
/Q (7, u) Y

where we have used that (D®(u),u) = [, uf(z,u)dz, which follows from (3.25).
Now, using Lemma 3.4.1 and the scaling condition (3.16), we find

Iy = A(DP(u), un) < pA D (u) P D(un)"/? = APV
< ul PP = |full? = p @(u) = (D®(u), u) = L,

where 1/p + 1/p" = 1. Therefore,

I, <0.

Thus, it follows from (3.25), (3.26), and (3.28) that

- [{nF@a) + o Bewlar < —a [ uf(euan,

which contradicts (3.18) unless u = 0. O

3.5 Proof of Theorems 3.1.1 and 3.1.3

This section is devoted to give the

Proof of Theorem 3.1.1. Recall that u is a weak solution of (3.1) if and only if

(u, ) = /Q flz,u)pde (3.29)

for all ¢ satisfying (¢, ¢) < oo and ¢ = 0 in R™ \ 2, where (-,-) is given by (3.14).
Note that (3.16) is equivalent to (3.5). Thus, part (a) follows from Proposition 3.1.4,

where o = #57.
Moreover, it follows from the proof of Proposition 3.1.4 that

_ /Q{nF(x,u) + - Fy(z,u)}de = g ; n /Quf(g;,u)dx + % L I, (3.30)

where

B=nF [ [ ()~ o ) () — sl + ) K)oy,
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Thus, to prove part (b), it suffices to show that

d

5l <o (3.31)

A=1+

Following the proof of Proposition 3.1.4, by the Cauchy-Schwarz inequality we find

Ly < A2 | flual

= \/_(/n /n ) — u( :1:—|—z))2)\—n—aK(Z/)\)dde>1/2
/" / —ula +2) AT TK (2 \)da dz

< Il.

Denote now K(y) = g(y)/|y|"™. Then,

// )= u(w+ )" {K(y) = A\ K(y/\)} d dy

/n / ,_yﬁijL ). {9(y) — 9(y/N) }dz dy,

and therefore, by the Fatou lemma

z) —u(z +y)
I, > = / / — ) y - Vg(y)dz dy.
A=1+ 2 Jrn Jre |y|

Now, recall that g € C*(R™\ {0}) is nondecreasing along all rays from the origin and
nonconstant along some of them. Then, we have that y - Vg(y) > 0 for all y, with
strict inequality in a small ball B. This yields that

—u(x +y))
-Vg(y)dz dy > 0
// |y|n+a y - Vg(y)dz dy

unless u = 0. Indeed, if u(z) — u(x +y) = 0 for all z € R™ and y € B then u is
constant in a neighborhood of z, and thus « is constant in all of R".
Therefore, using (3.30) we find that if « is a nontrivial bounded solution then

_5

n—o
2

/Quf(x,u)dx < /Q{nF(a:,u) oz Fy(r,u) e,

which is a contradiction with (3.8).
Finally, part (c) follows from (a), (b), and Proposition 3.1.2. O

To end this section, we give the

Proof of Theorem 3.1.3. As explained in the Introduction, weak solutions to problem
(3.1) with L given by (3.3) are critical points to (3.17) with p = 2 and with

lull* = / A(Vu,Vu) da:—i—/ / ) —u :U—l—y)) K(y)dzdy,
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where A(p, q) = p" Aq and A = (a;;) is the matrix in (3.3). It is immediate to see that

this norm satisfies (3.16) with a = 32 whenever (3.12) holds. Moreover, since A is

positive definite by assumption, then ||ully12) < cllul|?, and hence u € W' (Q) with
r=2.
Then, it follows from the proof of Proposition 3.1.4 that

—9 d
z /uf(x udx—/{anu)—l—x Fy(z,u)}de + — I,
2/, X

A=1+

where

I,=\ / (Vu, Vuy)dx +
(3.32)
+A/n/n z) — u(z +y)) (ur(z) — ur(z + y)) K (y)dzdy.

Now, as in the proof of Theorem 3.1.1, we find

/n / Tyﬁzf;y) {9(y) = gly/N) }dy.

where g(y) = K(y)|y|"™. Thus, differentiating with respect to A, we find that

z) —u(z +y))°

|y
1+]y|?

that lim;_,o g(t7) = 0 for almost all 7 € S"~!. Thus, if K is not identically zero then
y - Vg(y) is positive in a small ball B, and hence

d

Moreover, since fR" K(y)dy < oo and g is radially nondecreasing, then it follows

d

EX I, >0

A=1+

unless v = 0, which yields the desired result. O]

3.6 Proof of Proposition 3.1.2

In this section we prove Proposition 3.1.2. To prove it, we follow the arguments used
in [254], where we studied the regularity up to the boundary for the Dirichlet problem
for the fractional Laplacian. The main ingredients in the proof of this result are the
interior estimates of Silvestre [270] and the supersolution given by the next lemma.

Lemma 3.6.1. Let L be an operator of the form (3.2), with K symmetric, positive,
and satisfying (3.9). Let (x) = (mn)i/2 Then,

Ly >0 in RY,

where R} = {x, > 0}.
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Proof. Assume first n = 1. Let x € R,. Since K is symmetric, we have
1 [t
Do) =5 [ (200) = v ) = ¥l ~ ) K5)dy,

Then, it is immediate to see that there exists p > 0 such that

2¢(z) =Pz +y) — (e —y) >0 for [yl <p
and
2¢(z) =Yz +y) -l —y) <0 for[y[ > p.

Thus, using that K (y)|y|'* is nonincreasing in (0, +00), and that (—A)“%¢y = 0 in
R+, we ﬁnd

L) =5 [ (0~ (e ) ) Ky
r3 ) v ) ) Ky

1 2 bt — ol — oy B2
>5[ o) vt )

! K(p)lp|™*
= /y|>p(2¢(x) Ul +y) — v —y) =y

ol [T 2() — et y) — Y — )
=Ko [ e dy

= K(p)lpl"*(~A) () = 0.

Thus, the lemma is proved for n = 1.
Assume now n > 1, and let x € R”}. Then,

o0

Lip(w) = % / (20(x) — ¥(x +y) — ¥z — 1)) K (y)dy
1 : oo (3.33)
1 /S ( /_ (V(2) =Pz +t7) = (x - tT))t”—lK(tT)dt) dr.

Now, for each 7 € S"7!, the kernel K;(t) := t" 'K (t7) satisfies K;(t)t'™ is nonin-
creasing in (0, +00), and in addition

U(x+71t) = (2, + 7'7175)1/2 = 7%z )T + t)i/g.

Thus, by using the result in dimension n = 1, we find

/_m (V(x) =z +t1) — iz — t7)) " K (tr)dt > 0. (3.34)

o0

Therefore, we deduce from (3.33) and (3.34) that Li(x) > 0 for all x € R"}, and
the lemma is proved. O
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The following result is the analog of Lemma 2.7 in [254].

Lemma 3.6.2. Under the hypotheses of Proposition 3.1.2, it holds
lu(z)| < Co(z)*  for all x € Q,
where C' is a constant depending only on S, €, and ||u||L=(q)-

Proof. By Lemma 3.6.1, we have that ¢(z) = (Zﬂn)i/z satisfies L1 > 0 in R”. Thus, we
can truncate this 1D supersolution in order to obtain a strict supersolution ¢ satisfying
p=¢in{z, <1}, ¢=11in {x, > 1}, and Lo > ¢y in {0 < z, < 1}.

We can now use C'¢ as a supersolution at each point of the boundary 02 to deduce
lu| < C6/? in €; see Lemma 2.7 in [254] for more details. O

We next prove the following result, which is the analog of Proposition 2.3 in [254].

Proposition 3.6.3. Under the hypotheses of Proposition 3.1.2, assume that w €
L>(R™) solves Lw = g in By, with g € L>. Then, there exists a > 0 such that

[wl|ca(s,,5) < C (gl + W]l e @ny) (3.35)
where C' depends only on n, €, o, and the constant in (3.10).

Proof. With slight modifications, the results in [270] yield the desired result.
Indeed, given § > 0 conditions (3.5), (3.9), and (3.10) yield

n_ -
kLb(x) + 24n\31/4(|8y| 1)K (y)dy < 5 AcBlgnf|A|>6/ K(y)d (3.36)

for some k and 1 depending only on n, €, o, and the constant in (3.10). Moreover,
since our hypotheses are invariant under scaling, then (3.36) holds at every scale. Note
that (3.36) is exactly hypothesis (2.1) in [270].

Then, as mentioned by Silvestre in [270, Remark 4.3], Lemma 4.1 in [270] holds
also with (4.1) therein replaced by Lw < vy in By, with vy depending on k. Therefore,
the Holder regularity of w with the desired estimate (3.35) follows from [270, Theorem
5.1].

Note that it is important to have o strictly less than 2, since otherwise condition
(3.36) does not hold. O

The following is the analog of Proposition 2.2 in [254].

Proposition 3.6.4. Under the same hypotheses of Proposition 3.1.2, assume that
w € CP(R") solves Lw = g in By, with g € CP, 8 € (0,1). Then, there exists a > 0
such that

lwlls+acs, ) < C (llgllcsy + lwllcsmny)  if B+a <1,

HwHCO’l(B1/2) <C (HgHCﬂ(Bﬂ + kucﬂ(R")) Zf ﬁ +a>1,
where C' and o depend only on n, €, o, and the constants in (3.10) and (3.7).
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Proof. 1t follows from the previous Proposition applied to the incremental quotients
(w(x + h) —w(x))/|h|? and from Lemma 5.6 in [59)]. O

As a consequence of the last two propositions, we find the following corollaries.
The first one is the analog of Corollary 2.5 in [254].

Corollary 3.6.5. Under the same hypotheses of Proposition 3.1.2, assume that w €
L>(R™) solves Lw = g in By, with g € L*®. Then, there exists o > 0 such that

[wllcaes, ) < C (I9llee(p) + Wil + 1L+ [y) " w(y)ll @) .
where C' depends only on n, €, o, and the constants in (3.7) and (3.10).
Proof. Using (3.7), the proof is exactly the same as the one in [254, Corollary 2.5]. [
The second one is the analog of Corollary 2.4 in [254].

Corollary 3.6.6. Under the same hypotheses of Proposition 3.1.2, assume that w €
CP(R") solves Lw = g in By, with g € C®, B € (0,1). Then, there exists a > 0 such
that

lwllosseq,m < C (Igllesion + lwlo + 10+ )™ w @)l

if B+ a <1, while

[wllcorp,,,) < C (HQHCﬁ(Bl) + lwll sz + 11+ \y!)fn%w(y)HLl(Rn))

if B+ a > 1. The constant C depends only on n, €, o and the constants in (3.7) and
(3.10).

Proof. Using (3.7), the proof is the same as the one in [254, Corollary 2.4]. O
We can finally give the

Proof of Proposition 3.1.2. Let now x € €, and 2R = dist(x,0f2). Then, one may
rescale problem (3.1)-(3.2) in Bg = Bgr(x), to find that w(y) := u(z + Ry) satisfies
1wl ey < CRY?, Jw(y)] < CRY?(1+ |y|?) in R", and || Lrw||z=(p,) < CRE, where

Lroy) = [ (wly) = wly+ 2) Kn(u)dy

and Kg(y) = K(Ry)R"".
Moreover, it is immediate to check that (3.7) yields

Kr(y)
Y

[VEgr(y)| < C

9

with the same constant C' for each R € (0,1). The other hypotheses of Proposition
(3.1.2) are clearly satisfied by the kernels Ky for each R € (0,1).
Hence, one may apply Corollaries 3.6.5 and 3.6.6 (repeatedly) to obtain

IVw(0)] < CR.
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From this, we deduce that |Vu(z)| < CR3~!, and since this can be done for any z € ,
we find
|Vu(z)| < Co(z)2~1 in Q,

as desired. The C/?(R") regularity of u follows immediately from this gradient bound.
O

Remark 3.6.7. The convexity of the domain has been only used in the construction
of the supersolution. To establish Proposition 3.1.2 in general C'*! domains, one only
needs to construct a supersolution which is not 1D but it is radially symmetric and
with support in R” \ By, as in [254, Lemma 2.6, where it is done for the fractional
Laplacian.



Chapter Four

BOUNDARY REGULARITY FOR FULLY
NONLINEAR INTEGRO-DIFFERENTIAL
EQUATIONS

We study fine boundary regularity properties of solutions to fully nonlinear elliptic
integro-differential equations of order 2s, with s € (0,1).

We consider the class of nonlocal operators £, C Ly, which consists of all the
infinitesimal generators of stable Lévy processes belonging to the class £, of Caffarelli-
Silvestre. For fully nonlinear operators I elliptic with respect to L., we prove that
solutions to Iu = f in Q, u = 0 in R*\ Q, satisfy u/d* € C*~¢(Q) for all € > 0, where
d is the distance to 0€2 and f € L.

We expect the Holder exponent s — € to be optimal (or almost optimal) for right
hand sides f € L*. Moreover, we also expect the class L, to be the largest scale
invariant subclass of £ for which this result is true. In this direction, we show that
the class Ly is too large for all solutions to behave like d°.

The constants in all the estimates in this paper remain bounded as the order of
the equation approaches 2.

4.1 Introduction and results

This paper is concerned with boundary regularity for fully nonlinear elliptic integro-
differential equations.

Since the foundational paper of Caffarelli and Silvestre [69], ellipticity for a non-
linear integro-differential operator is defined relatively to a given set £ of linear trans-
lation invariant elliptic operators. This set L is called the ellipticity class.

The reference ellipticity class from [69] is the class £y = Ly(s), containing all
operators L of the form

pute) = [ (ML )) Koy (1)

2

—n—2s

with even kernels K (y) bounded between two positive multiples of (1 — s)|y| ,
which is the kernel of the fractional Laplacian (—A)®.

111
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In the three papers [69, 70, 71], Caffarelli and Silvestre studied the interior regu-
larity for solutions u to
{Iu = f inQ (4.2)

u = g inR"\Q,

being I a translation invariant fully nonlinear integro-differential operator of order 2s
(see the definition later on in this Introduction). They proved existence of viscosity
solutions, established C'*® interior regularity of solutions [69], C?*T® regularity in
case of convex equations [71], and developed a perturbative theory for non transla-
tion invariant equations [70]. Thus, the interior regularity for these equations is well
understood.

However, very few is known about the boundary regularity for fully nonlinear
problems of fractional order.

When 1 is the fractional Laplacian —(—A)?®, the boundary regularity of solutions
u to (4.2) is now well understood. The first result in this direction was obtained by
Bogdan, who established the boundary Harnack principle for s-harmonic functions [25]
—i.e., for solutions to (—A)*u = 0. More recently, we proved in [249] that if f € L,
g =0, and Q is C*! then u € C*(R") and u/d* € C*(Q) for some small o > 0, where
d is the distance to the boundary 0. Moreover, the limit of u(z)/d*(z) as x — 02
is typically nonzero (in fact it is positive if f < 0), and thus the C* regularity of w is
optimal. After this, Grubb [163] showed that when f € C® with 8 > 0 (resp. f € L*),
g =0, and Q is smooth, then u/d* € C***=<(Q) (resp. u/d* € C*~¢(Q)) for all € > 0.
In particular, f € O™ leads to u/d* € C*°(Q). Thus, the correct notion of boundary
regularity for equations of order 2s is the Holder regularity of the quotient u/d®.

Besides these works for the fractional Laplacian, no other result on fine boundary
regularity for more general operators was known —mnot even for linear equations.

Here, we obtain boundary regularity for fully nonlinear integro-differential problems
of the form (4.2) which are elliptic with respect to a class £, C L, defined as follows.
L, consists of all linear operators of the form

Lu(z) = (1 —s) / (W ty tulz=y) u(x)) W) g (a3

2 |y|n+25

with
a € L(S™ 1Y) satisfying A <a <A, (4.4)

where 0 < A < A are called ellipticity constants. The class L, consists of all infinites-
imal generators of stable Lévy processes belonging to L£y. Our main result establishes
that when f € L>, g =0, and € is C'!, viscosity solutions u satisfy

u/d® € C°7¢(Q) for all € > 0. (4.5)

We also obtain boundary regularity for problem (4.2) with exterior data g € C?,
and also for non translation invariant operators J(u,z). These results apply to fully
nonlinear equations, but they are new even for linear translation invariant equations
Lu = f with L as in (4.3).

We believe the Holder exponent s — € in (4.5) to be optimal (or almost optimal)
for merely bounded right hand sides f. Moreover, we expect the class L, to be the
largest scale invariant subclass of £, for which this result is true.
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For general elliptic equations with respect to Ly, no fine boundary regularity results
like (4.5) hold. In fact, the class L is too large for all solutions to be comparable to d*
near the boundary. Indeed, we show in Section 2 that there are powers 0 < 1 < s < [35
for which the functions (z,)?" and (z,)% satisfy

MZO(xn)il =0 and ]\420(31571)&2 =0 in {z, >0},

where MZ“O and M are the extremal operators for the class Lo; see their definition in
Section 2. Hence, since (—A)*(z,)%. = 0 in {z, > 0}, we have at least three functions
which solve fully nonlinear elliptic equations with respect to £y but which are not
even comparable near the boundary {z,, = 0}. As we show in Section 2, the same
happens for the subclasses £; and L5 of Ly, which have more regular kernels and were
considered in [69, 70, 71].

4.1.1 The class L.

The class L, consists of all infinitesimal generators of stable Lévy processes belonging
to Ly. This type of Lévy processes are well studied in probability, as explained next.
In that context, the function a € L>°(S™1) is called the spectral measure.

Stable processes are by several reasons a natural extension of Gaussian processes.
For instance, the Generalized Central Limit Theorem states that the distribution of a
sum of independent identically distributed random variables with heavy tails converges
to a stable distribution; see [255], [196], or [12] for a precise statement of this result.
Thus, stable processes are often used to model sums of many random independent per-
turbations with heavy-tailed distributions —i.e., when large outcomes are not unlikely.
In particular, they arise frequently in financial mathematics, internet traffic statistics,
or signal processing; see for instance [236, 213, 214, 228, 229, 230, 3, 186, 233, 168]
and the books [227, 255].

Linear equations Lu = f with L in the class £, have been already studied, specially
by Sztonyk and Bogdan; see for instance [280, 28, 239, 29, 30, 281]. Although there
were some results on the boundedness of u/d®, the Holder regularity for the quotient
u/d® was not known. In this paper we establish it for linear and for fully nonlinear
equations.

Notice that all second order linear uniformly elliptic operators are recovered as
limits of operators in £, = L.(s) as s — 1. In particular, all second order fully
nonlinear equations F(D?u,z) = f(z) are recovered as limits of the fully nonlinear
integro-differential equations that we consider. Furthermore, when s < 1 the class
of translation invariant linear operators L£,(s) is much richer than the one of second
order uniformly elliptic operators. Indeed, while any operator in the latter class is
determined by a positive definite n x n matrix, a function a : S*~! — R* is needed to
determine an operator in L,(s).

A key feature of the class L, for boundary regularity issues is that

L(z,); =0 in {x, >0} forall L € L,.

This is essential first to construct barriers which are comparable to d®, and later to
prove finer boundary regularity.
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4.1.2 Equations with “bounded measurable coefficients”

The first result of in this paper, and on which all the other results rely, is Proposition
4.1.1 below.

Here, and throughout the article, we use the definition of viscosity solutions and
inequalities of [69]. Moreover, for r > 0 we denote

Bf =B.n{z, >0} and B, = B,N{z, <0},

and the constants A and A in (4.4) are called ellipticity constants.
The extremal operators associated to the class £, are denoted by MZ* and M, ,

Mfuw=sup Lu and M, u= inf Lu.
E* ﬁ*
LGL* LGE*

Note that, since £, C Lo, then My < M; < M7 < M} .

Proposition 4.1.1. Let s € (0,1) and s € [so, 1). Assume that uw € C(B;) N L*(R")
s a viscosity solution of

Mfu > —Cy in By
M;u < Cy in B (4.6)
u =0 n By,

for some nonnegative constant Cy. Then, u/xs is C’a(Bfr/Q) for some o > 0, with the
estimate

/2 llonas,) < € (Co+ lullz=qn) - (47)
The constants o and C' depend only on n, sg, and the ellipticity constants.

It is important to remark that the constants in our estimate remain bounded as
s — 1. This means that from Proposition 4.1.1 we can recover the classical boundary
Harnack inequality of Krylov [189].

The estimate of Proposition 4.1.1 is only a first step towards our results. It is
obtained via a nonlocal version of the method of Krylov [189] for second order equations
with bounded measurable coefficients; see also Section 9.2 in [59]. This method has
been adapted to nonlocal equations by the authors in [249], where we proved estimate
(4.7) for the fractional Laplacian (—A)* in C'!' domains.

As explained before, our main result is the C*~¢ regularity of u/d® in C''' domains
for solutions u to fully nonlinear integro-differential equations (see the next subsection).
Thus, for solutions to the nonlinear equations we push the small Hélder exponent a > 0
in (4.7) up to the exponent s—e in (4.5). To achieve this, new ideas are needed, and the
procedure that we develop differs substantially from that in second order equations.
We use a new compactness method and the “boundary” Liouville-type Theorem 4.1.5,
stated later on in the Introduction. This Liouville theorem relies on Proposition 4.1.1.

4.1.3 Main result

Before stating our main result, let us recall the definition and motivations of fully
nonlinear integro-differential operators.
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As defined in [69], a fully nonlinear operator I is said to be elliptic with respect to
a subclass £ C L, when

My (u—v)(x) < Tu(z) —To(z) < M/ (u—v)(z)

for all test functions u, v which are C? in a neighborhood of 2 and having finite integral
against ws(z) = (1 — s)(1 + || ~"2%). Moreover, if

I (u(xo+-)) (z) = (Tu)(zo + ),

then we say that I is translation invariant.

Fully nonlinear elliptic integro-differential equations naturally arise in stochastic
control and games. In typical examples, a single player or two players control some
parameters (e.g. the volatilities of the assets in a portfolio) affecting the joint distri-
bution of the random increments of n variables X (t) € R™. The game ends when X (¢)
exits for the first time a certain domain ) (as when having automated orders to sell
assets when their prices cross certain limits).

The walue or expected payoff of these games u(x) depends on the starting point
X (0) = x (initial prices of all assets in the portfolio). A remarkable fact is that value
u(z) solves an equation of the type Iu = 0, where

Iu(z) =sup(Lau+c,) or Iu(z)= i%f sup(Lagt + Cag)- (4.8)

The first equation, known as the Bellman equation, arises in control problems (a
single player), while the second one, known as the Isaacs equations, arises in zero-sum
games (two players). The linear operators L, and L,g are infinitesimal generators
of Lévy processes, standing for all the possible choices of the distribution of time
increments of X (t). The constants ¢, and ¢, are costs associated to the choice of
the operators L, and L,g. More involved equations with zeroth order terms and right
hand sides have also meanings in this context as interest rates or running costs. See
(60, 273, 231, 100, 69], and references therein for more information on these equations.

When all L, and L,g belong to L., then (4.8) are fully nonlinear translation in-
variant operators elliptic with respect to L,, as defined above.

A fractional Monge-Ampere operator has been recently introduced by Caffarelli-
Charro [62]. It is a fully nonlinear integro-differential operator which, by the main
result in [62], is elliptic with respect to £, whenever the right hand side is uniformly
positive.

The interior regularity for fully nonlinear integro-differential elliptic equations was
mainly established by Caffarelli and Silvestre in the well-known paper [69]. More
precisely, for some small o > 0, they obtain C'** interior regularity for fully nonlinear
elliptic equations with respect to the class £, made of kernels in £, which are C*
away from the origin. For s > %, the same result in the class £y has been recently
proved by Kriventsov [187]. These estimates are uniform as the order of the equations
approaches two, so they can be viewed as a natural extension of the interior regularity
for fully nonlinear equations of second order. There were previous interior estimates
by Bass and Levin [14] and by Silvestre [270] which are not uniform as the order of
the equation approaches 2. An interesting aspect of [270] is that its proof is short and
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uses only elementary analysis tools, taking advantage of the nonlocal character of the
equations. This is why same ideas have been used in other different contexts [72, 272].

For convex equations elliptic with respect to Lo (i.e., with kernels in £y which are
C? away from the origin), Caffarelli and Silvestre obtained C*** interior regularity
[71]. This is the nonlocal extension of the Evans-Krylov theorem. Other important
references concerning interior regularity for nonlocal equations in nondivergence form
are [241, 180, 86, 9, 165].

To give local boundary regularity results for C'*! domains it is useful the following:

Definition 4.1.2. We say that T' is C%' surface with radius py > 0 splitting By into
QF and Q if the following happens.

o The two disjoint domains QO and Q= partition By, i.e., By = QT UQ-.
e The boundary T := 00"\ 0B, = 00~ \ 0By is CY! surface with 0 € T.

e All points on I' N By can be touched by two balls of radii py, one contained in
QF and the other contained in Q.

Our main result reads as follows.

Theorem 4.1.3. Let I' be a CY! surface with radius po splitting By into QT and Q~;
see Definition 4.1.2. Let d(x) = dist(x,T").

Let so € (0,1) and s € [sg,1). Assume that I is a fully nonlinear and translation
invariant operator, elliptic with respect to L.(s), with 10 = 0. Let f € C(W), and

u e L®(R™) N C(Q) be a viscosity solution of

I = f Q"
u =0 inQ.

Then, u/d® belongs to CS_E(QJr N Bl/g) for all € > 0 with the estimate

(o

Cs=<(Q+NBy /3) < C(HUHL‘”(R”) + ||f||L°°(Q+))v
where the constant C' depends only on py, So, €, ellipticity constants, and dimension.

Remark 4.1.4. As in the case of the fractional Laplacian, under the hypotheses of
Theorem 4.1.3 we have that v € C* (Q+ N Bl/g), with the estimate ||u| Cs(QFNBy ) <
C(Jul| oo gny + || fll L (@+))- Indeed, one only needs to combine the interior estimates
in [69, 187, 261] (stated in Theorem 4.2.6) with the supersolution in Lemma 4.3.3,
exactly as we did in [249, Proposition 1.1] for (—A)®.

It is important to notice that our result is not only an a priori estimate for classical
solutions but also applies to viscosity solutions. For local equations of second order
F(D?u, Du,x) = f(z), the boundary regularity for viscosity solutions to fully nonlinear
equations has been recently obtained by Silvestre-Sirakov [274]. The methods that we
introduce here to prove Theorem 4.1.3 can be used also to give a new proof of the results
for such second order fully nonlinear equations; see Section 4.8 for more details.

Besides its own interest, the boundary regularity of solutions to integro-differential
equations plays an important role in different contexts. For example, it is needed in
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overdetermined problems arising in shape optimization [105, 128] and also in Pohozaev-
type or integration by parts identities [250]. Moreover, boundary regularity issues
appear naturally in free boundary problems [66, 271].

Theorem 4.1.3 is, to our knowledge, the first boundary regularity result for fully
nonlinear integro-differential equations. It was only known that solutions u to these
equations are C'“ up to the boundary for some small a > 0 (a result for u but not for
the quotient u/d®). For solutions u to elliptic equations with respect to L., our result
gives a quite accurate description of the boundary behavior. Namely, u/d® is C*~¢ for
all e > 0, where d is the distance to the boundary.

This result is close to being optimal, at least when the right-hand sides f are
just bounded. Indeed, let us compare it with the best known boundary regularity
results for the fractional Laplacian (—A)*, due to Gerd Grubb [163]. These results use
powerful machinery from Hormander’s theory. One of the main results in [163] applies
to solutions u of the linear problem

(—A)Yu =f inU
{ uw =0 nR"\U (4.9)

in a C* domain U. It states that if f is C” for some 8 € [0,4o00], then u/d® is
also CP*5~¢ up to the boundary for all € > 0. These estimates in Holder spaces are
actually particular cases of sharp estimates in Hormander’s p-spaces. Needless to say,
these remarkable results almost close the theory of boundary regularity for bounded
solutions of (4.9), and they are a major improvement of the previously available results
by the authors [249]. However, these techniques are only available for linear operators
that satisfy the so called p-transmission property. Such operators are mainly powers of
second order linear elliptic operators. We find thus interesting to have reached, when
f is just L*°, the same boundary regularity for fully nonlinear equations.

4.1.4 A Liouville theorem and other ingredients of the proof

Theorem 4.1.3 follows by combining an estimate on the boundary, (4.10) below, with
the known interior regularity estimates in [69, 187]. The estimate on the boundary
reads as follows. If u satisfies the hypotheses of Theorem 4.1.3, then for all z € Fﬂm
there exists Q(z) € R for which

‘u(x) - Q) ((z —2) - I/(Z))i‘ < Clx —2z|*¢ forall v € By. (4.10)

Here, v(2) is the unit normal vector to I' at z pointing towards Q7.

Our proof of (4.10) differs substantially from boundary regularity methods in sec-
ond order equations. A main reason for this is not only the nonlocal character of
the estimates, but also that tangential and normal derivatives of the solution behave
differently on the boundary; recall that the solution is C* but cannot be Lipschitz up
to the boundary.

The estimate on the boundary (4.10) relies heavily on two ingredients, as explained
next.

The first ingredient is the following Liouville-type theorem for solutions in a half
space.
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Theorem 4.1.5. Let u € C(R") be a viscosity solution of

Iu =0 in {x,>0}

v =0 in {z, <0}
where I is a fully nonlinear and translation invariant operator, elliptic with respect to
L, and with 10 = 0. Assume that for some positive < 2s, u satisfies the growth
control at infinity

|ullzoo By < CRP for all R > 1. (4.11)
Then,

for some constant K € R.

To prove Theorem 4.1.5, we apply Proposition 4.1.1 to incremental quotients of u in
the first (n—1)-variables. After this, rescaling the obtained estimates and using (4.11),
we find that such incremental quotients are zero, and thus that u is a 1D solution.
Then, we use that for 1D functions all operators L € L, coincide up to a multiplicative
constant with the fractional Laplacian (—A)?®; see Lemma 4.2.1. Therefore, we only
need to prove a Liouville theorem for solutions to (—A)*w = 0 in Ry, w = 0 in R_
satisfying a growth control at infinity, which is done in Lemma 4.5.2.

The second ingredient towards (4.10) is the following compactness argument. With
u as in Theorem 4.1.3, we suppose by contradiction that (4.10) does not hold, and we
blow up the fully nonlinear equation at a boundary point (after subtracting appropriate
terms to the solution). We then show that the blow up sequence converges to an
entire solution in {z - v > 0} for some unit vector v. For this, we need to develop a
boundary version of a method introduced by the second author in [261]. The method
was conceived there to prove interior regularity for integro-differential equations with
rough kernels. Finally, the contradiction is reached by applying the Liouville-type
theorem stated above to the entire solution in {z - v > 0}.

These are the main ideas used to prove (4.10). A byproduct of this blow-up method
is that the same proof yields results for non translation invariant equations; see The-
orem 4.1.6 below.

Finally, Theorem 4.1.3 follows by combining (4.10) with the interior regularity
estimates in [69, 187].

4.1.5 Non translation invariant equations

An interesting feature of the blow up and compactness argument used in this paper
is that it allows to deal also with equations depending continuously on the = variable.
For example, consider

J(u,x) = f(z) inQF,

where J is an operator of the form

J(u,x) = iIﬁlf sup ( Rn{u(:p +y) +ulz —y) — 2u(z) } Kog(z, y) dy + cag(x)) . (4.12)

(e}
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The kernels K,z are of the form

Kaplo) = (1= o) 22200 (413)

and satisfy, for all o and £,

A A
0< —— < Kpg(x,y) < ——— forallz € Q" and y € R", 4.14
|y[+2s s(2,y) |y[+2s ( )
iIﬂlf sup cos(z) =0 for all z € QF, lcagllLe < A (4.15)
and
‘Clag(ﬂfl,e) —aag(x2,0)| S ,u(|x1 —$2|) (416)

for all x1, 75 € QF and 6 € S" !, where p is some modulus of continuity.
As proved in [70], the operator J defined above satisfies the ellipticity condition

Mz (u—wv)(x) < T(u,z) —I(v,2) < MF (u—v)(z).

The assumption (4.15) guarantees that J(0,z) = 0.
The following is our result for non translation invariant equations. In this result,
we also consider a nonzero Dirichlet condition g(z).

Theorem 4.1.6. Let I' be a OV hypersurface with radius py > 0 splitting By into QF
and 2~ ; see Definition 4.1.2.

Let sy € (0,1) and s € [so,1). Assume that J is an operator of the form (4.12)-
(4.16). Let f € C(QF), g € C*(B1), and u € L*(R™) N C(QF) be a viscosity solution
of

J(u,z) = f(x) inQF
{ u = g(z) nQ.

Then, given € > 0, for all z € I' N By o there exists Q(z) € R with |Q(z)| < CCy
for which

< CCylw — z[*7¢ for all z € By,

u(@) = g(o) = Q=) ((x — 2) - v(2))

where
Co = [[fllz=(a+) + llgllcz(my) + 1wl oo @n)

and v(z) is the unit normal vector to T' at z pointing towards Q*. The constant C
depends only on n, py, So, €, W, and ellipticity constants.

In case g = 0, the proof of Theorem 4.1.6 is almost the same as that of Theo-
rem 4.1.3. On the other hand, the full Theorem 4.1.6 follows from the case ¢ = 0 by
applying it to the function © = u — g.

In Theorem 4.1.6, the C? norm of g may be replaced by the C?**¢ norm for any
€ > 0. This easily follows from the proof of the result.
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Remark 4.1.7. When the kernels K, belong to £;, interior regularity estimates for
the operators J are proved in [70]. For operators J elliptic with respect to L, these
interior estimates can be proved by using the methods of the second author [261].
Once proved these interior estimates, it follows from Theorem 4.1.6 that (u — g)/d® €
C*“(Q* N By2), as in Theorem 4.1.3.

The paper is organized as follows. In Section 4.2 we give some important results on
L, and Ly. In Section 4.3 we construct some sub and supersolutions that will be used
later. In Section 4.4 we prove Proposition 4.1.1. In Section 4.5 we show Theorem 4.1.5.
Then, in Section 4.6 we prove our main result, Theorem 4.1.3. Finally, in Section 4.7
we prove results for non-translation-invariant equations.

4.2 Properties of L, and L,

This section has two main purposes: to show that the class £, C L is the appropriate
one to obtain fine boundary regularity results, and to give some important results on

L, and L.

4.2.1 The class L.

For s € (0,1), we define the ellipticity class £. = L.(s) as the set of all linear operators
L of the form (4.3)-(4.4).

Throughout the paper, the extremal operators (as defined in [69]) for the class L.
are denoted by M+ and M, that is,

M*Yu(z) = M} u(x) = sup Lu(z) and M u(z) = M; u(x) = inf Lu(z).
* LeL, * LeLl.

(4.17)
The following useful formula writes an operator L € L, as a weighted integral of
one dimensional fractional Laplacians in all directions.

Lu=(1-s) /S L % /_ Z dr (“‘” r6) '5 we—rd) _ u(aj)> |r“|fﬁ)2 pnl

—° (4.18)
= [ e o),
where
—(—0go)’u(z) = c16 /Z (U(CC + 0r) ‘;U(.QI —0r) B u(x)) Vﬁ%

is the one-dimensional fractional Laplacian in the direction #, whose Fourier symbol
is —|6 - ],
The following is an immediate consequence of the formula (4.18).

Lemma 4.2.1. Let u be a function depending only on variable x,, i.e. u(x) = w(x,),
where w : R — R. Then,

pute) =5 ([ 6aal6)db ) (- o)

201’3

where (—A) denotes the fractional Laplacian in dimension one.
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Proof. Using (4.18) we find

Lu(z) = 1‘3/ (=AY (w(z + 0, ) a(0) dB
26113 Sn—1
1—s
= 5 / —|9n|25(—A)§§(w(:Bn + )) a(0)de,
1,s Sn—1
as wanted. O

Another consequence of (4.18) is that M+ and M~ admit the following “closed
formulae”:

wue) = 5= [ (A Caru) = Ao ul) )
and
Mu(z) = 120_13 /S A ee) — A(~(~0m) ()} db.

In all the paper, given v € S"! and 8 € (0,2s) we denote by ¢’ : R — R and
¢ : R® — R the functions

Pa)=(e)?  and @)= (z-v)}. (4.19)
A very important property of L, is the following.

Lemma 4.2.2. For any unit vector v € S"', the function p3 satisfies M TS5 =
M- =0in{x-v>0} and ¢ =0 in {z-v <0}.

Proof. We use Lemma 4.2.1 and the well-known fact that the function ¢*(z) = (z4)*
is satisfies (—A)5¢® = 0 in {x > 0}; see for instance [249, Proposition 3.1]. O

Next we give a useful property of M+ and M~.

Lemma 4.2.3. Let § € (0,2s), and let M and M~ be defined by (4.17). For any
unit vector v € S™L the function @8 satisfies M*pP(x) = ¢(s,8)(z - v)?~% and
M~=¢b(x) = c(s,B)(z-v)’"% in{x-v >0}, and ¢ =0 in {x-v < 0}. Here, ¢ and c
are constants depending only on s, B, n, and ellipticity constants.

Moreover, ¢ and c satisfy ¢ > ¢, and they are continuous as functions of the vari-
ables (s,B3) in {0 <s <1, 0<f<2s}. In addition, we have

c(s,B) > c(s,B) >0 forall g€ (s,2s). (4.20)
and
: _JHoo  foralls e (0,1)
ﬁlglgsg(s,ﬁ) B {C >0 fors=1. (4.21)
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Proof. Given L € L,, by Lemma 4.2.1 we have

Lebe) =~ ([ 0Py (-

Cl,s

Hence, using the scaling properties of the fractional Laplacian and of the function ¢”
we obtain that, for z - v > 0,

M*pp(z) = C (2 1) max {~A(=A)z¢" (1), ~A(-A)ke” (1)}

and
M~g)(x) = C (z - )" min {=A(=A)zp" (1), =M (=A)z¢" (1)},
where C' = (1 —s)/(2¢15) > 0.
Therefore, to prove that the two functions ¢ and ¢ are continuous in the variables

(s,8) in {0 <s<1,0< < 2s}, and that (4.20)-(4.21) holds, it is enough to prove
the same for

(3,8) — —(=A)z¢"(1).

We first prove continuity in 8. If 5 and ' belong to (0,2s), then as ' — 3, we
have % — ©? in C?([1/2,3/2]) and

/R|<,oﬁ’ — | (x) (1 + ||) "% dz — 0.

As a consequence, (—A)50% (1) — (=A)50°(1). Tt is easy to see that if s and s
belong to (0, 1], and 8 < 2s, then (—=A)5¢%(1) = (—=A)5p%(1) as s’ — s.

Moreover, note that whenever 3 > s, the function ¢” is touched by below by the
function ¢* — C' at some point zy > 0 for some constant C' > 0. Hence, we have
(=A% (z0) > (=A)50%(29) = 0. This yields (4.20).

Finally, (4.21) follows from an easy computation using the definition of (—A)%,
and thus the proof is finished. n

4.2.2 The class Ly

As defined in [69], for s € (0, 1) the ellipticity class Lo = Lo(s) consists of all operators
L of the form

Lu(z) = (1—s) / (“(x Fy)tuw—y) u(x)) |yb|fff25 dy.

2

where

be L>*(R") satisfies A <b<A.

It is clear that
L, C L.

The extremal operators for the class £y are denoted here by M/ and My . Since
L, C Ly, we have
My <M~ < M*™ < M.
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Hence, all elliptic equations with respect to L, are elliptic with respect to £y and all
the definitions and results in [69] apply to the elliptic equations considered in this
paper.

As in [69, 70] we consider the weighted L' spaces L'(R",w;), where

ws(z) = (1 — 8)(1 + |o|) 2. (4.22)

The utility of this weighted space is that, if L € Ly(s), then Lu(z) can be evaluated
classically and is continuous in B/, provided u € C?(B,) N L'(R",w;). One can then
consider viscosity solutions to elliptic equations with respect to Ly(s) which are not
bounded but belong to L!'(R" w,). The weighted norm appears in stability results;
see [70].

As said in the Introduction, the definitions we follow of viscosity solutions and
viscosity inequalities are the ones in [69)].

Next we state the interior Harnack inequality and the C* estimate from [69].

Theorem 4.2.4 ([69]). Let so € (0,1) and s € [so,1]. Let uw > 0 in R™ satisfy in the
viscosity sense M, u < Co and MZ’Ou > —Cy in Bg. Then,

u(z) < C(u(0) + CoR*)  for every x € Bp)s,
for some constant C' depending only on n, so, and ellipticity constants.
Theorem 4.2.5 ([69]). Let sy € (0,1) and s € [so,1]. Let u € C(B;y) N LYR", w,)

satisfy in the viscosity sense M, u < Co and M,J{Ou > —Cyin By. Then, u € C* (Bl/z)
with the estimate

lulloe s, ) < C(Co + llull Loy + lullrr@n,w.)),
where a and C' depend only on n, s, and ellipticity constants.

The following result is a consequence of the results in [187] in the case s € (1/2,1).
In the case s < 1/2 it follows as a particular case of the results for parabolic equations
in [261].

Theorem 4.2.6 ([187], [261]). Let sy € (0,1) and s € [so,1]. Let f € C(B,) and
u € C(B1) N L¥(R™) be a viscosity solution of Iu= f(x) in By, where I is translation
invariant and elliptic with respect to Lo(s), with 10 = 0. Then, u € C* (m) with the
estimate

ulles By < C 1 lem) + lullz@n)

where C' depends only on n, so, and ellipticity constants.

In fact, [187, 261] establish not only a C*® estimate, but also a C? one, for all
B < min{2s,1+ a}. However, in this paper we only need the C* estimate.
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4.2.3 No fine boundary regularity for Ly

The aim of this subsection is to show that the class Ly is too large for all solutions
to behave comparably near the boundary. Moreover, we give necessary conditions on
a subclass £ C L to have comparability of all solutions near the boundary. These
necessary conditions lead us to the class L,.

In the next result we show that, for any scale invariant class £ C Ly that contains
the fractional Laplacian (—A)®, and any unit vector v, there exist powers 0 < §; <
s < By such that M} P = 0and M;¢% = 0in {z-v > 0}. Before stating this result,
we give the following

Definition 4.2.7. We say that a class of operators L is scale invariant of order 2s if
for each operator L in L, and for all R > 0, the rescaled operator Lg, defined by

(Lru)(R-) = R™*L(u(R-)),
also belongs to L.
The proposition reads as follows.
Proposition 4.2.8. Assume that L C Lo(s) is scale invariant of order 2s. Then,
(a) For every v € S"! and 8 € (0,2s) the function ©° defined in (4.19) satisfies

MEg)(x) = C(B,v)(z-v)7> in {z-v>0}, (4.23)
< .

B v)* > in {z >0}

Here, C and C are constants depending only on s, 3, v, n, and ellipticity con-
stants.

(b) The functions C and C are continuous in B and, for each unit vector v, there
are 81 < Po in (0,2s) such that

C(B1,v) =0 and C(Ba,v) =0. (4.24)
Moreover, for all B € (0,2s),
C(B,v) — C(B1,v) has the same sign as B — B (4.25)

and
C(B,v) — C(Ps,v) has the same sign as f — Pa. (4.26)

(¢) If in addition the fractional Laplacian —(—A)® belongs to L, then we have 51 <
5 < Bo.

Proof. The scale invariance of L is equivalent to a scaling property of the extremal
operators M} and M. Namely, for all R > 0, we have

Mz (u(R-)) = R*(Mzu)(R").
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(a) By this scaling property it is immediate to prove that given g € (0,2s) and
v € S" 1 the function ¢ satisfies (4.23), where

C(B,v) == MfP(v) and C(B,v) == Mz (v).

Of course, C' and C depend also on s and the ellipticity constants, but these are fixed
constants in this proof.

(b) Note that, as B/ — B € [0,2s), we have ¢? — ¢ in C?(B,(v)) and in
LY(R",w,). As a consequence, C' and C are continuous in § in the interval [0, 2s).
Since gpff — X{zwv>0y as B — 0, we have that

C(v,0) < C(r,0) < 0.
On the other hand, it is easy to see that
Mgogof(z/) — 400 as 8 2s.
Hence, using that M, < M, we obtain
0<C(r,8) <C(v,B) for 3 close to 2s.
Therefore, by continuity, there are 5; and (5 in (0,2s) such that
Clhv)=0 and  C(By,v) =0,

To prove (4.25), we observe that if 3 > f; the function ¢? is be touched by below
by ¢t — C at some g € {z - v > 0} for some C' > 0. It follows that

M7 l(zo) — MEpi (o) = My (0 — 5" ) (z0) > 0.

Since the sign of M ¢? is constant in {z - v > 0} it follows that C'(v,3) > 0 when
B > B;. Similarly one proves that C'(v, 3) < 0 when 8 < f3;, and hence (4.26).

(c) It is an immediate consequence of the results in parts (a) and (b) and the fact
that —(—A)*¢? =0 in {x - v > 0}. O

Clearly, to hope for some good description of the boundary behavior of solutions
to all elliptic equations with respect to a scale invariant class £, it must be g; = [, for
every direction v. Typical classes £ contain the fractional Laplacian —(—A)*. Thus,
for them, we must have 3; = 3, = s for all v € S"~!. If this happens, then

Lef =0 in{x-v >0} forall L€ L, and for all v € S" (4.27)

since M; <L <M/ forall L € L.
As a consequence, we find the following.

Corollary 4.2.9. Let 1, P2 be given by (4.24) in Proposition 4.2.8. Then, for the
classes Ly, L1, and Ly we have 1 < s < Ps.
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Proof. Let us show that for £ = L, the condition (4.27) is not satisfied. Indeed, we
may easily cook up L € Ly so that Ly? (2/,1) # 0 for 2/ € R""'. Namely, if we take

bly) = (A+ (A= Nxz,,(0))

then at points = = (z/,1) we have

0> Lt (o) = (1—s) [ (MEEDEUIZN) ) 0

2 ez

since ¢ is concave in Byy(2’,1) and (=A)*¢S =0 in {x, > 0}.
By taking an smoothed version of b(y), we obtain that both £; and L, fail to satisfy
(4.27). O

By the results in Subsection 2.1, we have that the class L, satisfies the necessary
condition (4.27). Although we do not have a rigorous mathematical proof, we believe
that £, is actually the largest scale invariant subclass of Ly satisfying (4.27).

4.3 Barriers

In this section we construct supersolutions and subsolutions that are needed in our
analysis. From now on, all the results are for the class £, (and not for £y).
First we give two preliminary lemmas.

Lemma 4.3.1. Let sy € (0,1) and s € [sg,1). Let
eW(z) = (dist(z, B1))”  and e (z) = (dist(z,R"\ By))".
Then,
0< M pW() < MTeW(z) < C {1+ (1-s)|log(|z] —1)|} in By\ By. (4.28)
and
0> M@ (z)> M P (z) > -C {1+ (1—s)[log(1—|z|)|} in B\ Byj. (4.29)
The constant C' depends only on sy, n, and ellipticity constants.

Note that the above bounds are much better than ||z| — 1|, which would be the
expected bound given by homogeneity. This is since ¢ and ¢ are in some sense
close to the 1D solution (x4 ).

Proof of Lemma 4.3.1. Let L € L,. For points x € R™ we use the notation x = (2/, z,)
with 2/ € R"~!. To prove (4.28) let us estimate Lo™ (z,) where z, = (0,1 + p) for
p € (0,1) and for a generic L € L,. To do it, we subtract the function ¢(z) = (z,—1)%,
which satisfies Ly (z,) = 0. Note that

(go(l) —¥)(z,) =0 forall p>0
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and that, for |y| < 1,
| dist (2, +y, Br) = (L+p+ya)+| < Cly'".

This is because the level sets of the two previous functions are tangent on {y’ = 0}.
Thus,

Cp |y |2 fory=(y,yn) € Byo
0< (& =) (z, +y) < Cl|> fory= (¢, yn) € Bi\ Bya
Cly|* fory € R\ By.

The bound in B, follows from the inequality a® — b* < (a — b)b** for a > b > 0.
Therefore, we have

0 < LM (x,) = L(p"W — ) (x,)

B (e = ) (@, + ) + (2 = ¥) (20 — v) aly/ly])
- f 2 gl

<O — $IA p° Y Pdy ly'[**dy ly[*dy
<C(l-s) R e [ s
B, 1Y Bi\B,;» 1Y R™\B; Y

<C(1+(1—s)|logp|).
This establishes (4.28). The proof of (4.29) is similar. O

In the next result, instead, the bounds are those given by the homogeneity. In
addition, the constant in the bounds has the right sign to construct (together with the
previous lemma) appropriate barriers.

Lemma 4.3.2. Let so € (0,1) and s € [sg,1). Let

o) (z) = (dist(x,Bl))Ss/Q and oW (x) = (dist(z,R™\ Bl))33/2.
Then,
M= (@) > cllo| = 1) for all w € By \ By. (4.30)
and
MW (x) > e(1 - [|)™* = C  for allx € By \ Byjs. (4.31)

The constants ¢ > 0 and C' depend only on n, sy, and ellipticity constants.

Proof. Let L € L,. For points x € R™ we use the notation z = (2/, z;,) with 2/ € R"!.
To prove (4.31) let us estimate Lo (z,) where z, = (0,1 + p) for p € (0,1) and for
a generic L € L,. To do it we subtract the function ¢ (x) = (1 — :Cn):f/Q, which by
Lemma 4.2.3 satisfies Ly (z,) = cp~*/? for some ¢ > 0. We note that

(90(4) - @Z)) (zp) =0
and, similarly as in the proof of Lemma 4.3.1,
—Cp*PHy'[? fory = (y',yn) € By

0> (W —¥)(a, +y) > S ~Cly'[* fory = (¥,ya) € Bi\ Byya
—C|y[*/? fory € R"\ By.
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Hence,

Le™W(z,) —cp™* = LW — ¥)(,)

3s/2—1 24 135 q s/2d
> —C(1—s)A / 2 n|f25| . +/ s |n+25y +/ a n+23y
B Y B1\B, s Y] R™\ By Y]

p/2
> —C.

This establishes (4.31). To prove (4.30), we now define ¢(x) = (z,, — 1)‘15/2, and we

use Lemma 4.2.3 and the fact that ¢ — ¢ is nonnegative in all of R” and vanishes
on the positive z,, axis. O

We can now construct the sub and supersolutions that will be used in the next
section.

Lemma 4.3.3. Let so € (0,1) and s € [so,1). There are positive constants € and C,
and a radial, bounded, continuous function o1 which is CY' in By, \ By and satisfies

M*pi(z) < -1 in Biy \ By
p1(x) =0 in By

pi(z) <C(lz| —1)° inR"\ By
p1(r) >1 in R™\ By,

The constants €, ¢ and C' depend only on n, so, and ellipticity constants.

Proof. Let

= 201 — B in B,
1 in R"\ B,.

By Lemmas 4.3.1 and 4.3.2, for |z| > 1 it is
M < € {1+ (1= s)floa(el = D]} = ellel = 1)+ C.

Hence, we may take € > 0 small enough so that M+ < —1in By .\ B;. We then set
w1 = Cy with C' > 1 large enough so that ¢y > 1 outside By .. m

Lemma 4.3.4. Let s € (0,1) and s € [sg,1). There is ¢ > 0, and a radial, bounded,
continuous function @o that satisfies

M~ps(x) > ¢ in By \ Bi)s
wa(x) =0 in R"\ By
pa(z) > c(1—|z|)° in B

pa(z) <1 in B .

The constants €, ¢ and C' depend only on n, so, and ellipticity constants.
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Proof. We first construct a subsolution ¢ in the annulus B; \ B;_, for some small
€ > 0. Then, using it, we will construct the desired subsolution in B; \ By/s. Let

By Lemmas 4.3.1 and 4.3.2, for 1/2 < |z| < 1 it is
M= > —C{1+ (1 - s)|log(l — |z|)|} + (1 — lz)~%/% - C.

Hence, we can take ¢ > 0 small enough so that M ¢ > 1in B; \ By _..

Let us now construct a subsolution in By \ By, from ¢, which is a subsolution only
in By \ B;_.. We consider

_ k), (ok/N
U(z) = max C"9(2""x),
where N is a large integer and C' > 1. Notice that, for C large enough, the set
{r € By : ¥(z)=1(x)} is an annulus contained in By \ Bj_..
Consider, for k& > 0,

Ap={z € By : U(z)=Cp(2"Na)}.
Since Ag C By \ Bi_, then W satisfies M~W¥ > 1 in A,.

Observe that A, = 275N Ay, since C~1¥(2Y/"z) = ¥(z) in the annulus {1/2 <
lz| < 27'/"}. Hence, for x € A; we have 2Nz € Ay C B, \ Bi_. and

M™U(z) > M~ (Chp(2"N ) (z) = CR22 RN M= (28N ) > 1.
We then set ¢, = ¢¥ with ¢ > 0 small enough so that ps(x) < 1in By)s. O

Remark 4.3.5. Notice that the subsolution ¢, constructed above is C*! by below in
B\ B, /2, in the sense that it can be touched by below by paraboloids. This is important
when considering non translation invariant equations for which a comparison principle
for viscosity solutions is not available.

4.4 Krylov’s method

The goal of this section is to prove Proposition 4.1.1. Its proof combines the interior
Holder regularity results of Caffarelli and Silvestre [69] and the next key Lemma.

Lemma 4.4.1. Let 5o € (0,1), s € [s0,1), and u € C'(B_fr) be a wiscosity solution
of (4.6). Then, there exist a« € (0,1) and C depending only on n, so, and ellipticity
constants, such that

supu/zy, — infu/zi < Cr® (Co + ||ul| oo @ny) (4.32)
By Bf

for all r < 3/4.
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To prove Lemma 4.4.1 we need two preliminary lemmas.
We start with the first, which is a nonlocal version of Lemma 4.31 in [182].
Throughout this section we denote

D: = B97"/10 N {xn > 1/10}

Lemma 4.4.2. Let sy € (0,1) and s € [sg,1). Assume that u satisfies uw > 0 in all of
R"™ and
M u<Cy in B/,

for some Cy > 0. Then,
ilr)l*f u/z; < C < inf u/z] + COTS> (4.33)
r r/2

for all r < 1, where C is a constant depending only on sq, ellipticity constants, and
dimension.

Proof. Step 1. Assume Cy = 0. Let us call
m = infu/x; > 0.
Dr
We have
u > max, > m(r/10)° in D;. (4.34)

Let us scale and translate the subsolution ¢, in Lemma 4.3.4 as follows to use it
as lower barrier:

(@) = (r/10)° o (22 (4.35)
We then have, for some ¢ > 0,
M=, >0 in By, /10(w0) \ Byj10(w0)
. =0 in R" \ B2r/10(5170)
P, > c(% — \x|)s in Byj10(z0)
Y, < (r/10)* in By 10(2o)-

It is immediate to verify that Bj/Q is covered by balls of radius 2r/10 such that the
concentric ball of radius r/10 is contained in D7, that is,

By, €| J{Barjio(wo) : Brjuolwo) € D}

Now, if we choose some ball B, /1o(x9) C D} and define v, by (4.35), then by (4.34)
we have u > mi, in B, 10(z0). On the other hand u > ma), outside By, /10(20), since
1, vanishes there and u > 0 in all of R” by assumption. Finally, Mt < 0, and since
Co =0, M~u >0 in the annulus By, /10(x0) \ By10(20).

Therefore, it follows from the comparison principle that u > ma, in Ba,/10(20).
Since these balls of radius 2r/10 cover B;F/Q and ¢, > c(3r — 2|)” in Bayjig(wo), we
obtain

S : +
u > cma,, in By,
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which yields (4.33).
Step 2. If Cy > 0 we argue as follows. First, let
¢(x) = min{1, 2(z,)5 — (z,)3*}.

By Lemma 4.2.3, we have that M ¢ < —c in {0 < z,, < €} for some ¢ > 0 and some
c¢ > 0. By scaling ¢ and reducing ¢, we may assume € = 1.
We then consider

C
a(r) = u(x) + 707"2%(3:/7“).
The function @ satisfies in {0 < z,, < r}
-5 - + Co 2s
M au—Mu<M —r o(z/r) ) < —=Ch
and hence
M~u <0.

Using that u(z) < a(z) < u(z) + CCyr®(z,)5 and applying Step 1 to @, we obtain
(4.33). O

The second lemma towards Proposition 4.4.1 is a nonlocal version of Lemma 4.35
in [182]. It is an immediate consequence of the Harnack inequality of Caffarelli and
Silvestre [69].

Lemma 4.4.3. Let sg € (0,1), s € [s9,1), r < 1, and u satisfy u > 0 in all of R™ and
M*tu>-Cy and M u<C, in B'.

Then,

supu/z;, < C (%gu/xfl + Cors) ’

Dy
for some constant C' depending only on n, so, and ellipticity constants.
Proof. The lemma is a consequence of Theorem 4.2.4. Indeed, covering the set Dy

with balls contained in B;' and with radii comparable to r —using the same (scaled)
covering for all r—, Theorem 4.2.4 yields

supu < C (infu + Corzs) .
D Dy
Then, the lemma follows by noting that x; is comparable to r* in D}. ]

Next we prove Lemma 4.4.1.

Proof of Lemma 4.4.1. First, dividing u by a constant, we may assume that Cy +
ol ey < 1.

We will prove that there exist constants C; > 0 and « € (0, s), depending only on n,
sg, and ellipticity constants, and monotone sequences (mg)r>1 and (7 )g>1 satisfying
the following. For all £ > 1,

mk — mp = 470(]6, —1 S mig S Mi1 < mk+1 S mk S 1 s (436)
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and
my < Crlu/al <My in B, where ry = 4=+ (4.37)

Note that since u = 0 in By then we have that (4.37) is equivalent to the following
inequality in B,, instead of B}

mi(z,)5 < Crlu <myg(z,)5 in B where r, = 4% (4.38)

Tk )

Clearly, if such sequences exist, then (4.32) holds for all r < 1/4 with C' = 4“C}.
Moreover, for 1/4 < r < 3/4 the result follows from (4.39) below. Hence, we only need
to construct {my} and {my}.

Next we construct these sequences by induction.

Using the supersolution ¢; in Lemma 4.3.3 we find that

C s Ch s -
— 7(0%)+ <u< 7(9571)+ in By, (4.39)
whenever C] is large enough. Thus, we may take m; = —1/2 and m; = 1/2.

Assume now that we have sequences up to m; and m;. We want to prove that
there exist my, 1 and My, which fulfill the requirements. Let

u, = Cytu — my(2,)5 .

We will consider the positive part u; of u in order to have a nonnegative function
in all of R" to which we can apply Lemmas 4.4.2 and 4.4.3. Let u, = u;’ —u, . Observe
that, by induction hypothesis,

uf =up and wu, =0 in B, .
Moreover, Oy 'u > m;(r,)% in B, for each j < k. Therefore, we have
ug, > (mj —mg)(wn)5 > (my — Ty + my — my) ()5 = (=47 +47°%)(2,)% in B,,.
But clearly 0 < (z,,)%. < r? in B,,, and therefore using r; = 47/

up > —rd

J05 = 18) in By for each j<k.

J
Thus, since for every x € By \ B,, there is j < k such that
x| < rj =477 < 4laf,
Now let L € L,. Using (4.40) and that u, = 0 in B,,, then for all z € B,, » we
have

we find
4x

Tk

4x

ug(x) > —r,‘frs o

- 1) outside B,, . (4.40)

B _ a(y/ly
o<ty =-9) [ T dy
I+y¢B7'k |y|
S @ A
§(1—s)/ e (S—y _1>Td9

- 821°(|82]* — 1)
.
( ) k |z\21/2 ‘Z|n+23

a—s

< éeory
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where g9 = eo(a) | 0 as a | 0 since [8z]* — 1. Since this can be done for all L € L,,
u,, vanishes in B,, and satisfies pointwise
0< M u, < MJru;Z <egory ® in B;Z/z.

Therefore, recalling that
up = Clu— my(z)s +
and using that M™*(z,)5 = M~ (z,)% =0 in {x, > 0}, we obtain

M~ uf <CI'"M~u+ M*(uy)

<Cildery™ i B,

Also clearly
MTuf > Mtu, > —C{? in B:;/Q.
Now we can apply Lemmas 4.4.2 and 4.4.3 with u in its statements replaced by
u; . Recalling that
n

— — 1 s +
uy =up=Cy u—myr, in B,

we obtain

sup (O 'u/@;, —my) < C(Di,?f (Crtufxy, —my) + O lry + 507’?>
:k/2 Tk /2 (4 41)
< C( inf (C )z —my,) + O s + 507“,‘;) :

lgrk/4

On the other hand, we can repeat the same reasoning “upside down”, that is,
considering the functions u, = my(z,)5 — u instead of w;. In this way we obtain,
instead of (4.41), the following

sup (my — C; tu/x8) < C’( inf (M — O u/xs) + Cr s + 607“?). (4.42)

D; /s B

/4
Adding (4.41) and (4.42) we obtain

My — my, < C( inf (Cylu/as —my) + inf (my, — Oy u/xs) + O 'rs + 607’]?)

rg/4 lBrk/4

= C( inf Crlu/as — sup Cp'u/ad +my —my + C7 g + 507’?)

+
B Brii1

Thus, using that my;, — my = 47, a < s, and 7, = 4% < 1, we obtain

sup Cylu/as — inf Crlufay < (S22 + O7 M +g9)47k.

B;‘;C 41 Tk+1
Now we choose a small and C large enough so that

-1
CT + O+ goa) <47
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This is possible since ¢(a) L 0 as « | 0 and the constant C' depends only on n, s,
and ellipticity constants. Then, we find

sup C7lu/xs — inf Cplu/zs < 47ok+D),
+
B?ﬁ;@-u Tk+1

and thus we are able to choose my and 1 satisfying (4.36) and (4.37). O
To end this section, we give the

Proof of Proposition 4.1.1. Let x € Bf/Q and let xy be its nearest point on {z,, = 0}.
Let
d = dist (v, x0) = ©,, = dist (z, By ).

By Theorem 4.2.5 (rescaled), we have
ll e (B, pey) < €A™ (el oo @) + Co) -

Hence, since H(q:n)_SHCa( < Cd~*, then for r < d/2

Byys())
oscp, @u/zh < Crod=>=* (|Jull oo @ny + Co) - (4.43)
On the other hand, by Lemma 4.4.1, for all » > d/2 we have
OSCBT(I)QB;Mu/fo < Or® (J|ull e ny + Co) - (4.44)

In both previous estimates o € (0,1) depends only on n, sq, and ellipticity constants.
Let us call
M = (||u||Loo(Rn) + C’O) .

Then, given € > 1 we have the following alternatives
(i) If r < d?/2 then, by (4.43),
0scp, (myu/rs < Crod "M < Cro=te/fpr
(ii) If d?/2 < r < d/2 then, by (4.44),
05Cp, (U] T < osch/Q(z)u/:L'fL < Cd*M < Cr*/o ).
(iii) If d/2 < r, then by (4.44)
OSCBT(:B)OB;MU/CL’Z < Cr*M.
Choosing 6 > *£2 (so that the exponent in (i) is positive), we obtain
oscBr(I)mB;/LLu/:vfZ < COr*M  whenever z € By, and r>0, (4.45)

for some o/ € (0, ). This means that \]u/xi|\ca/(31+/2) < CM, as desired. O
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4.5 Liouville type theorems

The goal of this section is to prove Theorem 4.1.5.

First, as a consequence of Proposition 4.1.1 we obtain the following Liouville-type
result involving here the extremal operators (in contrast with Theorem 4.1.5). Note
also that the growth condition C'R” in this lemma holds for 3 < s+ a (with « small),
whereas we have 8 < 2s in the Liouville Theorem 4.1.5.

Proposition 4.5.1. Let sy € (0,1) and s € [sg,1). Let e > 0 be the exponent given
by Proposition 4.1.1. Assume that u € C(R") is a viscosity solution of

M*u>0 and M u<0 in {z,>0},
u=0 in {z, <0}

Assume that, for some positive B < s+ «, u satisfies the growth control at infinity
|l (B < CRP for all R > 1. (4.46)

Then,

for some constant K € R.

Proof. Given p > 1, let v,(z) = p~Pu(pz). Note that for all p > 1 the function v,
satisfies the same growth control (4.46) as u. Indeed,

[vpllzm(sry = 7 llull 5,0y < p~°C(pR)” = CR’.

In particular [|v,||ze(p,) < C and ||vp||11 @ w,) < C, with C' independent of p. Hence,
the function v, = v,xp, satisfies M*v, > —C and M0, < C' in By N{x, > 0}, and
U, = 0in {z,, < 0}. Also, ||0,]|L=(B,,,) < C. Therefore, by Proposition 4.1.1 we obtain
that

By 2
H”P/foHCa(BjM) = ||5P/$fw||0a(31+/4) <C

Scaling this estimate back to u we obtain

— B—s—a

s _ s s B—s—a
[U/ZE”} Coz(B;'/4) =p [U(px)/(pxn) }CQ(BT/AL) =p [Up/(xn) ]CQ(BTM) S Cp :
Using that f < s + a and letting p — oo we obtain

[u/x;,] Ca(®n{zn>0)) — O

which means u = K (z,)}. O

The previous proposition will be applied to tangential derivatives of a solution to
Iu = 0 as in the situation of Theorem 4.1.5. It gives that u is in fact a function
of z, alone. To proceed, we need the following crucial lemma It is a Liouville-type
result for the fractional Laplacian in dimension 1, and classifies all functions which are
s-harmonic in R, vanish in R_, and grow at infinity less than |z|° for some 8 < 2s.
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Lemma 4.5.2. Let u satisfy (—A)°u =0 in Ry and uw = 0 in R_. Assume that, for
some 3 € (0,2s), u satisfies the growth control ||ul|p=(o r) < CR’ for all R > 1. Then
u(z) = K(xy)®.

To establish the lemma, we will need the following result. It classifies all homoge-
neous solutions (with no growth condition) that vanish in a half line of the extension
problem of Caffarelli and Silvestre [68] in dimension 1 + 1.

Lemma 4.5.3. Let s € (0,1). Let (x,y) denote a point in R?, andr >0, 0 € (—m, )
be polar coordinates defined by the relations x = rcosf, y = rsinf. Assume that
v > —s, and q, = 15170, (0) is even with respect y (or equivalently with respect to 6)
and solves

div (ly['=*Vq,) =0 in {y # 0}
lim, o |y|*%d,q, =0 on {y =0} N{z > 0} (4.47)
¢ =0 on {y =0} N {x < 0}.

Then,

(a) v belongs to NU {0} and
0,(0) = K |sin§|° P;(cosb),

where P* is the associated Legendre function of first kind. Equivalently,

AV 1— cos b
cos <§> oy (—V,V +1;1 —s; ﬂ) ,

2
where oF 1s the hypergeometric function.

0,(0) = C

(b) The functions {@”}VENU{O}
even functions of the weighted space L*((—m, ), |sin0]*=2).

are a complete orthogonal system in the subspace of

Proof. We differ the proof to the Appendix. n
We can now give the

Proof of Lemma 4.5.2. Let

\ 1
Py(z,y) = &

14+2s

Y (1+ (z/y)?) *

be the Poisson kernel for the extension problem of Caffarelli and Silvestre; see [68, 55].
Given the growth control u(z) < C|z|? at infinity and 8 < 2s, the convolution

U('7y):u*PS('>y>

is well defined and is a solution of the extension problem

div(y' Vo) =0 in {y > 0}
v(z,0) = u(z) for x € R.
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Since (—A)*u=0in {x > 0} and u = 0 in {z < 0}, the function v satisfies

li{% y' " F0u(r,y) =0 forz >0 and v(z,0)=0 forz <D0.
y
Hence, v solves (4.47).

Let ©,, v € NU{0}, be as in Lemma 4.5.3. Recall that r*70,(0) also solve (4.47).
By standard separation of variables, in every ball B} (0) of R? the function v can be
written as a series

v(z,y) = v(rcosf,rsinf) = Z a, 70, (0). (4.48)

v=0

To obtain this expansion we use that, by Lemma 4.5.3 (b), the functions {@”}ueNu{o}
are a complete orthogonal system in the subspace of even functions in the weighted
space L?((—m, m),|sinf|'=), and hence are complete in L*((0, ), (sin )'~2*).
Moreover, by uniqueness, the coefficients a, are independent of R and hence the
series (4.48) provides a representation formula for v(z,y) in the whole {y > 0}.
Now, we claim that the growth control |ul|~—rr < CR’ with 8 € (0,2s) is
transferred to v (perhaps with a bigger constant C'), that is,

”U”Lm(BE)f;(jBﬁ'

To see this, consider the rescaled function ug(z) = R~Pu(Rz), which satisfy the same
growth control of u. Then,

vgp = RPv(R-) = ug * P..

Since the growth control for u is independent of R we find a bound for |[vg|| (51

that is independent of R, and this means that v is controlled by CR? in B}, as claimed.
Next, since we may assume that [0, (0)[*|sin0|* dd = 1 for all v > 0, Parseval’s
identity yields

o0
2
/ (e, y)[*y do =y a, PR
o+ Bp

v=0

where 0" Br = 0Br N {y > 0}. But by the growth control, we have
/ }U(% y)}gya do < CR%/ y* do = CR¥H1ta,
O Br 9+ Br

Finally, since 25 < 4s < 2s + 2, this implies a,, = 0 for all ¥ > 1, and hence u(z) =
K(xy)*, as desired. O

The following basic Holder estimate up to the boundary follows from [70, Section
3]. It is also a consequence of Lemma 4.6.4, which we prove in Section 4.6.

Lemma 4.5.4 ([70]). Let so € (0,1) and s € [so,1]. Let u be a solution of M u > 0
and M~u <0 in Bf_, u =0 in By and assume that u € L*(R", w,). Then, for some
a>0idtisueC” (81/2) and

ullcas, ) < C(lullLes,) + [ullo @, w,))-

The constants o and C' depend only on n, sg, and ellipticity constants.
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To end this section, we finally prove Theorem 4.1.5.

Proof of Theorem 4.1.5. Note that, since § < 2s, the growth control (4.11) yields
u € LYR™, wy).

Given p > 1, let v, = p~Pu(p-). As in the proof of Proposition 4.5.1, v, satisfies
the same growth control as u, namely, ||v,||r=(s,) < CR®. Hence,

[vpllzoe(my < € and o[ pr@n wy) < C.

Moreover, since u satisfies Iu = 0 in {z,, > 0} and 10 = 0 we have that M*u > 0 and
M~u < 0 in {z, > 0}. This implies that M*v, > 0 and M v, < 0 in Bf". Then it
follows from Lemma 4.5.4 that

||UP||CO‘(B1/2) S C.
Scaling the previous estimate back to w and setting p = R, we obtain
[t]oa(pz) < CRP.

Next, given 7 € 8" ! with 7, = 0 and given h > 0, we consider the “tangential”

incremental quotients v (z) = W We have shown that

[0l 5 < CRP

Moreover, since I is translation invariant, v satisfies M+v™® > 0 and M~v™ < 0 in
{x,, > 0}. Hence, we can apply again the previous scaling argument to v(!) and obtain

[U(l)]ca(BR) < CR’* forall R>1.

Thus, we have a new growth control for v (z) = %W We can keep iterating

in this way until we obtain (after a finite number N of iterations)

@+ hr) — u(z) < CR, (4.49)
h L (BRr) B
Now, v?¥) = w satisfies Mo > 0, M—v®™) < 0 in {z, > 0} and

v™) = 0in {z, < 0}. Moreover, v™) satisfies the growth control (4.49) with exponent
B —1 < 2s—1 < s. Hence, using Proposition 4.5.1 we conclude that v = 0.
Therefore, u(z + ht) = u(z) for all h > 0 and for all unit vector 7 with 7,, = 0.
This means that u depends only on the variable z,. That is, u(x) = w(z,) for some
function w : R — R.

Now, if @ is a test function of the form u(x) = w(z,), Lemma 4.2.1 yields

M*a(x) = sup La

LeLl.
1_
— sup S( / ]9n]25a(6)d9) (— A () (4.50)
A<a<A 4C1s Sn—1

= C{A (= (-2)pt(a,) T = M= (-A)s(n)) "}
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Similarly,
M~i(z) = C {A(—(—A)Sw(xn))+ - A(—(—A)Sw(%))*} . (4.51)

Finally, recall that u solves Iu = 0 in R, and I0 = 0. In particular we have M*u > 0
and M~u < 0 in R? in the viscosity sense. Note that, since u(z) = w(z,), then we
may test the viscosity inequalities using only test functions of the type a(x) = w(z,).
Hence, using (4.50) and (4.51) we deduce that w is a viscosity solution of (—A)*w = 0
in Ry and w = 0 in R_. Clearly, w satisfies the growth control |w||p=~(@r < CR".
Therefore we deduce, using Lemma 4.5.2, that u(x) = w(x,) = K(z})*. O

4.6 Regularity by compactness

In this section we prove the main result of the paper: the boundary regularity in C1?
domains for fully nonlinear elliptic equations with respect to the class L., given by
Theorem 4.1.3.

As explained in the Introduction, the following result is the main ingredient in the
proof of Theorem 4.1.3.

Proposition 4.6.1. Let so € (0,1), § € (0,s0/4), po > 0, and = 2sy — 0 be given
constants.

Let T be a CY' hypersurface with radius po splitting By into QT and Q= ; see Defi-
nition 4.1.2.

Let s € [sg, max{1,s0+ 8}] and f € C(QF). Assume that u € C(B;y) N L®(R") is
a solution of Iu = [ in Q" and u = 0 in Q, where I is a fully nonlinear translation
invariant operator elliptic with respect to L.(s).

Then, for all = € T'N By o there is a constant Q(z) with |Q(2)] < CCqy for which

< CColr — 2P for all x € By,

[u(z) = Q=) ((z = 2) - v(2),

where v(z) is the unit normal vector to T at z pointing towards Q and
Co = [lullee@ny + 1 fll@h)-
The constant C' depends only on n, pg, so, 0, and ellipticity constants.

The proof of Proposition 4.6.1 is by contradiction, using a blow up and compactness
argument. In order to fix ideas, we prove first the following reduced version of the
statement.

Let u € C(B;) N L>(R™) be a viscosity solution of Iu =0 in B andu =0
in By . Then, given B € (s,2s), there are Q) € R and C' > 0 such that

lu(z) — Q(:vn)i} < Clz|?  for all x € By. (4.52)

The constant C' is independent of x, but it could depend on everything else,
also on wu.
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We next prove (4.52) by contradiction. If (4.52) were false then it would be (by
the contraposition of Lemma 4.6.2 below)

sup T_BHU — Q*(T)(xn)i”LO%Br) -

r>0

where

fBT u(x) (z,)5 dac'

IR (459

Q.(r) :=arg minQe]R/ (u(z) — Q(]Jn)i)Q dx =

T

Then, a useful trick is to define the monotone in r quantity

(r) = sup(r’) ¥ max { ||u — Q. (r’)(xn)iHLoo(Br,) , (r/)s}Q*(QT') — Q*(r'){} ,

r’'>r

which satisfies 0(r) " oo as r (0. Then, there is a sequence r,, \ 0 such that

- S S 9<Tm)
() max { = Qu ) (@) ()| Q(2rm) = Qurm) |} 2 =5
(4.54)
We then consider the blow up sequence
_ U(rm®) = (rm)° Qu(rm) (Tn)5
Um () = :
(rm)?0(rm)
Note that (4.54) is equivalent to
3 dw U () (2,)% dx
max { | vm |z (5,) J, O _ Syt )(23 i >1/2.  (4.55)
fBQ )i d fBl ( x

Also, by definition of Q.(r,,), we have

/B U (2)(2,)5 dz = 0, (4.56)

which is the optimality condition of “least squares”.
In addition, by definition of #, we have

(TJ)S_'B ’Q* (27“,) — Q* (7“/) ‘
0(r)

<1 forall?' >r.

Thus, for R = 2V we have

r*1Q:(rR) —
o(r)

N— , 4
(e (207) 01 QL (27 ) — Q.(207)
Z 9 (B— o)

| /\
O

Zu

< 21(B=5) < CoNB=s) — O RP~5.
0

<.
Il
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Moreover, v, satisfy the growth control

rmR)

1
[[vmll oo (Br) = WH“ = Qu(rm)(@n) 4| o s

r

R? .
< WH“ = Qu(raR) (@) || joo(s, T+

QU R) — Qur) Ry (457)

e(rm)(rm>
RP0(r,R) s
—Q(Tm) +CR
< CR’,

for all R > 1, where we have used the definition # and its monotonicity.
In addition, since M*(z,)S = M~ (z,)% = 0 in {z, > 0}, and Iu = 0 in B, we
obtain that

L,v, =0 n Bfr/rm,

for some I, translation invariant and elliptic with respect to £,. It follows, using the
basic C'* estimate up to the boundary of Lemma 4.5.4 that (up to taking a subsequence)

Um —> v locally uniformly in R".

Moreover, since all the v,,’s satisfy the growth control (4.70), and § < 2s, by the
dominated convergence theorem we obtain that

|V — v|(%) ws(z) dz — 0.
Rn

Also, by Theorem 42 in [70] a subsequence of L, converges weakly to some translation
invariant operator I elliptic with respect to L.. Hence, the stability result in [70] yields

Ilv=0 in{z, >0} and v=0 in{z, <0}

Furthermore, passing to the limit the growth control (4.70) we obtain ||v||p (g, < R?
for all R > 1. Thus, the Liouville type Theorem 4.1.5 implies

v(z) = K(x,)%.

Passing (4.56) to the limit (using uniform convergence) we find

/31 v(z)(zn)s do = 0.

But passing (4.55) to the limit, we obtain a contradiction. O
To prove Proposition 4.6.1 we will need a more involved version of this argument,
but the main idea is essentially contained in the previous reduced version. Before
proving Proposition 4.6.1, let us give some preliminary results.
The following lemma is for general continuous functions u, not necessarily solutions
to some equation.
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Lemma 4.6.2. Let 3 > s and v € S™! be some unit vector. Let u € C(B;) and
define

br(x) == Qu(r) (x - V)%, (4.58)

where

9 5 uw(z)(z-v) dr
Q.(r) = argmeeR/ (u(z) = Q(z - v)%) da = Jp, u@) (@ - V)% :

By fBT<x'V)3-de
Assume that for all r € (0,1) we have
[u =&l e ) < Cor’ (4.59)
Then, there is Q € R satisfying |Q] < C(Co + |Jul|L(p,)) such that
Ju—Q(z - V)j—HLOO(BT) < CCyr”
for some constant C' depending only on B and s.
Proof. We may assume |lu||z(,) = 1. By (4.59), for all 2’ € B, we have
|d2r(2') — ()] < |ula’) — Gor(2)] + |ua’) — ¢ (2')] < CCor”.
But this happening for every 2’ € B, yields, recalling (4.58),
|Qu(2r) = Qu(r)| < CCor™™.
In addition, since ||u|z~(p,) = 1, we clearly have that
Q.(1)] < C. (4.60)
Since § > s, this implies the existence of the limit

Q= mQ.(r)

Moreover, using again 8 — s > 0,
|Q Q. (r Z|Q 27"r) — Q. (27 ZOCO —m(B=s)pB=s < OB,

In particular, using (4.60) we obtain
Q] < C(Cy+1). (4.61)
We have thus proven that for all » € (0,1)
= Q- 1)l < 1t = Qur) (@ 1) ) +

+[1Q(r)(z - v)§ = Q- V)i ||,
< Cor? +1Q.(r) — Q|r* < C(Cy + 1)r?
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The following lemma will be used in the proof of Theorem 4.1.3 to obtain com-
pactness for sequences of elliptic operators of variable order. Its proof is almost the
same as the proof of Lemma 3.1 of [261].

Lemma 4.6.3. Let sq € (0,1), sy, € [so, 1], and I, such that

e [, is a fully nonlinear translation invariant operator elliptic with respect to

Li(Sm)-
e [,0=0.

Then, a subsequence of S, — s € [so, 1] and a subsequence of I, converges weakly
(with the weight wg, ) to some fully nonlinear translation invariant operator I elliptic
with respect to L(s).

Proof. We may assume by taking a subsequence that s,, — s € [sg, 1]. Consider the
class £ = [Ue (51 £+(s). This class satisfies Assuptions 23 and 24 of [70]. Also, each
I,,, is elliptic with respect to £. Hence using Theorem 42 in [70] there is a subsequence
of 1,,, converging weakly (with the weight ws,) to a translation invariant operator I,
also elliptic with respect to £. Let us see next that I is in fact elliptic with respect
to L.(s) C L. Indeed, for test functions v and v that are quadratic polynomials in a
neighborhood of x and that belong to L'(R™, ws,), the inequalities

M v(x) < Ly(u+v)(x) — Ly(z) < M v(z)
pass to the limit to obtain
M;v(z) < T(u+v)(z) — Tu(z) < Mfo(z).
O

The following lemma will be used to obtain a C7 estimate up to the boundary
for solutions to fully nonlinear integro-differential equations. This estimate will be
useful in the proof of Proposition 4.6.1. It is essentially a consequence of the proof of
Theorem 3.3 in [70]. Note that, in contrast with Proposition 4.6.1, in this lemma the
assumption of regularity of the domain is only “from the exterior”. Namely, we only
assume that the exterior ball condition is satisfied.

Lemma 4.6.4. Assume that By is divided into two disjoint subdomains €2y and €y
such that By = QU Qy. Assume that I := 0, \ 0B, = 08 \ 0By is a C*' surface
and that 0 € I". Moreover assume that, for some py > 0, all the points on I'M B3y can
be touched by a ball of radius py € (0,1/4) contained in Qy.

Let so € (0,1) and s € [so,1]. Let a € (0,1), g € C*(Q), and u € C(B;) N
LY (R™, w,) satisfy in the viscosity sense

Mtu>—-Cy and M—u<Cy in Qi, u=gqg in .
Then, there is v € (0,«) such that u € C7 (Bl/g) with the estimate
ulle(s,,5) < C(ull ez + lgllow@) + llullpr@n w.) + Co)-

The constants C' and v depend only on n, s, a, po, and ellipticity constants.
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Proof. Let @ = uxp,. Then @ satisfies M0 > —C{ and M~a < Cj in 3 N By, and
@ = g in Oy, where Cj < C(Co + ||lul|11(n w,))- Here, the constant C' depends only on
n, So, and ellipticity constants.

The proof consists of two steps.

First step. We next prove that there are 6 > 0 and C such that for all z € T’ ﬂm
it is

18— g(2) ||z (By(2y) < Cr® for all v € (0, 1), (4.62)

where § and C' depend only on n, so, Cp, |||l L= (B, ||9]/ce(@,), and ellipticity constants.

Let z € I'N By /5. By assumption, for all R € (0, p) there yr € Q5 such that a ball
Br(yr) C Qs touches I' at z, i.e., |z —yr| = R.

Let ¢y and € > 0 be the supersolution and the constant in Lemma 4.3.3. Take

w(l‘) - g<yR> + HgHC‘l(fb)((l + E)R)a + (C(/) + Hu||L°°(Bl))<)01 <x _RyR> .

Note that ¢ is above @ in €25 N B(11r. On the other hand, from the properties of
o1, it is Mty < —(C'() + ||l L (By)) R < —Cf in the annulus Bg1er(yr) \ Br(yr),
while ¥ > ||u|| g (p,) > @ outside B(14¢r(yr). It follows that % < v and thus we have

i(x)—g(z) < C(R*+(r/R)®) forall z € B,(z) and for allr € (0,eR) and R € (0, po).

Here, C' denotes a constant depending only on n, so, Cg, |[u|/ze(s,), [|9]lce(@,), and
ellipticity constants. Taking R = 7'/ and repeating the argument up-side down we
obtain

la(z) — g(2)| < C’(ra/2 + 7“8/2) < Cr® forall z € B.(2) and r € (0,€'/?)

for § = 3 min{a, so}. Taking a larger constant C, (4.62) follows.
Second step. We now show that (4.62) and the interior estimates in Theorem 4.2.5
imply ||u|cv(B, 12) < €, where €' depends only on the same quantities as above.
Indeed, given xg € {2y N By, let z € I and r > 0 be such that

d = dist (zo,I") = dist (xg, 2).

Let us consider

We clearly have
||U||L°°(B1) S C and ||U||L1(R",ws) S C

On the other hand, v satisfies
MTv(x) = (d/2)* M*i(xg +rz) < C in By

and
M~ v(z) = (d/2)* M~ a(xg +rz) > —C} in By.

Therefore, Theorem 4.2.5 yields

lvllcaes, ) < €
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or equivalently
[u]ca(Bd/4(x0)) <Cd“. (463)

Combining (4.62) and (4.63), using a similar argument as in the proof of Proposition
4.1.1, we obtain
[ullev@ing, ) < C,

as desired. 0
We can now give the

Proof of Proposition 4.6.1. The proof is by contradiction. Assume that there are se-
quences Ty, Q. Q. sk, fr, u, and I that satisfy the assumptions of the proposition.
That is, for all £ > 1:

e I'; is a C'! hyper surface with radius po splitting By into ) and Q.

Sk € [so, max{1, sy + J}.

I, is translation invariant and elliptic with respect to L. (s).

(||| oo (rmy + ||fk||Loo(Q§) =1 (by scaling we may assume Cy = 1).
e uy is a solution of Tyuy = fi in Q) and u = 0 in Q.

Suppose for a contradiction that the conclusion of the proposition does not hold. That
is, for all C' > 0, there are k and z € I'y, N By o for which no constant @@ € R satisfies

le) = Qe =) ()

Above, vg(z) denotes the unit normal vector to I' at z, pointing towards ;.
In particular, noting that sx € [sg, so + d] and S > so + 2§ by assumption, and
using Lemma 4.6.2, we obtain

< Clz—=2° forall z € By. (4.64)

sup sup sup 77 |lup — ¢k7zv7"”L°°(B,«(z)) = 00, (4.65)
k 2€TyNBy g r>0
where
Or e () = Qp (1) ((z — 2) - uk(z))f (4.66)
and

dx

Qk,z(r) = arg mingeg /BT(Z) Uk(ﬂf) _ Q((I . Z) ) I/k(z))+
i (@) (@ = 2) - (=) Y
fBr(z)((f —2)- Vk(Z))is’“dx '

Next define the monotone in r quantity

O(r) :==sup sup sup ()" max{ ek = Prsr e, 0

k ZEFkﬂBl/g r'>r

()" [Qua(2r) — Qk,z<r'>|}.
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We have 6(r) < oo for r > 0 and 6(r) /oo as 1\, 0. Clearly, there are sequences
Tm N\ 0, ki, and z,, — z € By, for which

(Tm)*ﬁ max{ Hukm - (ﬁkm,zm,rm”Loo(Brm(xm)) ’
(4.67)

(1) [Qr (20m) = Qo <rm>|} > 0(r) /2.

From now on in this proof we denote ¢, = Gk,, 20rms Vi = Vi, (2m), and s, = sy
In this situation we consider

m *

Uk, (Zm + Tm®) — O (2 + Tx)

(7m)P0(1:m)

Um(x) =

Note that, for all m > 1,

/B U (@) (2 - um)im dx = 0. (4.68)

}ZUZ

(4.69)

This is the optimality condition for least squares.
Note also that (4.67) is equivalent to

fBz U () (- Vi) 3" de _ fB1 U () (T - V) d

Jp, (@ U )25 da Jp, (@ U )35 de

maX{H%HLoo(Bl)a

which holds for all m > 1.
In addition, by definition of €, for all k£ and z we have

(T/>S_B|Qk,z(2rl> B Qk,z (T/) |

00 <1 forall? >r>0.

Thus, for R = 2V we have

Tsk_ﬁ|Qk,Z<TR) - Qk,z(r>| < - 93 (B—sk) <2jr)8k_5|Qk,z(2j+lr) - Qk,z(QjT”
o) = 2 o)
N-1
< 93 (B=sk) < CoNB—sk) — CRB—SIC’
=0
where we have used 5 — s, > 0.
Moreover, we have
]_ Sm
[oml| L= (Br) = WH“M = Qo (1) (@ = 20m) V) " | oo,
RS Sm
< G e e ~ Qe OO = 2) 00 g+
1 S
+ W'ka,zm(rmf{) = Q2 (1) | (T R)
RP0(r,,R)

< B
= o) + CR",
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and hence v,, satisfy the growth control
[Vl Loy < CRP - for all R > 1. (4.70)

We have used the definition §(r) and its monotonicity.
Now, without loss of generality (taking a subsequence), we assume that

Uy —> v € S™7L

Then, the rest of the proof consists mainly in showing the following Claim.

Claim. A subsequence of vy, converges locally uniformly in R™ to some function v
which satisfies v = 0 in {x-v > 0} and v =0 in {z - v < 0}, for some I translation
wvariant and elliptic with respect to L.

Once we know this, a contradiction is immediately reached using the Liouville type
Theorem 4.1.5, as seen at the end of the proof.
To prove the Claim, given R > 1 and m such that r,, R < 1/2 define

Q;%m = {$ € Br : (zm+7Tmz) € sz and 7 - vy (2m) > O}.

Notice that for all R and k, the origin 0 belongs to the boundary of Qﬁm.
We will use that v, satisfies an elliptic equation in Q};m. Namely,

Imvm(m) = ( (rm) ™

Ot
P00 frr (Zm + Tx) in QR - (4.71)

where I,,, is defined by

= (wizm+7r) — dmlzm+1) ()P
b ( () P0(r) ) ) =1

for all test function w. Equivalently, for all test function v,

foto) 2 Ot (0000) o( S22 ) 4 0n()) o)

() %Ikm ((rm)ﬁe(rm) ’U( : ;mzm)> (2m + Tm),

the last identity being valid only in {z - v, > 0} since M*¢,, = M~ ¢,, = 0 in
{(x = 2) - v > 0}.

Note that the right hand side of (4.71) converges uniformly to 0 as r,, N\, 0, since
B =2s9g—0 < 28, and 0(r,,) / 0.

Using that Iy, is translation invariant and elliptic with respect to L. (s,,) and that
I;, 0 = 0 we readily show that I, is also elliptic with respect to £, (s,,) (i.e., with the
same ellipticity constants A and A, which are always fixed). Also, since the domains
QF,, are always contained in {(z — zp,) - v, > 0} we may define L, by (%*), and hence
it is a translation invariant operator.

In order to prove the convergence of a subsequence of v,, we first obtain, for every
fixed R > 1, a uniform in m bound for ||v;,[|cé(p,,), for some small 6 > 0. Then the local
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uniform convergence of a subsequence of v,, follows from the Arzela-Ascoli theorem.
Let us fix R > 1 and consider that m is always large enough so that r,, R < 1/4.
Let X, be the half space which is “tangent” to €, ~at z,,, namely,

5= {(z = zp) - v(zm) <0}
The first step is showing that, for all m and for all r < 1/4,

) < Cr#sm < Cr?so (4.72)

Hukm - ¢mHL°°(BT(zm)ﬂ(Q,:mUE;l)

for some constant C' depending only on sy, po, ellipticity constants, and dimension.
Indeed, we may rescale and slide the supersolution ¢; from Lemma 4.3.3 and use
the fact that all points of I'y,, M B34 can be touched by balls of radius py contained in
Q. . We obtain that
lug,, | < C’(dist (x, Q,;m))sm,

with C' depending only on n, sg, po, and ellipticity constants. On the other hand, by
definition of ¢,, we have
(b | < C(dist (z,%,))"".

But by assumption, points on I'; N Bs/4 can be also touched by balls of radius py from
the Q,jm side, and hence we have a quadratic control (depending only on pg) on on how
Iy, separates from the hyperplane 9%. As a consequence, in B,(2,) N (£, UX.)
we have

C(dist (z, Q,;m))sm <Cr*m and C(dist (z,%,))"" < Cr*m.

Hence, (4.72) holds.
We use now Lemma 4.6.4 to obtain that, for some small v € (0, s¢),

Hukmum(Bl/s(zm)) < C for all m.
On the other hand, clearly
||¢m||C’Y(Bl/8(Zm)) < C for all m.

Hence,
[k = Sl v (5, iy, mi) < C- (4.73)

Next, interpolating (4.72) and (4.73) we obtain, for some positive 0 < ~ small
enough (depending on 7, sg, and ¢),

ko = bmlles (5, iy vy S 72070 = Cr”. (4.74)

Therefore, scaling (4.74) we find that

| vm]| s (5may,) = C forallm with ry, R < 1/4. (4.75)

Next we observe that the boundary points on 8Q}§,m N B3r/s can be touched by
balls of radius (po/rm) > po contained in Bg \ Q,,. We then apply Lemma 4.6.4
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(rescaled) to vp,. Indeed, we have that v, solves (4.71) and satisfies (4.75). Thus, we
obtain, for some ¢' € (0, 6),

< C(R), forall m with r,,R < 1/4, (4.76)

H”ché’(BR/Q) =

where we write C'(R) to emphasize the dependence on R of the constant, which also
depends on sg, po, ellipticity constants, and dimension, but not on m.

As said above, the Arzela-Ascoli theorem and the previous uniform (in m) C¥
estimate (4.76) yield the local uniform convergence in R" of a subsequence of v,, to
some function v.

Next, since all the v,,’s satisfy the growth control (4.70), and 2sq > 3, by the
dominated convergence theorem we have v,, — v in L*(R", w,,).

In addition, by Lemma 4.6.3 there is a subsequence of s,, converging to some
s € [so,min{1, sy + 6}] and a subsequence of I, which converges weakly to some
translation invariant operator I, which is elliptic with respect to L,(s). Hence, it
follows from the stability result in [70, Lemma 5] that Iv = 0 in all of R”. Thus, the
Claim is proved.

Finally, passing to the limit the growth control (4.70) on v, we find ||v|| (5, < R?
for all R > 1. Hence, by Theorem 4.1.5, it must be

v(z) = K(z - V(Z))i

Passing (4.68) to the limit, we find

/B v(z) (- V(Z))j_ dxr = 0.

But passing (4.69) to the limit, we reach the contradiction. O
Before giving the proof of Theorem 4.1.3, we prove the following.

Lemma 4.6.5. Let I' be a CY' surface of radius py > 0 splitting By into QT and Q~;
see Definition 4.1.2. Let d(x) = dist (x,27). Let xg € B2 and z € I' be such that

dist (zo, ') = dist (x, z) =: 2r.

Then,

|(@=2) v, —a@)| <o (4.77)

< Cr?, (4.78)

and

—5 —2s+¢
[0 e oy < O (4.79)

The constant C' depends only on pg.
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Proof. Let us denote

d(z) = ((z — 2) - V(Z))+.
_ First, since I' is O with curvature radius bounded below by py, we have that
|d — d| < Cr? in B,(z0), and thus (4.77) follows.
To prove (4.78) we use on the one hand that
[Vd = Vdl|, . 5 0y < O (4.80)

z0)) —

which also follows from the fact that I" is C1*'. On the other hand, using the inequality
la*~1 — b*7Y < |a — bl max{a*~2,b*"%} for a,b > 0, we find

[ Js_l”LOO(BT(xU)) <Cr? maX{HdS_QHLOO(BT(xO)) ) CZS_QHL%(BT(%))} < Cr.
(4.81)
Thus, using (4.80) and (4.81), we deduce
[d° — 7] COY(By(z0)) Hds_lVd - CZS_IVJHLOO(BT(Q:O)) < Cr.

Therefore, (4.78) follows.
Finally, interpolating the inequalities

[97] o, (ayy = 1477 Vil oo,z < O and - [[d7 [ (u@oy) < O

4.79) follows. O
(4.79)
We can finally give the

Proof of Theorem 4.1.3. As usual, we may assume that
[ull oo ®ny + (| fll Loty < 1.

First, note that by Proposition 4.6.1 we have that, for all 2 € I' N By,, there is
@ = Q(z) such that

Q(z)| <C and |Ju—Q ((z—=z)- V(z))iHLoo(BR(z)) < OR*™¢ (4.82)

for all R > 0, where C' depends only on n, sg, pg, €, and ellipticity constants.

Indeed, let § = min{e/2,s0/4} and take a partition so < 1 < --- < sy = 1 of
[s0, 1] satisfying |s;41 — s;| < 0. Then, using Proposition 4.6.1 with sy replaced by s;,
(4.82) holds for all s € [s;, sj4+1] with a constant C; depending only on n, s;, py, and
ellipticity constants. Taking C' = max; C;, (4.82) holds for all s € [so, 1].

Now, to prove the C*~¢ estimate up to the boundary for u/d® we must combine
the C* interior estimate for « in Theorem 4.2.6 with (4.82). To do it, we will use a
similar argument for “glueing estimates” as in the proof of Proposition 4.1.1. However,
here we need to be more precise in the argument because we want to obtain the best
possible Holder exponent.

Let z¢ be a point in QT N B4, and let z € I" be such that

2r := dist (xo, ") = dist (zo,2) < po-
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Note that B, (z¢) C Bar(x9) C 2* and that z € I' N By, (since 0 € I').
We claim now that there is QQ = Q(zy) such that |Q(xo)| < C,

|u — QA®|| Lo (B, (o)) < CT*°, (4.83)
and
(U — Qd*|cs—<(B, (20)) < OT°, (4.84)

where the constant C' depends only on n, sq, €, pg, and ellipticity constants.
Indeed, (4.83) follows immediately combining (4.82) and (4.77).
To prove (4.84), let

vp(x) = rfu(z +re) — Q (- v(2))5.
Then, (4.82) implies
[orl|Loe(Bay < C°7°
and
lvp]| L1 (Rn, wy) < CT57°

Moreover, v, solves the equation
I, = r°f(z4rz) in By(o),

where %y = (29 — 2)/r satisfies |#o — z| = 2 and I is translation invariant and elliptic
with respect to L£,. Hence, using the interior estimate in Theorem 4.2.6 we obtain
[Vr] cse(By(30)) < Cr°~¢. This yields that
77 u — r—2)-v2) = 10| cs—e(By(z)) < OT°re™ .
Q=) @)L = el

Therefore, using (4.78), (4.84) follows.

Let us finally show that (4.83)-(4.84) yield the desired result. Indeed, note that,
for all 2y and x5 in B,(zo),

(@) = (@) = G st)“js&ff QPN | (4 Q) () (4 (1) ().

By (4.84), and using that d is comparable to r in B,(x¢), we have

|(u — st)(:cl) — (u — st)(l'z)‘
d*(z1)

S C‘.Tl — 1}2’376.

Also, by (4.83) and (4.79),
lu — Qd°|(x2)|d*(z1) — d™*(22)| < Clay — z|*".

Therefore,
[u/ds]CS*f(Br(xo)) § C

From this, we obtain the desired estimate for [[u/d*(|cs-<@+np, ) Py summing a geo-
metric series, as in the proof of Proposition 1.1 in [249]. O]



152 Boundary regularity for fully nonlinear integro-differential equations

4.7 Non translation invariant versions of the re-
sults

Proposition 4.7.1. Let s € (0,1), § € (0,50/4), po > 0, and = 259 — 0 be given
constants.

Let T be a CY' hypersurface with radius py > 0 splitting By into Q* and Q~; see
Definition 4.1.2.

Let s € [so, max{1,sq +0}], and f € C(QF). Assume that u € C(B;) N L®(R") is
a wviscosity solution of J(u,x) = f(x) in QT and u =0 in Q~, where T is an operator
of the form (4.12)-(4.16).

Then, for all z € ' N By, there exists Q(z) € R with |Q(2)| < C for which

‘u(az) —Q(2)((z — 2) - V(Z))j_‘ < Clz —z|°  for all x € By,

where v(z) is the unit normal vector to I' at x pointing towards Q. The constant C
depends only on n, po, So, 0, ||ul|remny, || fllzeo@ty, the modulus of continuity p, and
ellipticity constants.

Proof. 1t is a variation of the Proof of Proposition 4.6.1. Hence, it is again by contra-
diction. Assume that there are sequences Iy, Q. Qi sk, Jr, fi, and uy, that satisfy
the assumptions of the proposition. That is, for all £ > 1:

e I'; is a C"! hyper surface with radius py splitting By into ) and Q.

o 5; € [so, max{l,so+ J}].

J) is elliptic with respect to L.(s;) and satisfies (4.12)-(4.16) (with J and s
replaced by J; and sy, respectively).

||Uk||L°°(R") + ||fk||Loo(Qg) =L
e uy is a solution of Jy(uy, r) = fi(z) in QF and up =0 in Q.

But suppose that the conclusion of the proposition does not hold. That is, for all
C > 0, there are k and z € I'y, N By, for which no constant @) € R satisfies

‘uk(x) —Q((x—2)- uk(z))ik < Clx —2° forall z € By. (4.85)

Above, vy (z) denotes the unit normal vector to 'y, at z, pointing towards Q.
As in the proof of Proposition 4.6.1, using Lemma 4.6.2, we have that

sup sup sup 77 |luy — Dhzrl| oo (B, (2)) = O©- (4.86)
k  z€l'yNBy o 7>0
where ¢y ., is given by (4.66). B
We next define 6(r) and the sequences 7, N\, 0, Ky @m; Um, and z, — 2 € Byy as

in the proof of Proposition 4.6.1.
Again, we also define

Uk, (Zm + me) - gbm(zm + Tml’)

(7m)P0(1m) 7

Um(x) =
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which satisfies (4.68), (4.69), and the growth control (4.70).
Note that, up to a subsequence, we may assume that v, — v € S* 1,
The rest of the proof consists in showing

Claim. A subsequence of vy, converges locally uniformly in R™ to some function v
which satisfies v =0 in {x-v > 0} and v =0 in {x - v < 0}, for some [ translation
invariant and elliptic with respect to L,.

Once we know this, a contradiction is immediately reached using the Liouville type
Theorem 4.1.5, as seen at the end of the proof.
To prove the Claim, given R > 1 and m such that r,, R < 1/2 define

Q;%m = {x € Br : (zm+7Tmz) € Q:m and 7 - vy (2,) > O}.
Notice that for all R and k, the origin 0 belongs to the boundary of QE’m.

We will use that v, satisfies an elliptic equation in Qg’m. Namely,

ﬁm(vm,x) = ((Tm) o

mf(zm +7rpr)  in QE’m. (4.87)

where J,, is defined by

5 (Montr)nCon b)) frafe

(7m)P0(m) B T'm)P0(1m)

for all test function w. Equivalently, for all test function v,

Tg, (W, Zy + 1),

Fon(v,2) & Mjkm ((rm>ﬂe(rm>v < - Zm) + dml(-), zm + rmx)

(Tm)ﬁe (Tm m
(5) (7)) ?m

= mj’“m <(rm)59(rm)v ( : ;mz’”)> (Zm 4 ")
2 ing Sup( [ ol 9) + 0l =) = 20(@)} KL ot ) dy +

a

(7n) 258 c&m)<zm+m>>
(Tm)’ge(rm)

The last two identities hold only in {z - v,, > 0} since M*¢,, = M ¢, = 0 in
{(x = 2) - v > 0},

Note that the right hand side of (4.87) converges uniformly to 0 as r,, N\, 0 since
B =2sy—0 < 2s, and 0(r,,) ~ oo.

Using that Jy,, is elliptic with respect to L.(sy,, ) and that Jy, (0,z) = 0, we readily
show that J,, is also elliptic with respect to £, (sg,, )-

Note that, since J,, is elliptic with respect to Li(s,,), and || fx,, ||z~ < 1, then

M;; ug,, > —1 and M, ug, <1 in ar,
and the same inequalities hold for v,,. Hence, by the same argument as in the proof

of Proposition 4.6.1, we find that

vaHcé,(BR/Q) < C(R), forall m with r,,R < 1/4,
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where C'(R) depends only on R, n, sg, po, and ellipticity constants, but not on m.

Then, the Arzela-Ascoli theorem yields the local uniform convergence in R™ of a
subsequence of v, to some function v. Thus, the Claim is proved.

Next, since all the v,,’s satisfy the growth control (4.70), and 2sy > 3, by the
dominated convergence theorem v,, — v in L}(R", w,).

Let now I, be the sequence of translation invariant operators defined by

Lyw= i%f sup ( Rn{w(x +y) +w(z—y) —2w(z)} Kc%"‘)(zm,y) dy) .

«

Note that, for all test functions w,
Fm(w, ) — Ly(w) — 0 uniformly in compact sets of {(z — z) - v > 0}.  (4.88)
Indeed, by (4.16),

i - p(Crm)
K o s y) = K o) < (1= s1,.) G

and

(7 ) ?5%m ct(xm) (zm +r2)

(7m)P0(rm)

where p is the modulus of continuity of the kernels K,s(x,y) with respect to z.

On the other hand, by Lemma 4.6.3 there is a subsequence of s converging to
some s € [so, min{1,2sy — 6}] and a subsequence of I, which converges weakly to
some translation invariant operator I, which is elliptic with respect to L.(s). Hence,
by (4.88), it follows that J,n — I weakly in compact subsets of {z-v > 0}. Therefore,
using the stability result in [70, Lemma 5], Tv = 0 in {z - v > 0}.

Finally, passing to the limit the growth control (4.70) on v,,, we find ||v||r~(p,) <
CR? for all R > 1. Hence, by Theorem 4.1.5, it must be

< A(rm)Qs’“m’fB — 0,

s

v(z) = K(z- 1/(2))+.

But passing (4.68) and (4.69) to the limit we find a contradiction. O

We next prove Theorem 4.1.6.

Proof of Theorem 4.1.6. In case that g = 0, the result follows from Proposition 4.7.1
by using the same argument as is the proof of Theorem 4.1.3 (partition of [sg, 1] into
intervals of length smaller than €/2).

When g¢ is not zero, we consider © = v — gxp,. Then u satisfies © =0 in 2~ and

Q!

(@, 2) = f(z) in QYN By,
where -
J(w,z) =T (w+ gxs,, ) — I(gxas,, )

and

f(x) =3(gxp, 2) + f(2).
Then, applying the result for ¢ = 0 to the function u, the theorem follows. O
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4.8 Final comments and remarks

Here we would like to make a few remarks and talk about some open problems and
future research directions.

Higher regularity of u/d®. In the proof of the Liouville-type Theorem 4.1.5,
one starts with a solution satisfying |u(z)| < C(1 + |z|?). Then, one proves that the
tangential derivatives satisfy |0, u(z)| < C(1+|x|?~1). Hence, if 3—1 < s, Proposition
4.5.1 implies that d,u = 0, and thus u is 1D.

The fact that we only use < 14 s seems to indicate that the quotient u/d* could
belong to C'~¢, and not only to C*~¢. However, for functions with growth at infinity
2s < B < 1+ s, the integro-differential operators cannot be evaluated.

In fact, only having 8 — 1 < s + « would suffice to obtain d,u = c¢(x,)?%, and
this seems enough to classify solutions in the half space. However, as before, such
approach would require to give sense to the equation for functions that grow “too
much” at infinity.

Therefore, the following question remains open. Is it possible to prove that u/d*
belongs to C'™* when considering more regular kernels and right hand sides?

More general linear equations. In a future work we are planning to obtain C*~¢
regularity up to the boundary of u/d® for linear equations involving general operators
L of the form (4.3), where a is any measure (not supported in an hyperplane) which
does not necessarily satisfy (4.4). We will also obtain higher order regularity of u/d*
for linear equations when a € C*(S"™1), f € C*(Q), and Q is C*+2,

Equations with lower order terms. We could have included lower order terms
in the equations. Indeed, the compactness methods in Section 4.6 involve a blow up
procedure. We have seen in Section 4.7 that non translation invariant equations with
continuous dependence on x become translation invariant after blow up, and hence
our methods still apply. Similarly, we could have considered equations with certain
lower order terms, which disappear after blow up.

Second order fully nonlinear equations. As said in the introduction, with the
methods developed in this paper one can prove the C** and C?“ boundary estimates
for fully nonlinear equations F(D?u, Du,z) = f(z).

Obstacle and free boundary problems. The regularity theory for the obstacle
problem (or other free boundary problems) is related to the boundary regularity of
solutions to fully nonlinear elliptic equations. In this paper we have shown that L,
is the appropriate class to obtain fine regularity properties up to the boundary. We
therefore wonder if one could obtain regularity results for free boundary problems
involving operators in £, similar to those for the fractional Laplacian [271].

4.9 Appendix

In this appendix we give the

Proof of Lemma 4.5.3. Let us show first the statement (a). Recall that a = 1 — 2s.
We first note that the Caffarelli-Silvestre extension equation Au + iayu = 0 is written
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in polar coordinates x = rcosf, y = rsinf, r > 0, 6 € (0,7) as

1 1
Upr + —Up + —2U99 +
r r

? (sin@u,, +COSQ%> =0.
rsin 6 r

Note the homogeneity of the equation in the variable r. If we seek for (bounded at 0)
solutions of the form u = r*t7©,(f), then it must be v > —s and

O, +acotgb O, + (s+v)(s+v+a)O, =0.
If we want u to satisfy the boundary conditions
u(z,0) =0 forz<0 and |y|"Ou(z,y) =0 asy—0,

then ©, must satisfy

{@,,(0) = 0,(0) +o((sin0)*) =0 as 6\, 0 (4.89)
O,(m) = 0. |

We have used that, for z > 0
limy*dyu(e,y) =0 = u(z,y) = ulz,0) + o(y™),
y

since a = 1 — 2s.
To solve this ODE, consider

0,(0) = (sin@)*h(cos ).

After some computations and the change of variable z = cos # one obtains the following
ODE for h(z):

82

(1 —22)n"(2) — 22K (2) + (u + % — - 22> h(z) = 0.

This is the so called “associated Legendre differential equation”. All solutions to this
second order ODE solutions are given by

h(z) = C1F}(z) + C2Q;(2),

where P; and Q) are the “associated Legendre functions” of first and second kind,
respectively.

Translating (4.89) to the function h, using that sinf ~ (1 — cos6)/? as 6 \, 0 and
sin® ~ (14 cos#)'/? as § /' m, we obtain

{(1 —2)*2h(z) =c+o((1—2)") asz "1

4.90
lim, 1 (1 + 2)*2h(z) = 0. (4.90)

Let us prove that P; fulfill all these requirements only for v = 0,1,2,3,..., while
@? have to be discarded. To have a good description of the singularities of P$(z) at
z = +1 we use its expression as an hypergeometric function

1 (14 2)?

1—-=2
Pi(z) = Fi| - 1;1—s; .
V(Z) F(l—S) (1_2)8/2 2 1( V,I/+ ) S5 2 )
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Using this and the definition of 5F} as a power series we obtain

i 1 25/2 viv+1)1—2 )
P”(Z):F(l—s)(l—z)sﬂ{l_l——s 5 —1—0((1—2))} as z /1.

Hence, (1 — 2)*?Ps(z) =c+ O(1 - z) = c+ o((1 — 2)*) as desired.
For the analysis as z \, —1 we need to use Euler’s transformation

oFy(a,byc;r) = (1 — x)c_b_a oFi(c—a,c—b;c; ),

obtaining

2)%/2 z
Po(2) = I (142 <1+

T(1—s) 272 5 >_S{2F1(1—s—y,—s—y;1—5;1)+0(1)}

as z \, —1. It follows that the zero boundary condition is satisfied if and only if

oFi(l—s—v,—s—v;1l—s;1)= 2.

This implies v = 0,1,2,3, ..., so that I'(—v) = oc.
With a similar analysis one easily finds that the functions Q%(z) do not satisfy
(4.90) for any v > —s.
The statement (b) of the Lemma follows from the Sturm-Liouville theory after
observing that the ODE
O +acotghO, — N0, =0
can be written as
(| sing]” @fj)/ = \|sin6]*O,,. (4.91)
Indeed, we may regularize the problem by solving, for § € (—m,7), the ODE

((sin® 0 + €)*/2 fé), = \(sin? @ + €2)2/2 f, (4.92)

with the regularized boundary conditions

{f(—9) — £(0)
f(=m) = f(m) =0.

For (4.92), we obtain a complete orthonormal system { fe x x>0 in the subspace of even
functions of weighted space L? (( —,7), (sin? 0 +€2)*/ 2). Then one proves that as e — 0
the functions f.; converges in (0,7) to a solution of (4.91) satisfying the boundary
conditions (4.89). Since the limit of a complete orthogonal system is a also complete
orthogonal system and we have obtained all the solutions to the limiting equation,
these have to be a complete system. O]
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INTRODUCTION TO PART I1

This second part of the thesis is devoted to study the regularity of stable solutions to
reaction-diffusion equations.

Reaction-diffusion equations play a central role in PDE theory and its applications
to other sciences. They model many problems, running from Physics (fluids, combus-
tion, etc.), Biology and Ecology (population evolution, illness propagation, etc.), to
Financial Mathematics and Economy (Black-Scholes equation, price formation, etc.).
They also play an important role in some geometric problems: the problem of pre-
scribing a curvature on a manifold, conformal classification of varieties, and parabolic
flows on manifolds.

Background and previous results

The regularity of minimizers to nonlinear elliptic equations is a classical problem in
the Calculus of Variations appearing, for instance, in Hilbert’s 19th problem. An
important example in Geometry is the regularity of minimal hypersurfaces of R” which
are minimizers of the area functional. A deep result from the seventies states that these
hypersurfaces are smooth if n < 7, while in R® the Simons cone

S={reR®: 2} +a3+a}+a]=ai+af+2>+23} (4.93)

is a minimizing minimal hypersurface with a singularity at © = 0 [159]. The same
phenomenon —the fact that regularity holds in low dimensions— happens for other
nonlinear equations in bounded domains. For instance, let u be a solution of

—Au = f(u) in$
{ u = 0 on 0f2. (4.94)

It is still an open problem to show that local minimizers (and, more generally, stable
solutions) of this equation are bounded when n < 9. In dimensions n > 10 there are
examples of singular solutions to this problem which are local minimizers. Namely,

1
u(z) = log B is a solution of (4.94) with f(u) =2(n —2)e* and Q = By,
T
which is stable if n > 10 and a local minimizer if n > 11 [44].

Of special importance is the following class of reaction-diffusion problems with
interior reaction. Consider

—Au = Af(u) in QCR"
u > 0 in €2 (4.95)
u = 0 on 0f),
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with A > 0, posed in a bounded smooth domain 2. We assume the nonlinearity f to
satisfy
.2 : o f)

f is C*, nondecreasing, convex, f(0) > 0, and tEeroo = +00. (4.96)
Typical examples are —Au = Ae" (known as Gelfand problem, used to model combus-
tion processes) or —Au = \(1 4 u)?, with p > 1.

Under these conditions, it is well known that there exists an extremal value \* €
(0, +00) of the parameter A such that for each 0 < A < A* there exists a positive
minimal solution wuy of (4.95), while for A > A* the problem has no solution, even in
the weak sense. Here, minimal means the smallest positive solution. For A\ = \*, there
exists a weak solution, called the eztremal solution of (4.95), which is given by

In 1997 H. Brezis and J. L. Vézquez [36] raised the question of studying the reg-
ularity of the extremal solution u*, i.e., to decide whether u* is or is not a classical
solution depending on f and (). This is equivalent to determine whether u* is bounded
or unbounded. The importance of the problem stems in the fact that the existence
of other non-minimal solutions for A < A\* depends strongly on the regularity of the
extremal solution [120].

The regularity of stable solutions was studied in the seventies and eighties for
different nonlinearities f, essentially exponential or power nonlinearities. In both
cases a similar result holds: if n < 9 then any stable solution u is bounded for every
domain Q [177, 102, 212|, while for n > 10 there are examples of unbounded stable
solutions even in the unit ball —as the one given before.

At present, it is known that this result holds true for all nonlinearities f when the
domain €2 is a ball [43], and also in general domains for a class of nonlinearities that
satisfy a quite restrictive condition at infinity —the limit in (4.98) to exist.

The case of general f was studied first by Nedev in 2000 [225], who proved that the
extremal solution of (4.95) is bounded for every nonlinearity f satisfying (4.96) and for
every domain € if n < 3. He also gave LP estimates for u* for n > 4, and proved that
u* € H'(Q) in every dimension when the domain is strictly convex. Finally, the best
known result so far states that all stable solutions are bounded in dimensions n < 4,
for any nonlinearity f and any domain 2 [42, 295].

The problem is still open in dimensions 5 < n < 9. As mentioned before, a partial
result in that direction is that all stable solutions are bounded in dimensions n < 9
when the domain is a ball [43].

Results of the thesis (Part II)

In Chapter 5 we study the regularity of stable solutions u to (4.94) in the class of
domains that we call of double revolution. These are those domains which are invariant
under rotations of the first m variables and of the last n — m variables, that is,

Q={(a",2%) e R" x R"™: (s = |z|,t = |2°]) € Qa},



Introduction to Part I1 163

where Q; C R? is a bounded domain even (or symmetric) with respect to each coordi-
nate. We prove the following.

Theorem 3. Let Q2 C R”™ be any bounded and conver domain of double revolution. Let
f be any nonlinearity satisfying (4.96), and let u* be the extremal solution of (4.95).
Then, u* is bounded whenever n < 7.

Except for the radial case, our result is the first partial answer valid for all nonlin-
earities in dimensions 5 <n < 9.

The proofs of the results in [102, 225, 43, 256, 42] use heavily the stability of the
extremal solution u*. In fact, one first proves estimates for any regular stable solution
wof (4.94), then one applies them to the minimal solutions w,, and finally by monotone
convergence such estimates also hold for the extremal solution u*.

Recall that a solution of (4.94) is said to be stable if the second variation of energy
at u is nonnegative, i.e., if

Qulé) = /Q VEP — F ()€ > 0

for all C* functions £ vanishing on 9. Obviously, every local minimizer of the energy
functional

B(u) = [ 51Vul = Flu),

where F' = f, is a stable solution of (4.94).

For the exponential nonlinearity f(u) = ", the proof of Crandall-Rabinowitz [102]
is based on the choice ¢ = e — 1 in the stability condition, with a > 0 chosen
appropriately. Combining the stability condition with the equation, they find an L?
bound for e* if p < 5. Since —Au = Ae*, then u € W?? and, by the Sobolev
embeddings, u € L™ if n < 10. Nedev’s result for n < 3 [225] uses { = h(u) in the
stability condition, with A chosen appropriately depending on f.

The proofs of the estimates in [43, 42], instead, use as a test function £ = [Vuln
(or & = u,n in the radial case), and then compute @, (|Vul|n) in the stability property
satisfied by u. The expression of @), in terms of 1 does not depend on f, and a
clever choice of the test function 7 leads to L> and LP bounds depending on the
dimension n (but not on f). This idea was inspired on the proof of Simons theorem
on the nonexistence of singular minimal cones in R" for n < 7; see the survey [44].

Our proof of Theorem 3 uses as test functions in the stability condition & = usn;
and & = w;n. Taking appropriate functions 7, and 7, this leads to inequalities of the
form

/ (s7u? + t_ﬁuf) dsdt < C,
Qo

where s and t are the two radial coordinates describing €2. Here, the values of o and
[ depend on n and m. When n < 7, these values are large enough to deduce an L*™
bound for u, as stated in Theorem 3. When n > 8, we obtain LP bounds for the
solution u via some new weighted Sobolev inequalities established in Chapter 5 (see
also the Introduction to Part III).

Chapters 6 and 7 deal with the regularity of extremal solutions to semilinear prob-
lems involving now the fractional Laplacian (—A)®; see the Introduction to Part I
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for the definition, motivation, and mathematical background on this type of nonlocal
problems.

The regularity of the extremal solution was investigated for the spectral fractional
Laplacian A® in the unit ball Q = B; by Capella-Davila-Dupaigne-Sire [80]. They
proved the boundedness of all extremal solutions in dimensions n < 6 for all s €
(0,1). Recall that the spectral fractional Laplacian A® is defined via the Dirichlet
eigenfunctions of the Laplacian —A in Q. It can be also defined through an extension
problem in the cylinder 2 x R,. Thus, this operator is different but related to the
fractional Laplacian (—A)® —recall the extension problem for (—A)* explained in
the Introduction to Part I. Also in this direction, Davila-Dupaigne-Montenegro [107]
studied the extremal solution for a boundary reaction problem with mixed Dirichlet-
Neumann condition. Thus, as before, this problem is related to the half-Laplacian.

Here, we study the extremal solution to

(o sy e,

Our results (Theorems 4 and 5 below) are the first ones on extremal solutions for the
fractional Laplacian (—A)®.
In Chapter 6 we prove the following.

Theorem 4. Let 2 be any bounded smooth domain in R"™, s € (0,1), f be a function
satisfying (4.96). Let u* be the extremal solution of (4.97).

(i) Assume that Q) is convex. Then, u* belongs to H*(R™) for all n > 1 and all
s € (0,1).

(i) Assume that the following limit exists

i 1050
T‘_tlwroo OE (4.98)

Then, u* is bounded whenever n < 10s.

The limit (4.98) exists for exponential and power type nonlinearities. Thus, their
extremal solutions are bounded whenever n < 10s. It is important to notice that, in
the limit s T 1, n < 10 is optimal.

Regarding part (i), as in the case s = 1, a priori one only knows that u* and f(u*)
are in L', but not u* € H*. To prove the H* regularity of the extremal solution we
follow the ideas of Nedev for s = 1. This requires two main ingredients: the Pohozaev
identity for the fractional Laplacian proved in Part I, and an L*° estimate near the
boundary of convex domains. We establish this L> boundary estimate via the moving
planes method.

To prove part (ii) of the result, we argue similarly to the classical case s = 1,
following the approach of Nedev [225] and Sanchén [256]. When trying to adapt their
arguments to the fractional Laplacian, some identities that for s = 1 come from local
integration by parts are no longer available for s < 1. We succeed to replace these
identities by appropriate inequalities. They are sharp for s — 1, but not for smaller
values of s.
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In this direction, although the condition n < 10s in Theorem 4(ii) is optimal for s
close to 1, it is not optimal for small values of s € (0, 1). In fact, Theorem 4 does not
give any L estimate for s < 0.1, while we expect extremal solutions to be bounded
in dimensions n < 7 for all s € (0,1). The following result goes in this direction.

In Chapter 7 we prove, under some symmetry assumptions on the domain €,
a sharp boundedness result for extremal solutions with the exponential nonlinearity
f(u) = e*. The result reads as follows.

Theorem 5. Let Q) be a bounded smooth domain in R™ which is, for everyi =1, ...,n,
convex in the x;-direction and symmetric with respect to {x; = 0}. Let s € (0,1), and
let u* be the extremal solution of problem (4.97) with f(u) = e".

Then, u* is bounded for all s € (0,1) whenever n < 7. Moreover, the same holds if
n=2_8 and s 2 0/28206..., or if n =9 and s = 0/63237....

The result is new even in the unit ball.
The hypotheses of Theorem 5 on n and s —i.e., n < 7, or n = 8 and s 2 0'28206...,
orn=9and s 2 063237...— are equivalent to the following inequality

F(5) T +s) 2 ()

> ;
(R ()

2

(4.99)

where I' is the Gamma function.
Condition (4.99) makes Theorem 5 sharp in the following sense. One can find
a singular stable solution to (—A)%u = Xe" in Bj, with a certain nonzero exterior
condition g in R™\ B;, whenever (4.99) does not hold. Indeed, the function u(x) =
log |z|~%* solves
—Au = X" in By
{ u = g(zr) inR"\ B

for g(z) = log |z|72* in R™ \ B;. See Chapter 7 for more details.

To prove Theorem 5, one may think on extending the classical proof of Crandall-
Rabinowitz [102], i.e., using £ = e** — 1 as a test function in the stability condition.
When doing this, one only obtains regularity in dimensions n < 10s. Thus, different
methods are needed. Our proof goes as follows. We first assume by contradiction
that u* is singular, and we prove a lower bound for u* near its singular point. More
precisely, we show that for all € > 0 there exists r > 0 such that

u*(z) > (1 —€)log in B,.

’x‘Qs

This is why we need to assume the domain €2 to be even and convex —in this case,
the singular point is necessarily the origin. Then, in the stability condition we take an
explicit function &(z) ~ |2|=?, with 8 chosen appropriately. In case that (4.99) holds,
this argument leads to a contradiction, and hence the extremal solution is bounded.
Similar ideas were already used by Davila-Dupaigne-Montenegro [107] when studying
the extremal solution for the boundary reaction problem described before.






Chapter Five

REGULARITY OF STABLE SOLUTIONS IN
DOMAINS OF DOUBLE REVOLUTION

We consider the class of semi-stable positive solutions to semilinear equations —Awu =
f(u) in a bounded domain 2 C R" of double revolution, that is, a domain invariant
under rotations of the first m variables and of the last n — m variables. We assume
2 < m < n—2. When the domain is convex, we establish a priori LP and H& bounds for
each dimension n, with p = oo when n < 7. These estimates lead to the boundedness
of the extremal solution of —Awu = \f(u) in every convex domain of double revolution
when n < 7. The boundedness of extremal solutions is known when n < 3 for any
domain €2, in dimension n = 4 when the domain is convex, and in dimensions 5 <n < 9
in the radial case. Except for the radial case, our result is the first partial answer valid
for all nonlinearities f in dimensions 5 <n < 9.

5.1 Introduction and results

Let €2 C R™ be a smooth and bounded domain, and consider the problem

—Au = Af(u) in Q
u > 0 in Q2 (5.1)
u = 0 on 01,

where A is a positive parameter and the nonlinearity f : [0,00) — R satisfies

f is C', nondecreasing, f(0) >0, and lim 1) = 0. (5.2)

T—00 T

It is well known (see the excellent monograph [120] and references therein) that
there exists an extremal parameter A* € (0, 00) such that if 0 < A < A* then problem
(5.1) admits a minimal classical solution uy, while for A > A* it has no solution, even
in the weak sense. Here, minimal means smallest. Moreover, the set {uy : 0 < A < \*}
is increasing in A, and its pointwise limit ©* = lim,_,y+ u, is a weak solution of problem
(5.1) with A = A*. It is called the extremal solution of (5.1).

When f(u) = e*, it is well known that u € L*>*(Q) if n < 9, while u*(z) = log #
if n > 10 and Q = Bj. An analogous result holds for f(u) = (1 +u)?, p > 1.
In the nineties H. Brezis and J.L. Vazquez [36] raised the question of determining
the regularity of u*, depending on the dimension n, for general convex nonlinearities
satisfying (5.2). The first general results were proved by G. Nedev [225, 226] —see
[69] for the statement and proofs of the results of [226].
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Theorem 5.1.1 ([225],[226]). Let 2 be a smooth bounded domain, f be a function
satisfying (5.2) which in addition is convex, and u* be the extremal solution of (5.1).

i) If n < 3, then u* € L>(Q).
ii) If n >4, then u* € LP(Q2) for every p < .
i) Assume either that n <5 or that ) is strictly convex. Then u* € Hj ().

In 2006, the first author and A. Capella [43] studied the radial case. Their result
establishes optimal L> and L? regularity results in every dimension for general f.

Theorem 5.1.2 ([43]). Let 2 = By be the unit ball in R™, f be a function satisfying
(5.2), and u* be the extremal solution of (5.1).

i) If n <9, then u* € L>(Q).

it) If n > 10, then u* € LP(Q2) for every p < p,, where

(5.3)

i) For every dimension n, u* € H*(Q).

The best known result was established in 2010 by the first author [42] and estab-
lishes the boundedness of ©* in convex domains in dimension n = 4. Related ideas

recently allowed the first author and M. Sanchén [69] to improve Nedev’s LP estimates
of Theorem 5.1.1 when n > 5:

Theorem 5.1.3 ([42],[69]). Let Q@ C R™ be a convex, smooth and bounded domain, f
be a function satisfying (5.2), and u* be the extremal solution of (5.1).

i) If n < 4, then u* € L*>(9Q).

it) If n >5, then u* € LP(Q) for every p < 2% =2+ 7+

72

The boundedness of extremal solutions remains an open question in dimensions
5 <n <9, even in the case of convex domains and convex nonlinearities.

The aim of this paper is to study the regularity of the extremal solution u* of (5.1)
in a class of domains that we call of double revolution. The class contains domains
much more general than balls, but is much simpler than general convex domains. In
this class of domains our main result establishes the boundedness of the extremal
solution u* in dimensions n < 7, whenever 2 is convex. An interesting point of our
work is that it has led us to a new Sobolev and isoperimetric inequality (Proposition
5.1.7 below) with a monomial weight or density. In a future paper [50], we treat a
more general version of these Sobolev and isoperimetric inequalities with densities (see
Remark 5.1.8 below) for which we can compute best constants, as well as extremal
sets and functions. They are in the spirit of recent works on manifolds with a density;
see F. Morgan’s survey [218] for more information.
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Let n > 4 and
R" =R™ x R* with n=m+k, m>2, and k> 2. (5.4)

For each z € R™ we define the variables

{ s = a4 +a

We say that a domain 2 C R" is a domain of double revolution if it is invariant
under rotations of the first m variables and also under rotations of the last k variables.
Equivalently, Q is of the form Q = {x € R" : (s,t) € Qp} where  is a domain in R?
symmetric with respect to the two coordinate axes. In fact, Qs = {(y1,72) € R*: z =
(x1 =y1,00 =0, ..., T, = 0, Tppi1 = Yo, Tao = 0,...,z, = 0) € Q} is the intersection
of Q with the (x1, z,,11)-plane. Note that {25 is smooth if and only if 2 is smooth. Let
us call Q the intersection of {2y with the positive quadrant of R? i.e.,

ﬁz{(s,t)€R2:s>O,t>0, and

(5.5)
(x1=s8,20=0,..,2p, = 0,211 =, Tppi2 =0,...,2, =0) € Q}

Since {s = 0} and {t = 0} have zero measure in R?  we have that

/v dr = cm,k/v(s,t)smltkldsdt
Q Q

for every L'(2) function v = v(z) which depends only on the radial variables s and t.
Here, ¢, 1 is a positive constant depending only on m and &.

In the previous theorems, the regularity of u* is proved using its semi-stability.
More precisely, the minimal solutions uy of (5.1) turn out to be semi-stable solutions.
A solution is semi-stable if the second variation of energy at the solution is nonnegative;
see (5.9) below. We will prove that any semi-stable classical solution u of (5.1), and
more generally of (5.8) below, depends only on s and ¢, and hence we can identify it
with a function u = u(s,t) defined in (R, )? = (0,00)? which satisfies the equation

-1 k—1

uss—l—utt—irms Ug + ; u + f(u) =0 for(s,t)eﬁ. (5.6)

Moreover, in the case of convex domains we will also have us; < 0 and u; < 0 (for
s> 0,t > 0) and hence, u(0) = ||u||f~ (see Remark 5.2.1).

The following is our main result. We prove that, in convex domains of double
revolution, the extremal solution u* is bounded when n < 7, and it belongs to H} and
certain LP spaces when n > 8. We also prove that in dimension n = 4 the convexity
of the domain is not required for the boundedness of «* (in [42], convexity of {2 was a
requirement in general domains of R%).

Theorem 5.1.4. Assume (5.4). Let Q@ C R" be a smooth and bounded domain of

double revolution, f be a function satisfying (5.2), and u* be the extremal solution of
(5.1).
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a) Assume either that n =4 or that n <7 and Q is convex. Then, u* € L>(2).

b) If n > 8 and Q is convez, then u* € LP(QY) for all p < py, i, where

4

m k '
24+v/m—1 + 24+vk—1 2

c¢) Assume either that n < 6 or that Q is convex. Then, u* € H}(Q).

Remark 5.1.5. Let g = 5770=+ 2+jﬁ‘ Since ¢(z) := 57v+= is a concave function

in [2, 00), we have ¢'(x) —¢'(n—x) > 0in [2, 5], and thus ¢(z)+¢(n—r) is nondecreasing
in [2,3]. Hence, a2 < @mp < gn n, and therefore pn n < pyp < pajo. Thus,
asymptotically as n — oo,

2v/2 4

24 — ~pon <Pk < Popo~2+ —.

NG Pz 2 > DPmik > P2,n—2 Jn
Instead, in a general convex domain, LP estimates are only known for p ~ 2 + % (see
Theorem 5.1.3 ii above), while in the radial case one has L? estimates for p ~ 2 + \/iﬁ

(see Theorem 5.1.2 ii).

The proofs of the results in [225, 226, 43, 42, 69] use the semi-stability of the
extremal solution u*. In fact, one first proves estimates for any regular semi-stable

solution u of A f) in Q
—Au = %) in
{ u = 0 on 0f2, (5-8)

then one applies these estimates to the minimal solutions u, (which are semi-stable),
and finally by monotone convergence the estimates also hold for the extremal solution
u*.

Recall that a classical solution u of (5.8) is said to be semi-stable if the second

variation of energy at w is nonnegative, i.e., if

Qule) = /Q (IVEP - P da > 0 (5.9)

for all £ € C3(Q). For instance, every local minimizer of the energy is a semi-stable
solution.

The proof of the estimates in [43, 42, 69] was inspired by the proof of Simons
theorem on the nonexistence of singular minimal cones in R™ for n < 7 (see [44] for
more details). The key idea is to take & = |Vu|n (or & = u,n in the radial case)
and compute Q,(|Vu|n) in the semi-stability property satisfied by w. In this way the
expression of (), in terms of n turns out not to depend on f and, thanks to this,
a clever choice of the test function 7 leads to LP and L* bounds depending on the
dimension n but valid for all nonlinearities f.

In this paper we will proceed in a similar way, proving first results for general
positive semi-stable solutions of (5.8) and then applying them to u) to deduce estimates
for u*. We will take £ = uyn and £ = w;n separately instead of & = |Vu|n, and this
will lead to bounds for

/ uls 2 2 dy and /u?thdaf; (5.10)
Q Q
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Q -
P s

Figure 5.1: A non-convex domain for which the maximum of v* will not be u*(0)

for any a < v/m — 1 and 8 < vk — 1.

When the domain 2 is convex, we will have the additional information ||ul|p~ =
u(0), us < 0, and u; < 0, which combined with (5.10) will lead to L> and L estimates
for u*.

Instead, when the domain €2 is not convex the maximum of u may not be achieved
at the origin —see Figure 1 for an example in which «(0) will be much smaller than
||u|| Loo. Thus, in nonconvex domains we can not apply the same argument. However,
if the maximum is away from {s = 0} and {t = 0} (as in Figure 1) then the problem
is essentially two dimensional near the maximum, since dz = ¢, ;8™ 't*'dsdt and
both s and t will be positive and bounded below around the maximum. Thus, the
two dimensional Sobolev inequality will hold near the maximum. We will still have
to prove some boundary estimates, for instance estimates near the boundary points
P and @ in Figure 1. But, by the same reason as before, near P the coordinate s
is positive and bonded below. Thus, the problem near P will be essentially 1 + k
dimensional, and we assume k =n —m < n — 2. This will allow us, if 1+ k£ <n —1
are small enough, to use Nedev’s [225] W%? estimates to obtain boundary estimates.

Our result for general positive semi-stable solutions of (5.8) reads as follows. It
states global estimates controlled in terms of boundary estimates.

Proposition 5.1.6. Assume (5.4). Let Q@ C R™ be a smooth and bounded domain
of double revolution, f be any C' function, and u be a positive bounded semi-stable
solution of (5.8).

Let 6 be any positive real number, and define

Qs ={z € Q:dist(x,00) < d}.

Then, for some constant C' depending only on ), §, n, and also p in part b) below,
one has:

a) If n <7 and Q is convex, then ||u|pe) < C (HUHLOO(Q(;) + ||f(u)||Loo(Qé)).
<

b) If n > 8 and Q is convez, then ||u||Lro) C(HUHLOO(Qé) + ||f(u)HLOO(Q§)) for

each p < pm g, where py, i is given by (5.7).

¢) For alln >4, |[ullgi ) < Cllullgq,)-
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To prove part b) of Proposition 5.1.6 we will need a new weighted Sobolev inequality
in (R,)?*={(0,7) € R?*:0 > 0,7 > 0}. We will use this inequality in the (o, 7)-plane
defined after the change of variables

o =35 T =12

where v and /3 are the exponents in (5.10). It states the following.

Proposition 5.1.7. Let a > —1 and b > —1 be real numbers, being positive at least
one of them, and let
D=2+a+b.

Let u be a nonnegative Lipschitz function with compact support in R? such that u €
C'({u>0}),
Uy <0 and ur, <0 in (Ry)?

with strict inequalities whenever uw > 0. Then, for each 1 < q < D there exists a
constant C', depending only on a, b, and q, such that

. 1/q 1/q
</ o7 |ul? dadr) <C (/ U“Tb|Vu|qdadT) : (5.11)
(Ry)2 (R)?

Dq

where ¢* = g

Remark 5.1.8. When a and b are nonnegative integers, inequality (5.11) is a direct
consequence of the classical Sobolev inequality in RP. Namely, define in R? = R x
R**1 the radial variables 0 = |(z1,...,7441)] and 7 = |(Zay2,...,7p)|. Then, for
functions u defined in R” depending only on the variables ¢ and 7, write the integrals
appearing in the classical Sobolev inequality in R” in terms of o and 7. Since dz =
Capc®7’dodr, the obtained inequality is precisely the one given in Proposition 5.1.7.

Thus, the previous proposition extends the classical Sobolev inequality to the case
of non-integer exponents a and b. In another article, [50], we prove inequality (5.11)
with (R, )? replaced by (R, )¢ and with o?7° replaced by the monomial weight

4= xfl . -x?d,
where Aq,..., Ay are nonnegative real numbers. We also prove a related isoperimet-
ric inequality with best constant, a weighted Morrey’s inequality, and we determine
extremal sets and functions for some of these inequalities.

In section 4 we establish the weighted Sobolev inequality of Proposition 5.1.7 as a
consequence of a new weighted isoperimetric inequality. Our proof is simple but does
not give the best constant (in contrast with the more involved proof that we will give
in [50] giving the best constant). When a and b belong to (0,q — 1) —i.e., (0,1) when
g = 2, as in our application) inequality (5.11) also follows from a result of P. Hajlasz
[166] in a very general framework of weights or measures. His result does not give the
best constant and, besides, its constant depends on the support of the function.

We will need to use the proposition for some exponents a and b in (—1,0) —this
happens for instance when m = 2 or m = 3. In this case the assumption u, < 0,
u, < 0 is crucial for the inequality to hold with the optimal exponent ¢*. Without
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this assumption, a Sobolev inequality is still true but with a smaller exponent than ¢*
(this also follows from the results in [166]). For a > ¢ — 1 the weight is no longer in
the Muckenhoupt class A, and the results in [166] do not apply.

The paper is organized as follows. In section 2 we prove the estimates of Proposition
5.1.6. Section 3 deals with the regularity of the extremal solution of (5.1). Finally, in
section 4 we prove the weighted Sobolev inequality of Proposition 5.1.7.

5.2 Proof of Proposition 5.1.6

We start with a remark on the symmetry and monotonicity properties of solutions to
(5.8), as well as on the regularity of the functions ug and u;.

Remark 5.2.1. Note that when the domain is of double revolution, any bounded semi-
stable solution u of (5.8) will depend only on the variables s and t. To prove this,
define v = wju,; — Tju,,, with ¢ # j. Note that v will will depend only on s and ¢ if
and only if v = 0 for each i,j € {1,...,m} and for each i,j € {m +1,...,n}.

We first see that, for such indexes 7 and j, v is a solution of the linearized equation
of (5.8):

Av = Aziug, — TjUy,)
= 2;Auy; + 2V Vu,, — 2;Au,; — 2V - Vug,
— ni(Bu), — oA,
= —flul{zius, — zjus,}

—f'(u)v.

Note that v is a tangential derivative of u along 0f) since () is a domain of double
revolution. Therefore, since u = 0 on OS2 then v = 0 on 0€2. Thus, multiplying the
equation by v and integrating by parts, we obtain

/Q (IV0f? — F/(u)?}dz = 0.

But since u is semi-stable, the first Dirichlet eigenvalue A; (A + f/(u); ) > 0.

If Ai(A+ f(u); Q) > 0, the previous inequality leads to v = 0.

If A\ (A4 f'(u); Q) = 0, then we must have v = K¢, where K is a constant and ¢,
is the first Dirichlet eigenfunction of A + f’(u), which we may take to be positive in
). But since v is the derivative of u along the vector field 0; = x;0,;, — x;0,,, and its
integral curves are closed, v can not have constant sign. Thus, K = 0, that is, v = 0.

Hence, we have seen that any classical semi-stable solution u of (5.8) depends only
on the variables s and t. Moreover, by the classical result of Gidas-Ni-Nirenberg [156],
when () is even and convex with respect each coordinate and u is a positive solution,
we have u,, <0 when z; > 0, for 7 = 1, ..., n. In particular, when 2 is a convex domain
of double revolution, we have that u, < 0 and u; < 0 for s > 0, ¢ > 0, (s,t) € Q. In
particular,

Jull o=@ = u(0).

On the other hand, by standard elliptic regularity for (5.8) ~and its linearization,
every bounded solution u of (5.8) satisfies u € W3?(Q) N C?¥(Q) for all p < oo and
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0 < v < 1. In particular,

us € Hio(N\{s=0}) and  w € Hj (Q\{t = 0}),

since uy = Ug, = + -+ + Ug, 22 and uy = g, T 4 -+ u,, 2. In addition, since
u = u(s,t) is the restriction to the first quadrant of the (z1,z,,+1)-plane of an even

C?V function of x; and z,,., we deduce that
us € Lip(Q), u; € Lip(Q), us =0 when s =0, and u; = 0 when ¢t = 0. (5.12)

We note that u, and u; do not belong to C'(£2), neither to H?(2). For instance, the
solution of —Aw =1 in By C R™ is given by u = 5-(1 — s — t) and, thus, u, = —%s
is only Lipschitz in (2.

Before proving Proposition 5.1.6, we will need two preliminary results. The first
one, Lemma 5.2.2, was already used in [43, 42]. In this paper we use it taking the
function ¢ on its statement to be u, and wu;. Note that ¢ = u, € H2 (Q\{s = 0}) but
u, is not H? in a neighborhood in © of {s = 0}.

Lemma 5.2.2. Let u be a bounded semi-stable solution of (5.8), V' be an open set
with V. C Q, and ¢ be a HE (V') function. Then,

loc
/C{Ac+f/(u)c}n2dx§/c2|V7]|2d:r;
Q Q

for allm € CY(V') with compact support in V.

Proof. Tt suffices to set £ = ¢n in the semi-stability condition (5.9) and then integrate
by parts in V. O]

We now apply Lemma 5.2.2 separately with ¢ = u, and with ¢ = u;, and then we
choose appropriately the test function n to get the following result. This estimate is
the key ingredient in the proof of Proposition 5.1.6.

Lemma 5.2.3. Assume (5.4). Let Q C R™ be a smooth and bounded domain of double
revolution, f be any C* function, and u be a positive bounded semi-stable solution of
(5.8). Let a and 8 be such that

0<a<vm-—1 and 0< [ <Vk—1.

Then, for each > 0 there exists a constant C', which depends only on €2, 6, n, o, and
[, such that

1/2
(/Q {ugs—Qa—Q + u?t_Qﬁ—Q} da:) <C (HUHLOO(Q(;) + ||f(u)||Loo(Q5)) , (513)

where

Qs = {x € Q: dist(z,00) < d}.
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Proof. We will prove only the estimate for u?s~2*~2; the other term can be estimated
similarly.
Differentiating (5.6) with respect to s, we obtain

Aug — (m — 1)% + ff(w)us =0  in Q\{s=0}.

Hence, setting ¢ = u, in Lemma 5.2.2 (recall that ¢ = u, € HZ.(Q\{s = 0}) by
Remark 5.2.1), we have that

2
(m—l)/ﬂui%dmﬁ /Qu§|Vn|2dx (5.14)

for all n € C1(Q\{s = 0}) with compact support in Q\{s = 0}.

We claim now that inequality (5.14) is valid for each € C*(Q) with compact
support in ). Namely, take any such function 7, and let (5 be a smooth function
satisfying 0 < (s < 1, s = 0in {s < ¢}, (; = 1 in {s > 2§}, and |V(s| < C/6.
Applying (5.14) with 7 replaced by n(s; (which is C' and has compact support in
O\{s = 0}), we obtain

2,2
=) [ < [ V)P (5.15)

Now, we find

/@W(n@)lgdx = /u2 {IVnlP¢G +nP IV G|+ 2nGVnVis} do
Q Q

IN

/ w?|Vn|*Gdr + ¢ uldx
0

2
0 {6<s<26}3NQ

St/@WW§M+CW4MA%m9@p
Q

where C' denote different positive constants, and we have used that n and |Vn| are
bounded. Since u, is continuous in Q and u, = 0 on {s = 0} by (5.12), we have
|| Loo ((s<2s1) — 0 as & — 0. Recall also that m — 2 > 0. Therefore, letting § — 0 in
(5.15) we obtain (5.14), and our claim is proved.

Moreover, by approximation by C(2) functions with compact support in 2, we
see that (5.14) is valid also for each n € Lip(2) with compact support in 2.

Let us set n = 7, in (5.14), where

| 57 if s> € ~J 0 in Qg3
ﬁe—{ e if s<e and 'O_{ 1 in Q\Qs/9,

and p is a smooth function. Note that 7. € Lip(£2) and has compact support in €.
Then, since a® < 3(a? +m —1) <m —1,

(@®+m —1)s7272p? in (Q\Qs/2) N {s > €}
(@ +m—1)s722p? + Cs™2* in Q50 N {s > €}
Ce 2 in QN {s <e},

NI N~

|V776|2 <
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we deduce from (5.14)

—1 =02
u/ us ™22 pidr < C’/ u?s~?*dx + CE_QO‘/ uldz,
2 ON{s>e} Q5 /5N {5>¢} Qn{s<e}

where C' denote different constants depending only on the quantities appearing in the
statement of the lemma. Note that we can bound the dependence of the constants in
m and k by a constant depending on n, since for each n there is a finite number of
possible m and k. Now, since u, € L>(£2), the last term is bounded by C/||u||% « €™ 2.
Making € — 0 and using that

20 < 2vm —1<'m, (5.16)

we deduce

/ uls 22 pidy < O uls **dr.
Q Qs

Hence, since p = 1 in Q\Qs o,

/ uls 2 dr < C uls **dx < C uls 2 2 dy. (5.17)
O\Qs/2 Q52 Q52

From this we deduce that, for another constant C,

/u?s‘za_Qd:B < C/ u?s™** 2dx. (5.18)
0

Qs /2

Let 0 < v < 1 to be chosen later. On the one hand, using that us € Lip(Q2)
and us(0,t) = 0 (by (5.12)), and that Q is smooth, we deduce that |us(s,t)] <
CSVHUSHCO,V(%) in Q5,2 N {s < 0}. Moreover, since —Au = f(u) in Qs and u|sg = 0,
by W?P estimates we have HuHCl,y(@) < C (lullzooq) + 1 f ()|l Lo@y)- It follows
that

I[s™ s | oo (5 ans<ay) < C (1l (s + 1 (W)L () -

Thus, also in all §25/5 we have

s~ tull e @gy2) < C (el + 1 () 1= ca) - (5.19)

On the other hand, recalling (5.16) and taking v sufficiently close to 1 such that
m —2a — 2+ 2v > 0, we will have

/ us ™2 2 dy < ||S_”us||%oo(96/2)/ §T2OTIR 0 < C’||s_”us||%oo(96/2).
Qs /2 5/2

Hence, using also (5.18) and (5.19),

—9a— 2
L@N 2 < © (Jullm@y) + 1) ()

as claimed. O
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Using Lemma 5.2.3 we can now establish Proposition 5.1.6.
Proof of Proposition 5.1.6. Using Lemma 5.2.3 and making the change of variables

o=t ="
in the integral in (5.13), one has

s lds = c,o7e Ydo
k
- sz—1
th=tdt = CgT 2+8 dr,

and thus,

m_ 1 _k__ 2
/~gz+a PR 1(u(27 + ui)dadT <C (Hu”Loo(Q(s) + Hf(u)||Loo(Q5)) )
U

(5.20)

Here, U denotes the image of the two dimensional domain  in (5.5) after the trans-
formation (s,t) — (o, 7). The constant in (5.20) depends on « and . However, later
we will choose o and 3 depending only on m and k and hence the constants will be
controlled by constants depending only on n (since for each n there are a finite number
of integers m and k).

a) We assume € to be convex. Recall that in this case ||u||z~ = u(0); see Remark
5.2.1.

From (5.20), setting p = /02 + 72 and taking into account that in {7 < o < 27}
we have £ < o < pand £ <7 < p, we obtain

2

m_ 4k
/~ prra 75 (02 + u)dodr < C (||ullsy) + | F(W)lze@y) - (5:21)
Un{r<o<27}

Now, for each angle 6 we have

u(0) < [ [Vignuldp,

lo

where [y is the segment of angle € in the (o, 7)-plane from the origin to oU. Integrating

in arctan% <0 <arctanl = 7,

Un{r<o<27} P

i Vi
U(()) < C/4 ‘V(U,T)u’dpde = C/ Mdadr (522)
arctan% lg
Now, applying Schwarz’s inequality and taking into account (5.21) and (5.22),

1/2
a0 < € (lulamioy + 1 @imo) ([ o Estddoar)

Un{r<o<2t}

This integral is finite when
m k

< 2.
2+a+2+6
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Therefore, if
k

m
+ <2
24+vm—-1 2+vVk—-1

then we can choose o < v/m —1 and f < vk — 1 such that the integral is finite.
Hence, since ||u| () = u(0), if condition (5.23) is satisfied then

(5.23)

Jul| L) < C (lullzoe sy + 1 (@)oo @)) -

Let
k

m
It m—1 24 vVE -1

If n < 7 then by Remark 5.1.5 we have that ¢, < qo,n < qr1 < 2 (note that

the function ¢ = ¢(z) in the remark is increasing in x). Instead, if n > 8 then

Umk > Qan—2 > Q26 > 2. Hence, (5.23) is satisfied if and only if n < 7.

b) We assume that € is convex and that n > 8. Note that ¢ — < g

3 27
and thus

ol
[\o}
+
0|3
|
—

> 2+ i 2
Pk "2 -4

Hence, without loss of generality we may assume that

2n
4§p<pmk

and we can choose nonnegative numbers « and 3 such that a? <m — 1, % < k — 1,

and A
p=2+ (5.24)
Hatms =2

This is because the expression (5.24) is increasing in a and 3, and its value for a=L0=

0 is nT In addition, since qu > Qo2 > (26 > 2, we have that 57~ + m —-2>0
and that one of the numbers 57 — 1 or m 1 is positive.

Hence, we can apply now Proposition 5.1.7 to u = wu(o,7) with a = e — L
b:2+6 1andq—2<D—2+—a+m We deduce that

. . 1/p . 1/2
</~ a2+a_17'2+»3_1|u\pdad7) <C (/~a2+a 7T NV (o.myul dUdT) :
U U

Here we have extended u by zero outside U , obtaining a nonnegative Lipschitz function.
By Remark 5.2.1 it satisfies us < 0 and u; < 0 whenever v > 0, s > 0, and ¢ > 0 since
) is convex, and therefore Uy <0 and u, < 0 whenever u > 0, ¢ > 0, and 7 > 0. Note
also that ¢* = 2* = = 2+ 55 = p. Thus, combining the last inequality with
(5.20), we have

D 2

1/p
m 1 _k__
([ g3ta 11348 1|u|pd0d7') <C (||u||Lo<>(Q5) + ||f(u)||L°°(95))'
U
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Finally, since
/~a2%_172+kﬂ_1\u]pdadr = Cap /~ sy Pdsdt = Ca,gm kUl 7o)
U Q
we conclude

ull o) < C (llullzes) + 1 (W)= 0s) -

c¢) Here we do not assume €2 to be convex. We set & = 0 in Lemma 5.2.3. Estimate

(5.17) in its proof gives
/ u?s?dx < C’/ uldz,
N\Qs /2 Q52

and therefore, for a different constant C,

/uzdx < C/ uld.
Q Qs

Since, for 1 <i <mand m+1 < j <n, uy, = u, and u,, = ut%, this leads to
[ullzi ) < ClVullz29) < Cllullaiey),

as claimed. O

5.3 Regularity of the extremal solution

This section is devoted to give the proof of Theorem 5.1.4. The estimates for convex
domains will follow easily from Proposition 5.1.6 and the boundary estimates in convex
domains of de Figueiredo, Lions, and Nussbaum [110]. These boundary estimates (see
also [42] for their proof) follow easily from the moving planes method [156].

Theorem 5.3.1 ([110],[156]). Let 2 be a smooth, bounded, and convexr domain, f be
any Lipschitz function, and u be a bounded positive solution of (5.8). Then, there exist
constants 0 > 0 and C, both depending only on €Y, such that

HU‘|L°°(95) < CHUHL1(9)7
where Qs = {x € Q : dist(x,08) < 0}.

We can now give the proof of Theorem 5.1.4. The main part of the proof are the
estimates for non-convex domains. They will be proved by interpolating the WP and
W?2P estimates of Nedev [225] and our estimate of Lemma 5.2.3, and by applying the
classical Sobolev inequality as explained in Remark 5.1.8.

Proof of Theorem 5.1.4. As we have pointed out, the estimates for convex domains
are a consequence of Proposition 5.1.6 and Theorem 5.3.1. Namely, we can apply the
estimates of Proposition 5.1.6 to the bounded and semi-stable minimal solutions wuy
of (5.1) for A < A*, and then by monotone convergence the estimates hold for the
extremal solution u*. Note that |[ux|[z1q) < |[u*|| 11 < oo for all A < A*
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To prove part ¢) for convex domains, we use part c¢) of Proposition 5.1.6 with
¢ replaced by /2 and § given by Theorem 5.3.1. We then control [lul[r1(o;,,) by
||| oo (g) + || f(w)|| Lo (05) using boundary estimates. Finally, we use Theorem 5.3.1.
Next we prove the estimates in parts a) and c) for non-convex domains.

We start by proving part a) when 2 is not convex. We have that n = 4, i.e.
m =k = 2. In [225] (see its Remark 1) it is proved that the extremal solution satisfies
u* € WhHP(Q) for all p < L. Thus, since n = 4, for each p < 4 we have

/ |uz|Pde < C and / |uf|Pdx < C.
Q Q

Assume that ||u*| g, < C for some § > 0 —which we will prove later. Then,
by Lemma 5.2.3, for all v < 4 we have

/ s utPde < C and / t Ml ?dr < C.
Q Q
Hence, for each A € [0, 1],
/(8—/\7’“:|p—/\(p—2) + t_’\7|u:|p_’\(p_2))dx < C.
Q

Setting now o = s, 7 = t*, and

Ay

k=14 —20
p—Ap—2)

we obtain

U
and taking p =3, v =3 and A = 3/4 (and thus x = 2), we obtain

/ U%_IT%_I|V(U,T)u*|p_)\(p_2)dad7— =G,

/~ IV onu*”*dodr < C.
U

Finally, applying Sobolev’s inequality in the 2 dimensional plane (o, 7), u* € L>(€).
It remains to prove that |[u*||p e, < C for some § > 0. Since u* € W'?(Q) for
every p < 4, we have

/ st|\Vu*|Pdsdt < C.
Qs

Since the domain is smooth, we must have 0 ¢ 0€) (otherwise the boundary would have
an isolated point) and hence, there exist 7o > 0 and ¢ > 0 such that Qs N B,,(0) = 0.
Thus, s > r9/v/2in Qs N {s >t} and t > ro/v/2 in Qs N {s < t}. It follows that

/ t|Vu*|Pdsdt < C and / s|Vu*|Pdsdt < C.
QsN{s>t} QsN{s<t}

Taking p € (3,4), we can apply Sobolev’s inequality in dimension 3 (as explained in
Remark 5.1.8), to obtain u* € L>(Qs N {s > t}) and u* € L>(Qs N {s < t}). Note
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that u* does not vanish through all (25 N {s > ¢}) and 9(Qs N {s < t}), but it
vanishes on their intersection with 02 —a sufficiently large part of 9(Q2s N {s > t})
and 0(Q2s N {s < t}) to apply the Sobolev inequality. Therefore u* € L*>({), as
claimed.

To prove part ¢) in the non-convex case, let n < 6. By Proposition 5.1.6, it suffices
to prove that u* € H'(Q;s) for some § > 0. Take ry and § such that Qs N B,,(0) = 0,
as in part a).

In [225] it is proved that u* € W*P(Q) for p < 5. Thus, by the previous lower
bounds for s and ¢ in {s > t} and {s < t} respectively,

/ t*=1 D%t Pdsdt < C and / s" Dt Pdsdt < C.
QsN{s>t} QsN{s<t}

Since n < 6, m > 2, and k > 2, we have that £ < 4 and m < 4. It follows that

2k+2 n 2m+-2 n _ 2k+42 __ 2m+2 .
s < o5 and S < 5. Thus, we may take p = 555 and p = <& respectively

k+3 n—2 n—2 k+3
in the two previous estimates. Now applying Sobolev’s inequality in dimension & + 1
and m + 1 respectively, we obtain Vu* € L*(QsN{s > t}) and Vu* € L*(QsN{s < t}).

Therefore, u* € H' (). O

5.4 Weighted Sobolev inequality

It is well known that the classical Sobolev inequality can be deduced from the isoperi-
metric inequality. This is done by applying first the isoperimetric inequality to the
level sets of the function and then using the coarea formula. In this way one deduces
the Sobolev inequality with exponent 1 on the gradient. Then, by applying Holder’s
inequality one deduces the general Sobolev inequality. Here, we will proceed in this
way to prove the Sobolev inequality of Proposition 5.1.7.

Recall that we will apply this Sobolev inequality to the function u defined on
the (o,7)-plane, where ¢ = s*** and 7 = t?*#. Recall also that this application
will be in convex domains, and thus u satisfies the hypothesis of Proposition 5.1.7,
ie, u, < 0 and u, < 0, with strict inequality whenever v > 0. Hence, since the
isoperimetric inequality will be applied to the level sets of w, it suffices to prove a
weighted isoperimetric inequality for bounded domains U C (R )? = (0, 00)? satisfying
the following property:

(P) For all (o,7) € U, U(,7):={0" >0:(¢/,7) € U} and U(o,-) := {7’ > 0 :
(0,7") € U} are intervals which are strictly decreasing in 7 and o, respectively.

We denote

m(U) = / o*r’dodr and  m(0U N (R,)?) = / o’ rPdodr.
U AUN(R)?
Note that in the weighted perimeter m(OU N (R, )2) the part of U on the o and 7
coordinate axes is not counted. The following isoperimetric inequality holds in domains
satisfying property (P) above, under no further regularity assumption on them.
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Proposition 5.4.1. Let U C (R,)? be a bounded domain satisfying (P) above, a > —1
and b > —1 be real numbers, being positive at least one of them, and

D=a+b+2.
Then, there exists a constant C' depending only on a and b such that
m(U) D < Cm(dU N (R,)?).

Proof. First, by symmetry we can suppose a > 0.
Property (P) ensures that there exists a unique well defined decreasing, bounded,
and continuous function ¢ : (0,7) — (0, 00) for some @ > 0 such that

U={(0,7) € (Ry)?: 7 < (o)} (5.25)

In addition, extending v by zero in [, 00), ¥ is continuous and nonincreasing. Even
that we could have ¢/ = —oo at some points, |[¢)'| = —1' is integrable (since 1 is
bounded) and thus ¢ € WH(R). We have that

~ 1 +oo

- +o0
@) =g [ ot ad m@U N R = [ o TP

Let p# > 0 be such that
D

— I
@) = e (5.26)

We claim that
(o) < p for o> p.

Assume that this is false. Then, we would have ¢(¢’) > p for some ¢’ > u, and hence
- 1 [ 1 P

m(U) > —— o® b+1dcr>—/ oy lde = —————

) z57 ), oY br1 ), 7" @+ D)(b+1)

a contradiction. On the other hand, since a > 0, b+ 1 > 0, and ¢’ <0,

m(0U N (R,)?) = /+OO o’/ 1 + 2do

0

+oo
c/ a“@bb{l—bj—TlW}da
0
B +o0 " b d wb—&-l
- E ()
_ C/+Ooo_awb+1 (%_’_%) dO',
0

for some constant ¢ depending only on a and b.
Finally, taking into account that ¢ (o) < p for ¢ > p, we obtain that i + (% >
for each o > 0. Thus, recalling (5.26),

v

==

—+00

O,awb#»l (%

as claimed. O

m(8U N (R,)?) > ¢ / + %) do > 5m(z7) = em(U) 7,

0
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Now we are able to prove our Sobolev inequality from the previous isoperimetric
inequality. We follow the proof given in [120] for the classical unweighted case.

Proof of Proposition 5.1.7. We will prove first the case ¢ = 1.
Letting x4 denote the characteristic function of the set A, we have

+oo
U(O’, 7—) = / X[U(O',T)>)\]d>\'
0

Thus, by Minkowski’s integral inequality

D—1 D—1

b D b e b b
(/ ot ’U‘DldO’dT) < / (/ ot X[u(g,7)>)\]dad7) d\
(R4)? 0 (R4)?
+oo D—1
= / m({u(o,7) > A}) D dA.
0

Since u, < 0 and u, < 0, with strict inequality when u > 0, the level sets {u(o, 7) > A}
satisfy property (P) in the beginning of Section 4. In fact, since u, < 0 at points where
u = A > 0, the implicit function theorem gives that the function v in (5.25) when
U = {u(o,7) > A} is C* in (0,7). Thus, Proposition 5.4.1 leads to

m({u(o,7) >\ < Cm (0{ulo,7) > A} N (R})?)
= Om({ulo,7) = A} N (Ry)?).

whence

D—-1

(/(R+)2 J“Tb|U|DD1dUdT> i < C’/O+Oom ({u(a, T)=A}N (R+)2) d\.

Let u,, be the even extension of v with respect to ¢ and 7 in R2. Then,

| m e =@ ar=1 [ m(Guaten = i

and by the coarea formula

+oo
/ m ({uey(0,7) = A}) d\ = / 7| Ve, |dodr.
0 R?

Thus, we obtain

D—-1

(/ U“Tb|u|D]21dad7') < C/ 07| Vu|dodr,
(R4)? (R} )2

and the proposition is proved for ¢ = 1.
Finally, let us prove the case 1 < ¢ < D. Take u satisfying the hypotheses of
Proposition 5.1.7, and define v = u”, where v = {;. Since v > 1, we have that v also
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satisfies the hypotheses of the proposition, and we can apply the weighted Sobolev
inequality with ¢ = 1 to get

) 1/1* . =
(/ o7l ul? dcrd7'> = (/ O'aTb|U|D1dO'dT)
(R+)2 (R+)2

< C o7 |Vu|dodr.

(R4)?

Now, |Vv| = yu~|Vu|, and by Holder’s inequality it follows that

1/q 1/q
/ o7 |Vu|dodr < C (/ U“Tb]Vu\qdadT> (/ aaTb\u](Vl)q/dadT) :
(Ry)? (Ry)? (Ry)?

But from the definition of v and ¢* it follows that
v-1 1 1

. 1/q" 1/q
(/ o7l ul? dad7> <C (/ J“Tb|Vu|qdadT) :
(R+)2 (R+)2

as desired. O

1 *
57 (7_1>qIIQJ

and hence



Chapter Six

THE EXTREMAL SOLUTION FOR THE
FRACTIONAL LLAPLACIAN

We study the extremal solution for the problem (—A)*u = Af(u) in Q, u = 0 in R™\ Q,
where A > 0 is a parameter and s € (0,1). We extend some well known results for the
extremal solution when the operator is the Laplacian to this nonlocal case. For general
convex nonlinearities we prove that the extremal solution is bounded in dimensions
n < 4s. We also show that, for exponential and power-like nonlinearities, the extremal
solution is bounded whenever n < 10s. In the limit s 1 1, n < 10 is optimal. In
addition, we show that the extremal solution is H*(R") in any dimension whenever
the domain is convex.

To obtain some of these results we need L? estimates for solutions to the linear
Dirichlet problem for the fractional Laplacian with LP data. We prove optimal L?
and C? estimates, depending on the value of p. These estimates follow from classical
embedding results for the Riesz potential in R™.

Finally, to prove the H® regularity of the extremal solution we need an L estimate
near the boundary of convex domains, which we obtain via the moving planes method.
For it, we use a maximum principle in small domains for integro-differential operators
with decreasing kernels.

6.1 Introduction and results

Let 2 C R” be a bounded smooth domain and s € (0, 1), and consider the problem

LYY e 2
where A is a positive parameter and f : [0,00) — R satisfies
f is C' and nondecreasing, f(0) > 0, and tLiEloo @ = +o00. (6.2)
Here, (—A)® is the fractional Laplacian, defined for s € (0, 1) by
(—A)u(z) = ¢, PV /Rn %dy, (6.3)
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where Cn,s 18 a constant.

It is well known —see [36] or the excellent monograph [120] and references therein—
that in the classical case s = 1 there exists a finite extremal parameter A\* such that
if 0 < A < A* then problem (6.1) admits a minimal classical solution w,, while for
A > \* it has no solution, even in the weak sense. Moreover, the family of functions
{uy : 0 < A < A*} is increasing in A, and its pointwise limit «* = limypy- uy is a weak
solution of problem (6.1) with A = A*. It is called the extremal solution of (6.1).

When f(u) = €", we have that u* € L>*(Q) if n <9 [102], while u*(z) = log # if
n > 10 and Q = By [177]. An analogous result holds for other nonlinearities such as
powers f(u) = (1 +u)? and also for functions f satisfying a limit condition at infinity;
see [256]. In the nineties H. Brezis and J.L. Vazquez [36] raised the question of deter-
mining the regularity of v*, depending on the dimension n, for general nonlinearities
f satisfying (6.2). The first result in this direction was proved by G. Nedev [225], who
obtained that the extremal solution is bounded in dimensions n < 3 whenever f is
convex. Some years later, X. Cabré and A. Capella [43] studied the radial case. They
showed that when €2 = B; the extremal solution is bounded for all nonlinearities f
whenever n < 9. For general nonlinearities, the best known result at the moment is
due to X. Cabré [42], and states that in dimensions n < 4 then the extremal solution
is bounded for any convex domain 2. Recently, S. Villegas [295] have proved, using
the results in [42], the boundedness of the extremal solution in dimension n = 4 for all
domains, not necessarily convex. The problem is still open in dimensions 5 < n < 9.

The aim of this paper is to study the extremal solution for the fractional Laplacian,
that is, to study problem (6.1) for s € (0, 1).

The closest result to ours was obtained by Capella-Davila-Dupaigne-Sire [80]. They
studied the extremal solution in €2 = B; for the spectral fractional Laplacian A®. The
operator A®, defined via the Dirichlet eigenvalues of the Laplacian in (2, is related to
(but different from) the fractional Laplacian (6.3). We will state their result later on
in this introduction.

Let us start defining weak solutions to problem (6.1).

Definition 6.1.1. We say that u € L'(Q) is a weak solution of (6.1) if
f(u)d® € L'(9Q), (6.4)

where §(z) = dist(x,002), and

/Q w(—A)Cdr = /Q M (u)Cda (6.5)

for all ¢ such that ¢ and (—A)*C are bounded in Q2 and ( =0 on 0.

Any bounded weak solution is a classical solution, in the sense that it is reqular
in the interior of Q, continuous up to the boundary, and (6.1) holds pointwise; see
Remark 6.2.1.

Note that for s = 1 the above notion of weak solution is exactly the one used in
(35, 36].

In the classical case (that is, when s = 1), the analysis of singular extremal solutions
involves an intermediate class of solutions, those belonging to H'(Q); see [36, 212].
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These solutions are called [36] energy solutions. As proved by Nedev [226], when the
domain € is convex the extremal solution belongs to H'(€2), and hence it is an energy
solution; see [69] for the statement and proofs of the results in [226].

Similarly, here we say that a weak solution u is an energy solution of (6.1) when
u € H*(R™). This is equivalent to saying that u is a critical point of the energy
functional

&w=%MWS—AXﬂwMa j (6.6)

where

2
s Cns
by = [ Nyt an= S [ [ Mty = 0 07

and

(4, 0) e = / (A 2u(—A) 2y de = 52 / n / n (U@)_U(y))dxdy.

" |a: —y[rre
(6.8)

Our first result, stated next, concerns the existence of a minimal branch of solutions,
{uy, 0 < A < A*}, with the same properties as in the case s = 1. These solutions are
proved to be positive, bounded, increasing in A\, and semistable. Recall that a weak
solution u of (6.1) is said to be semistable if

l}ﬂwﬁmsmws (6.9)

for all n € H*(R™) with n = 0 in R\ 2. When u is an energy solution this is equivalent
to saying that the second variation of energy £ at u is nonnegative.

Proposition 6.1.2. Let 2 C R™ be a bounded smooth domain, s € (0,1), and f be a
function satisfying (6.2). Then, there ezists a parameter \* € (0,00) such that:

(i) If 0 < X < X*, problem (6.1) admits a minimal classical solution wy.

(ii) The family of functions {uy : 0 < A < \*} is increasing in A, and its pointwise
limit w* = limypz= uy s @ weak solution of (6.1) with A = \*.

(i1i) For A > \*, problem (6.1) admits no classical solution.
(iv) These solutions uy, as well as u*, are semistable.

The weak solution u* is called the extremal solution of problem (6.1).

As explained above, the main question about the extremal solution u* is to decide
whether it is bounded or not. Once the extremal solution is bounded then it is a
classical solution, in the sense that it satisfies equation (6.1) pointwise. For example,
if f € C* then u* bounded yields u* € C>(2) N C*(Q).

Our main result, stated next, concerns the regularity of the extremal solution for
problem (6.1). To our knowledge this is the first result concerning extremal solutions
for (6.1). In particular, the following are new results even for the unit ball Q = By
and for the exponential nonlinearity f(u) = e".



188 The extremal solution for the fractional Laplacian

Theorem 6.1.3. Let Q) be a bounded smooth domain in R™, s € (0,1), f be a function
satisfying (6.2), and u* be the extremal solution of (6.1).

(i) Assume that f is convex. Then, u* is bounded whenever n < 4s.

(ii) Assume that f is C* and that the following limit exists:

_ o {00
7= lim IO (6.10)

Then, u* is bounded whenever n < 10s.

(iii) Assume that Q is convexr. Then, u* belongs to H*(R™) for all n > 1 and all
s € (0,1).

Note that the exponential and power nonlinearities e* and (1 + u)?, with p > 1,
satisfy the hypothesis in part (ii) whenever n < 10s. In the limit s 1 1, n < 10
is optimal, since the extremal solution may be singular for s = 1 and n = 10 (as
explained before in this introduction).

Note that the results in parts (i) and (ii) of Theorem 6.1.3 do not provide any
estimate when s is small (more precisely, when s < 1/4 and s < 1/10, respectively).
The boundedness of the extremal solution for small s seems to require different methods
from the ones that we present here. Our computations in Section 6.3 suggest that the
extremal solution for the fractional Laplacian should be bounded in dimensions n <7
for all s € (0,1), at least for the exponential nonlinearity f(u) = e*. As commented
above, Capella-Davila-Dupaigne-Sire [80] studied the extremal solution for the spectral
fractional Laplacian A° in €2 = B;. They obtained an L*> bound for the extremal
solution in a ball in dimensions n < 2 (2 + 54+ 25+ 2), and hence they proved the
boundedness of the extremal solution in dimensions n < 6 for all s € (0, 1).

To prove part (i) of Theorem 6.1.3 we borrow the ideas of [225], where Nedev proved
the boundedness of the extremal solution for s = 1 and n < 3. To prove part (ii) we
follow the approach of M. Sanchén in [256]. When we try to repeat the same arguments
for the fractional Laplacian, we find that some identities that in the case s = 1 come
from local integration by parts are no longer available for s < 1. Instead, we succeed
to replace them by appropriate inequalities. These inequalities are sharp as s 1 1, but
not for small s. Finally, part (iii) is proved by an argument of Nedev [226], which for
s < 1 requires the Pohozaev identity for the fractional Laplacian, recently established
by the authors in [254]. This argument requires also some boundary estimates, which
we prove using the moving planes method; see Proposition 6.1.8 at the end of this
introduction.

An important tool in the proofs of the results of Nedev [225] and Sanchén [256] is
the classical LP to W?P estimate for the Laplace equation. Namely, if u is the solution
of —Au=gin Q, u=01in 9, with g € LP(Q2), 1 < p < oo, then

[ullwzr@) < CllgllLr @)

This estimate and the Sobolev embeddings lead to L(Q2) or C*(f2) estimates for the
solution u, depending on whether 1 < p < g or p > 7, respectively.
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Here, to prove Theorem 6.1.3 we need similar estimates but for the fractional
Laplacian, in the sense that from (—A)*u € LP(Q2) we want to deduce u € LI(f2) or
u € (). However, LP to W2*P estimates for the fractional Laplace equation, in
which —A is replaced by the fractional Laplacian (—A)*, are not available for all p,
even when () = R"; see Remarks 6.7.1 and 6.7.2.

Although the LP to W?%? estimate does not hold for all p in this fractional frame-
work, what will be indeed true is the following result. This is a crucial ingredient in

the proof of Theorem 6.1.3.
Proposition 6.1.4. Let Q C R"™ be a bounded C*' domain, s € (0,1), n > 2s,

g € C(Q), and u be the solution of

{0 28 hRe 6.11)

(i) For each 1 <r < —"— there exists a constant C, depending only onn, s, r, and

n—2s
19|, such that
n

ullzr@) < Cllglloig), r<

n—2s
(ii) Let 1 < p < g-. Then there exists a constant C, depending only on n, s, and p,

such that
np

n—2ps

HUHL‘Z(Q) < C”g”LP(Q), where q =

(iii) Let 3= < p < oo. Then, there exvists a constant C, depending only on n, s, p,
and ), such that

. n
||u||C,e(Rn) < C|\gllzr(e), where [ = min {s, 25 — 5} .
We will use parts (i), (ii), and (iii) of Proposition 6.1.4 in the proof of Theorem
6.1.3. However, we will only use part (iii) to obtain an L> estimate for u, we will
not need the C? bound. Still, for completeness we prove the C? estimate, with the
optimal exponent § (depending on p).

Remark 6.1.5. Proposition 6.1.4 does not provide any estimate for n < 2s. Since
s € (0,1), then n < 2s yields n = 1 and s > 1/2. In this case, any bounded domain is
of the form © = (a,b), and the Green function G(z,y) for problem (6.14) is explicit; see
[24]. Then, by using this expression it is not difficult to show that G(-,y) is L>(2) in
case s > 1/2 and LP(Q) for all p < oo in case s = 1/2. Hence, in case n < 2s it follows
that [lul <) < Cllgllr1 (), while in case n = 2s it follows that |jul[ze) < C|lgllr1(o)
for all ¢ < oo and ||u||p~) < Cllg|r) for p > 1.

Proposition 6.1.4 follows from Theorem 6.1.6 and Proposition 6.1.7 below. The
first one contains some classical results concerning embeddings for the Riesz potential,
and reads as follows.

Theorem 6.1.6 (see [278]). Let s € (0,1), n > 2s, and g and u be such that
u=(—A)"%g inR", (6.12)

in the sense that u is the Riesz potential of order 2s of g. Assume that u and g belong
to LP(R™), with 1 < p < oo.
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(i) If p =1, then there exists a constant C, depending only on n and s, such that

n

lullze  @ny < CllgllLr@mny, where q=

weak n — 28 :
(i) If 1 < p < 3=, then there exists a constant C, depending only on n, s, and p,

such that
np

n—2ps’

|u| a@ny < Cllgllpmny, where q =

(iii) If 5= < p < oo, then there exists a constant C, depending only on n, s, and p,
such that n
[u]ca@mny < C|lgllzr@ny, where o =2s— e

where [ - |camny denotes the C* seminorm.

Parts (i) and (ii) of Theorem 6.1.6 are proved in the book of Stein [278, Chapter
V]. Part (iii) is also a classical result, but it seems to be more difficult to find an exact
reference for it. Although it is not explicitly stated in [278], it follows for example
from the inclusions

L(L7) = Ingonsp(Lnjp(LP)) C Tng—yjp(BMO) C C*75,

which are commented in [278, p.164]. In the more general framework of spaces with
non-doubling n-dimensional measures, a short proof of this result can also be found in
[147].

Having Theorem 6.1.6 available, to prove Proposition 6.1.4 we will argue as follows.
Assume 1 < p < 5= and consider the solution v of the problem

(=A)*v =[g| in R",

where g is extended by zero outside €2. On the one hand, the maximum principle yields
—v <wu < v in R", and by Theorem 6.1.6 we have that v € L9(R™). From this, parts
(i) and (ii) of the proposition follow. On the other hand, if p > 3= we write u = 0+ w,
where © solves (—A)*0 = g in R” and w is the solution of
(=A)Yw = 0 inQ
w = 0 in R™\Q.
As before, by Theorem 6.1.6 we will have that © € C*(R"), where a = 2s — 2. Then,

the C”® regularity of u will follow from the following new result.

Proposition 6.1.7. Let Q be a bounded C*' domain, s € (0,1), h € C*(R™\ Q) for
some o > 0, and u be the solution of

(=AYu = 0 inQ

{ u = h inR"\Q. (6.13)
Then, u € CP(R™), with 3 = min{s, a}, and

[ullcs@ny < Cllhllca@ma),

where C' is a constant depending only on ), «, and s.
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To prove Proposition 6.1.7 we use similar ideas as in [249]. Namely, since u is
harmonic then it is smooth inside Q. Hence, we only have to prove C® estimates near
the boundary. To do it, we use an appropriate barrier to show that

u(z) = u(zo)| < CO[h]|cad(z)” in Q,

where zy is the nearest point to z on 0%, §(x) = dist(x,0f2), and f = min{s, a}.
Combining this with the interior estimates, we obtain C” estimates up to the boundary
of Q.

Finally, as explained before, to show that when the domain is convex the extremal
solution belongs to the energy class H*(R") —which is part (iii) of Theorem 6.1.3—
we need the following boundary estimates.

Proposition 6.1.8. Let Q) C R"™ be a bounded convex domain, s € (0,1), f be a locally
Lipschitz function, and u be a bounded positive solution of

{(—Mz - (J)”(u> ;Z ]1%"\9. (6.14)

Then, there exists constants 6 > 0 and C', depending only on €2, such that
[[ul| oo @s) < Cllullie),
where Qs = {x € Q : dist(z,00) < d}.

This estimate follows, as in the classical result of de Figueiredo-Lions-Nussbaum
[110], from the moving planes method. There are different versions of the moving
planes method for the fractional Laplacian (using the Caffarelli-Silvestre extension,
the Riesz potential, the Hopf lemma, etc.). A particularly clean version uses the
maximum principle in small domains for the fractional Laplacian, recently proved
by Jarohs and Weth in [175]. Here, we follow their approach and we show that this
maximum principle holds also for integro-differential operators with decreasing kernels.

The paper is organized as follows. In Section 6.2 we prove Proposition 6.1.2. In
Section 6.3 we study the regularity of the extremal solution in the case f(u) = e*.
In Section 6.4 we prove Theorem 6.1.3 (i)-(ii). In Section 6.5 we show the maximum
principle in small domains and use the moving planes method to establish Proposition
6.1.8. In Section 6.6 we prove Theorem 6.1.3 (iii). Finally, in Section 6.7 we prove
Proposition 6.1.4.

6.2 Existence of the extremal solution

In this section we prove Proposition 6.1.2. For it, we follow the argument from Propo-
sition 5.1 in [43]; see also [120].

Proof of Proposition 6.1.2. Step 1. We first prove that there is no weak solution for
large .
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Let Ay > 0 be the first eigenvalue of (—=A)® in 2 and ¢; > 0 the corresponding
eigenfunction, that is,

(—A)Sg01 = )\1(,01 in Q
Y > 0 in
Y1 = 0 in R™ \ Q.

The existence, simplicity, and boundedness of the first eigenfunction is proved in [265,
Proposition 5] and [267, Proposition 4]. Assume that u is a weak solution of (6.1).
Then, using ¢; as a test function for problem (6.1) (see Definition 6.1.1), we obtain

/Q)\lugoldx:/Qu(—A)Scpldx:/Q)\f(u)gpldx. (6.15)

But since f is superlinear at infinity and positive in [0, 00), it follows that Af(u) > A\u
if \ is large enough, a contradiction with (6.15).

Step 2. Next we prove the existence of a classical solution to (6.1) for small A.
Since f(0) > 0, u = 0 is a strict subsolution of (6.1) for every A > 0. The solution @
of

(=A)Yu = 1 in{
L

= 0 onR™\Q (6.16)

is a bounded supersolution of (6.1) for small A\, more precisely whenever \f(maxu) <
1. For such values of A\, a classical solution u, is obtained by monotone iteration
starting from zero; see for example [120].

Step 3. We next prove that there exists a finite parameter \* such that for A < \*
there is a classical solution while for A > A\* there does not exist classical solution.

Define A* as the supremum of all A > 0 for which (6.1) admits a classical solution.
By Steps 1 and 2, it follows that 0 < A\* < oo. Now, for each A < A\* there exists
p € (A, A*) such that (6.1) admits a classical solution w,. Since f > 0, u, is a bounded
supersolution of (6.1), and hence the monotone iteration procedure shows that (6.1)
admits a classical solution uy with uy < u,. Note that the iteration procedure, and
hence the solution that it produces, are independent of the supersolution u,. In
addition, by the same reason wu) is smaller than any bounded supersolution of (6.1).
It follows that uy is minimal (i.e., the smallest solution) and that u, < u,,.

Step 4. We show now that these minimal solutions uy, 0 < A < A\*, are semistable.

Note that the energy functional (6.6) for problem (6.1) in the set {u € H*(R"™) :
u=0in R"\ Q, 0 < u < uy,} admits an absolute minimizer wu,;,. Then, using that
uy is the minimal solution and that f is positive and increasing, it is not difficult to
see that uy;, must coincide with uy. Considering the second variation of energy (with
respect to nonpositive perturbations) we see that wupy;, is a semistable solution of (6.1).
But since uy, agrees with uy, then uy is semistable. Thus u, is semistable.

Step 5. We now prove that the pointwise limit «* = limyy- uy is a weak solution
of (6.1) for A = A* and that this solution u* is semistable.

As above, let A; > 0 the first eigenvalue of (—A)®, and 1 > 0 be the corresponding
eigenfunction. Since f is superlinear at infinity, there exists a constant C' > 0 such
that

2
)\—:t < f#)+C forall ¢>0. (6.17)
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Using 1 as a test function in (6.5) for uy, we find

/Q)\f(u,\)goldx = /Q)\lu)\%dx < ;/Q(f(u)\) + C) prdz.

In the last inequality we have used (6.17). Taking A > 3\*, we see that f(uy)e; is
uniformly bounded in L!(Q). In addition, it follows from the results in [249] that

0158 S ©®1 S 0258 in €

for some positive constants ¢; and Cy, where §(z) = dist(x,0S2). Hence, we have that

AAf(uA)dsdx <C

for some constant C' that does not depend on A. Use now @, the solution of (6.16), as
a test function. We obtain that

/QuAdx = )\/Qf(u,\)ﬂda: < Cg)\/gf(uA)(Ssdx <(C

for some constant C' depending only on f and €2. Here we have used that u < C36° in
2 for some constant Cs > 0, which also follows from [249].

Thus, both sequences, uy and Af(u,)d® are increasing in A and uniformly bounded
in L'(Q2) for A < A\*. By monotone convergence, we conclude that v* € L'(Q) is a
weak solution of (6.1) for A = \*.

Finally, for A < \* we have [, Af'(ua)[n?dz < ||n]|%,, where |[n]|%, is defined by
(6.7), for all n € H*(R™) with n = 0 in R™ \ Q. Since f’ > 0, Fatou’s lemma leads to

2
Hs?

/Q N (w)nlPde < )

and hence u* is semistable. O

Remark 6.2.1. As said in the introduction, the study of extremal solutions involves
three classes of solutions: classical, energy, and weak solutions; see Definition 6.1.1.
It follows from their definitions that any classical solution is an energy solution, and
that any energy solution is a weak solution.

Moreover, any weak solution v which is bounded is a classical solution. This can be
seen as follows. First, by considering usn® and f(u)*n°, where n¢ is a standard mollifier,
it is not difficult to see that u is regular in the interior of 2. Moreover, by scaling, we
find that |(—A)%2u| < C6~%, where §(x) = dist(z,99). Then, if ¢ € C*(Q), we can
integrate by parts in (6.5) to obtain

(u, Q) jys = /n /n (u(a:) — u(y)) (C(x) — C(y)) drdy = /Q/\f(u)g“da: (6.18)

‘QZ’ _ y‘n+2s

for all ¢ € C2°(Q2). Hence, since f(u) € L>, by density (6.18) holds for all ( € H*(R")
such that ¢ = 0 in R™ \ , and therefore u is an energy solution. Finally, bounded
energy solutions are classical solutions; see Remark 2.11 in [249] and [268].
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6.3 An example case: the exponential nonlinearity

In this section we study the regularity of the extremal solution for the nonlinearity
f(u) = e". Although the results of this section follow from Theorem 6.1.3 (ii), we
exhibit this case separately because the proofs are much simpler. Furthermore, this
exponential case has the advantage that we have an explicit unbounded solution to
the equation in the whole R", and we can compute the values of n and s for which
this singular solution is semistable.

The main result of this section is the following.

Proposition 6.3.1. Let €2 be a smooth and bounded domain in R"™, and let u* the
extremal solution of (6.1). Assume that f(u) = €“ and n < 10s. Then, u* is bounded.

Proof. Let « be a positive number to be chosen later. Setting n = e*** — 1 in the
stability condition (6.9) (note that n = 0 in R™\ Q), we obtain that

/ )\euA(eaU,\ _ 1)2dx S ‘|6au>\ _ 1”?{9 . (619)
Q

Next we use that ]
(e’ — e“)z < 5 (e —€e*) (b—a) (6.20)

for all real numbers a and b. This inequality can be deduced easily from the Cauchy-
Schwarz inequality, as follows

o= ([ )

Using (6.20), (6.8), and integrating by parts, we deduce
2
) o e ) _ cour))
s = /n /n |$ — |n+25 dzxdy
l 2au>\ e2czu>\(y) aus () — au

|z =yl
_ / €20 (Z A uyda.
2 Jq

Thus, using that (—A)*uy = Ae**, we find

2

b
g(b—a)/ St = (¢ — ) (b~ a).

le™> —1]

le®*> — 1]

e < %/eQa“A(—A)SuAd:ﬁ = %/ AeZathux gy (6.21)
Q Q
Therefore, combining (6.19) and (6.21), and rearranging terms, we get

<1_g>/6(2a+1)m _2/6(‘14‘1)%_’_/6&% <0.
2 Q Q Q

From this, it follows from Holder’s inequality that for each o < 2

|| p2ss < C (6.22)
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for some constant C' which depends only on « and |
Finally, given n < 10s we can choose o < 2 such that - < 2a+1 < 5. Then,
taking p = 2a + 1 in Proposition 6.1.4 (iii) (see also Remark 6.1.5) and using (6.22)
we obtain
[urllzo=@) < Cill(=A) uxllLr() = CrAlle™ o) < C

for some constant C' that depends only on n, s, and 2. Letting A T A* we find that
the extremal solution u* is bounded, as desired. O

The following result concerns the stability of the explicit singular solution log ﬁ
to equation (—A)*u = Ae* in the whole R™.

Proposition 6.3.2. Let s € (0,1), and let

1
up(z) = log P

Then, ug is a solution of (—A)%u = Xe" in all of R™ for some \g > 0. Moreover, uy
1s semistable if and only if

(6.23)

As a consequence:
o [fn <7, then u is unstable for all s € (0,1).
e [fn =238, then u is semistable if and only if s < 0'28206....
e [fn=29, then u is semistable if and only if s < 0'63237....
e [fn > 10, then u is semistable for all s € (0,1).

Proposition 6.3.2 suggests that the extremal solution for the fractional Laplacian
should be bounded whenever

r (g) I'(1+s) - 2 (”*25)
(R TRy

2

(6.24)

at least for the exponential nonlinearity f(u) = €". In particular, u* should be bounded
for all s € (0,1) whenever n < 7. This is an open problem.

Remark 6.3.3. When s = 1 and when s = 2, inequality (6.24) coincides with the ex-
pected optimal dimensions for which the extremal solution is bounded for the Laplacian
A and for the bilaplacian A2, respectively. In the unit ball Q = By, it is well known
that the extremal solution for s = 1 is bounded whenever n < 9 and may be singular
if n > 10 [43], while the extremal solution for s = 2 is bounded whenever n < 12 and
may be singular if n > 13 [106]. Taking s = 1 and s = 2 in (6.24), one can see that
the inequality is equivalent to n < 10 and n < 12.5653..., respectively.

We next give the
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Proof of Proposition 6.3.2. First, using the Fourier transform, it is not difficult to
compute

I X
mzs - mzs’

(—A)ug = (—A)*log

where
r (%) ['(1+s)
r (=)

2

)\0 — 223

Thus, ug is a solution of (—A)%uy = Age™.
Now, since f(u) = e*, by (6.9) we have that ug is semistable in 2 = R" if and only

if
2
/\0/ U—deg/ ’(—A)S/Zn}gdx
e |2[* n

for all n € H*(R").
The inequality

UK 2
/ sodr < Hn_i/ |(—A)s/277‘ dx
o |zl R

is known as the fractional Hardy inequality, and the best constant

I ()

4

Hy,=2%

was obtained by Herbst [169] in 1977; see also [142]. Therefore, it follows that wug is
semistable if and only if

/\0 S Hn,sa
which is the same as (6.23). O

6.4 Boundedness of the extremal solution in low
dimensions

In this section we prove Theorem 6.1.3 (i)-(ii).
We start with a lemma, which is the generalization of inequality (6.20). It will be
used in the proof of both parts (i) and (ii) of Theorem 6.1.3.

Lemma 6.4.1. Let f be a C*(]0,00)) function, f(t) = f(t) — f(0), v > 0, and

g@=lﬂﬁ”ﬂ#w (6.25)

Then,
(Fla) = 7)) <(g(a) - g(b)) (a — b)

for all nonnegative numbers a and b.
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Proof. We can assume a < b. Then, since % {f(t)V} =~f(t)"f'(t), the inequality

can be written as

b 2 b
([ derrwi) <200 [ Forrez
which follows from the Cauchy-Schwarz inequality. [

The proof of part (ii) of Theorem 6.1.3 will be split in two cases. Namely, 7 > 1 and
7 < 1, where 7 is given by (6.10). For the case 7 > 1, Lemma 6.4.2 below will be an
important tool. Instead, for the case 7 < 1 we will use Lemma 6.4.3. Both lemmas are
proved by Sanchén in [256], where the extremal solution for the p-Laplacian operator
is studied.

Lemma 6.4.2 ([256)). Let f be a function satisfying (6.2), and assume that the limit
in (6.10) exists. Assume in addition that

2
7 = lim M > 1.
t—oo  f(t)?
Then, any v € (1,14 /T) satisfies
2
t
limsup — 90 (6.26)

o400 f(E)f(2)
where g is given by (6.25).

Lemma 6.4.3 ([256]). Let f be a function satisfying (6.2), and assume that the limit
in (6.10) exists. Assume in addition that

S (t)

7= lim ——=——~*% < 1.

O
Then, for every e € (0,1 — T) there exists a positive constant C' such that
f(t) SC(l—i—t)ﬁ, for all t > 0.
The constant C' depends only on T and e.
The first step in the proof of Theorem 6.1.3 (ii) in case 7 > 1 is the following result.

Lemma 6.4.4. Let f be a function satisfying (6.2). Assume that v > 1 satisfies
(6.26), where g is given by (6.25). Let uy be the solution of (6.1) given by Proposition
6.1.2 (i), where A < \*. Then,

1f (ua)? ' (ua) || 1) < €

for some constant C which does not depend on A.
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Proof. Recall that the seminorm || - |
and integrating by parts,

775 1s defined by (6.7). Using Lemma 6.4.1, (6.8),

Flune f<ux<y>>v)2

| e S oy
Cns / / g(ur(z)) — glur(y))) (ur(z) — uk(y))dxdy
- |z — y[ntes

- / (=A)glun)(~A)uy da (6.27)

= 2/ g(un)(—A)°uy dx
=7 / f(ux)g(uy)d
Moreover, the stability condition (6.9) applied with n = f(u )7 yields

[ 7 Fn < Fusy
Q

This, combined with (6.27), gives
[ 1 fw <22 [ fungon) (6:25)
Q Q
Finally, by (6.26) and since f(t)/f(t) — 1 as t — +o0, it follows from (6.28) that

/Q F(ux)?' f(uy) < C (6.29)

for some constant C' that does not depend on A, and thus the proposition is proved. [J
We next give the proof of Theorem 6.1.3 (ii).

Proof of Theorem 6.1.3 (ii). Assume first that 7 > 1, where
"
O]
t—o0 f’(t)Q

By Lemma 6.4.4 and Lemma 6.4.2, we have that
/ Flun)? f(w)de < C (6.30)
Q

for each v € (1,14 /7).
Now, for any such ~y, we have that %7 is increasing and convex (since 2y > 1), and
thus

fl@)* = F0)" < 27f(a)f(a) " (a D).
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Therefore, we have that

fua())* — f(UA(y))27dy

|z —y[rt?

(=) fun) (@) = e

R

< D) o | ey
= 29" (ur(2)) f (un (@)~ (= A) ux(2)
< 29Af(ua(2)) f (un(2))*,
and thus, N
(= A f(up)® < 29N (up) f(un)® = v(w). (6.31)

Let now w be the solution of the problem

{(—A)sw = v in () (6.32)

w = 0 in R™\Q,

where v is given by (6.31). Then, by (6.30) and Proposition 6.1.4 (i) (see also Remark
6.1.5),

|wl|zr@) < |J0]|p1@) < C for each p < —

Since f(uy)?" is a subsolution of (6.32) —by (6.31)—, it follows that

0 < flun)® < w.

Therefore, || f(ux)||r < C for all p < 2y -, where C' is a constant that does not

n—2s’

depend on A. This can be done for any v € (1,14 1/7), and thus we find

2n(1
|| f(ux)|lr < C for each p < 717(1_;2\8/_7) (6.33)

Hence, using Proposition 6.1.4 (iii) and letting A T A\* it follows that

u* € L™(Q) whenever n < 6s+ 4sy/T.

Hence, the extremal solution is bounded whenever n < 10s.
Assume now 7 < 1. In this case, Lemma 6.4.3 ensures that for each ¢ € (0,1 — 7)
there exist a constant C' such that

1

ft)y <Cca+um, m:m.

(6.34)

Then, by (6.33) we have that || f(uy)||» < C for each p < py := %J;S«ﬁ)

Next we show that if n < 10s by a bootstrap argument we obtain u* € L*(f2).
Indeed, by Proposition 6.1.4 (ii) and (6.34) we have

fw)el? — (-AyPuw'el’l — uwecl! = flu)elL/™,
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where g = nfgsp. Now, we define recursively
NPk 2n(1 + /1)
Pk+1 = —F—— (5> Po=—"F75 .
m(n — 2spx) n—2s
Now, since

Pk m—1
Prt1 — Pk = ——— | 28pk — nl,
n — 28py m

then the bootstrap argument yields u* € L*(2) in a finite number of steps provided

that (m — 1)n/m < 2spy. This condition is equivalent to n < 2s + 4s 12?, which is
satisfied for € small enough whenever n < 10s, since 1+T\ﬁ > 2 for 7 < 1. Thus, the
result is proved. O

Before proving Theorem 6.1.3 (i), we need the following lemma, proved by Nedev
in [225].

Lemma 6.4.5 ([225]). Let f be a convex function satisfying (6.2), and let

git)= [ f'(r)%dr. (6.35)

Then,

where f(t) = f(t) — f(0).

As said above, this lemma is proved in [225]. More precisely, see equation (6) in

the proof of Theorem 1 in [225] and recall that f/f — 1 at infinity.
We can now give the

Proof of Theorem 6.1.3 (i). Let g be given by (6.35). Using Lemma 6.4.1 with v =1
and integrating by parts, we find

£ ) e = 222 / n / n <f<ux<|o;>> — fa@))’ )

2 _ y|n+23
Cn,s (9(ur(@)) — g(ua(y))) (ur(@) — ua(y))
<5 L. TS
= [ Ayl (-2) uds (6.3

— [ stw)=a)uds
= [ rangtu).

The stability condition (6.9) applied with n = f(u,) yields

/Q £ () Flun)? < || Flun)|

2
Hs?
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which combined with (6.36) gives
s fr < [ gt (637
This inequality can be written as
[ {rw)fus)? - Fungw} < 50) [ gl
Q Q
In addition, since f is convex we have
t t
o) = [ Fefas< £ [ Fiss < rose)
0 0
and thus,
| {rastny = Fugtu)} < 70 [ F)so),
Hence, by Lemma 6.4.5 we obtain
[ rwrw <e (639
Q
Now, on the one hand we have that
fla) = f(b) < f'(a)(a =),
since f is increasing and convex. This yields, as in (6.31),
(—A) flun) < F()(=A)ur = f/(wn) f(wn) == v(z).
On the other hand, let w the solution of the problem
{ (—A)w = v inQ (6.39)

w = 0 on 0N).

By (6.38) and Proposition 6.1.4 (i) (see also Remark 6.1.5),

|wl|zr) < [[vllz1@) < C for each p < —

Since f(uy) is a subsolution of (6.39), then 0 < f(uy) < w. Therefore,

| f(w)|tr) < C for each p <

n—2s’
and using Proposition 6.1.4 (iii), we find
u* € L*(Q) whenever n < 4s,

as desired.
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6.5 Boundary estimates: the moving planes method

In this section we prove Proposition 6.1.8. This will be done with the celebrated
moving planes method [156], as in the classical boundary estimates for the Laplacian
of de Figueiredo-Lions-Nussbaum [110].

The moving planes method has been applied to problems involving the fractional
Laplacian by different authors; see for example [94, 21, 129]. However, some of these
results use the specific properties of the fractional Laplacian —such as the extension
problem of Caffarelli-Silvestre [68], or the Riesz potential expression for (—A)~*—, and
it is not clear how to apply the method to more general integro-differential operators.
Here, we follow a different approach that allows more general nonlocal operators.

The main tool in the proof is the following maximum principle in small domains.

Recently, Jarohs and Weth [175] obtained a parabolic version of the maximum
principle in small domains for the fractional Laplacian; see Proposition 2.4 in [175].
The proof of their result is essentially the same that we present in this section. Still, we
think that it may be of interest to write here the proof for integro-differential operators
with decreasing kernels.

Lemma 6.5.1. Let Q) C R" be a domain satisfying Q C R} = {1 > 0}. Let K be a
nonnegative function in R"™, radially symmetric and decreasing, and satisfying

K(z) >clz|™™" forall ze B
for some positive constants ¢ and v, and let
Lcu(z) = [ (uly) = ulw) Kz~ )iy

Let V- € L*(Q) be any bounded function, and w € H*(R™) be a bounded function
satisfying

Lxw = V(x)w in{
w > 0 in R? \ Q) (6.40)
w(r) > —w(z*) in RY,

where x* is the symmetric to x with respect to the hyperplane {xy = 0}. Then, there
exists a positive constant Cy such that if

(L IV7 |lz@) 12]» < Co, (6.41)
then w > 0 in Q.

Remark 6.5.2. When Ly is the fractional Laplacian (—A)®, then the condition (6.41)
can be replaced by |V ||=|Q]% < Cp.

Proof of Lemma 6.5.1. The identity Liw = V(x)w in Q written in weak form is

wne= [ [ o)~ o)) ) ey = | Vu(w |
6.42
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for all ¢ such that ¢ =0 in R"\ Q and [, (¢(z) — go(y))QK(x —y)dzdy < co. Note
that the left hand side of (6.42) can be written as

(i = [ [ (ela) = plo)wle) = wl) K (e = o dy
w2 [ [ e - ww)K -y
w2 [ [ e - w ) K -y )dsdy

where y* denotes the symmetric of y with respect to the hyperplane {x; = 0}.
Choose ¢ = —w™ xq, where w™ is the negative part of w, i.e., w = w™ —w™. Then,
we claim that

/ / (0 (2)xa(@) — v (5)xa)*K (= — y)drdy < (—w xa, w)x. (6.43)
R27\ (R"\Q2)2
Indeed, first, we have
(—wya, W) = / / (™ (2)—w~ () + o (@)t (g) 4w (2w (9)} K (2 —y)dedy+
QJQ
2 w () (w () —w™ w (x)w™ K(x —y)dxd
w2 [ @ - ) s ut @)K ey

where we have used that w*(z)w™(z) =0 for all x € R™.
Thus, rearranging terms and using that w™ = 0 in R} \ €,

(—w xo, W)k = / /RQ”\(R”\Q)Q (w™(z)xa(r) = w™ (y)xa(y))* K (z — y)dz dy
+ /Q /Q 2w~ (x)wt (y)K (z — y)dz dy+
w2 [ [ @t ) - @ @) gy
w2 [ [ @t )~ @u ) = g )de dy
2 [ Lo 00 0 000K e — )y
+ 2/9/n w (x)wt (y) K (x — y)dx dy+
+ 2 /Q /n —w ™ (z)w™ (y*)K(z — y*)dx dy.
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We next use that, since K is radially symmetric and decreasing, K (z —y*) < K(z —v)
for all x and y in R’}. We deduce

Coxawz [ [ @@l - w @)xa) K - vy
w2 [ e @) - e @ (7K@ - )dedy,

and since w™(y*) < w*(y) for all y in R?} by assumption, we obtain (6.43).
Now, on the one hand note that from (6.43) we find

/Q / (w(2) — w(y)K (@ — y)dedy < (—w xa, w)x

Moreover, since K(z) > c|z| " Vxp,(2), then

CnS ( ))
= dz d

< cuwwm(m e / / w () — w (1)K (z — y)du dy,

and therefore
|lw™ ||H,,/2 < Cillw™ |2y + CL(—w™ xa, W)k (6.44)

On the other hand, it is clear that
/ / 2 <V @ llw 2 )- (6.45)
Thus, it follows from (6.42), (6.44), and (6.45) that
™1 20y < Cr (L4 IV ) 07 [l22()-
Finally, by the Holder and the fractional Sobolev inequalities, we have

llw_lliz(m < 1Q7 [w” o) < Coln w02

where ¢ = < (C1C5)~ ! the lemma follows. O
q=

Now, once we have the nonlocal version of the maximum principle in small domains,
the moving planes method can be applied exactly as in the classical case.

Proof of Proposition 6.1.8. Replacing the classical maximum principle in small do-
mains by Lemma 6.5.1, we can apply the moving planes method to deduce ||| (q,) <
C|lu||1(q) for some constants C' and § > 0 that depend only on €2, as in de Figueiredo-
Lions-Nussbaum [110]; see also [34].

Let us recall this argument. Assume first that all curvatures of 9€) are positive.
Let v(y) be the unit outward normal to €2 at y. Then, there exist positive constants s
and a depending only on the convex domain €2 such that, for every y € 9€) and every
e € R" with |e] =1 and e-v(y) > «a, u(y — se) is nondecreasing in s € [0, so|. This fact
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follows from the moving planes method applied to planes close to those tangent to €2
at 0. By the convexity of €2, the reflected caps will be contained in €2. The previous
monotonicity fact leads to the existence of a set I, for each z € ()5, and a constant
~v > 0 that depend only on €2, such that

L] >, u(z) <u(y) forall yel,.

The set I, is a truncated open cone with vertex at x.
As mentioned in page 45 of de Figuereido-Lions-Nussbaum [110], the same can also
be proved for general convex domains with a little more of care. O]

Remark 6.5.3. When ) = By, Proposition 6.1.8 follows from the results in [21], where
Birkner, Lopez-Mimbela, and Wakolbinger used the moving planes method to show
that any nonnegative bounded solution of

CEET T W

is radially symmetric and decreasing.

When u is a bounded semistable solution of (6.46), there is an alternative way to
show that u is radially symmetric. This alternative proof applies to all solutions (not
necessarily positive), but does not give monotonicity. Indeed, one can easily show that,
for any i # j, the function w = z;u,; — ;u,, is a solution of the linearized problem

R - (6.47

Then, since A\; ((—A)* — f'(u); By) > 0 by assumption, it follows that either w = 0 or
A1 = 0 and w is a multiple of the first eigenfunction, which is positive —see the proof
of Proposition 9 in [265, Appendix A]. But since w is a tangential derivative then it
can not have constant sign along a circumference {|z| = r}, r € (0,1), and thus it has
to be w = 0. Therefore, all the tangential derivatives dyu = wiu,, — xju,, equal zero,
and thus u is radially symmetric.

6.6 H° regularity of the extremal solution in con-
vex domains

In this section we prove Theorem 6.1.3 (iii). A key tool in this proof is the Pohozaev
identity for the fractional Laplacian, recently obtained by the authors in [254]. This
identity allows us to compare the interior H* norm of the extremal solution u* with a
boundary term involving u*/§°, where § is the distance to 2. Then, this boundary
term can be bounded by using the results of the previous section by the L' norm of
w*, which is finite.

We first prove the boundedness of u*/é® near the boundary.

Lemma 6.6.1. Let Q be a convex domain, u be a bounded solution of (6.14), and
d(z) = dist(x,0R). Assume that

lullLr) < a
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for some ¢y > 0. Then, there exists constants § > 0, cg, and C' such that

/6% oo sy < C (€2 + 1l L= (0,c2)))

where Qs = {x € Q : dist(z,00) < d0}. Moreover, the constants §, co, and C depend
only on  and cy.

Proof. The result can be deduced from the boundary regularity results in [249] and
Proposition 6.1.8, as follows.

Let 6 > 0 be given by Proposition 6.1.8, and let  be a smooth cutoff function
satisfying n = 0 in Q \ Qys/3 and n = 1 in Q3. Then, un € L>(Q2) and un = 0 in
R™\ Q. Moreover, we claim that

(=A)*(un) = f(u)xa,, +9 in Q (6.48)

for some function g € L>(Q2), with the estimate

lgllz<r < € (ullors sy mayn + Il (6.49)

To prove that (6.48) holds pointwise we argue separately in 254, in Qsz54 \ €64,
and in  \ Q35/4, as follows:

o InQs/4, g = (=A)°(un) — (—A)*u. Since un—u vanishes in (25,5 and also outside
(2, g is bounded and satisfies (6.49).

o In Qs5/4 \ Qs/4, g = (—A)*(un). Then, using

||(—A)S(Un)||L°°(935/4\95/4) <C <Hun”0”5(945/5\95/5) + HunHLl(R”))
and that 7 is smooth, we find that g is bounded and satisfies (6.49).

o In O\ Qs54, g = (—A)*(un). Since un vanishes in Q \ 5,3, g is bounded and
satisfies (6.49).

Now, since u is a solution of (6.14), by classical interior estimates we have
[ullers@us masss) < C (lullzoe g + lullzi @) ; (6.50)

see for instance [249]. Hence, by (6.48) and Theorem 1.2 in [249], un/é* € C*(Q) for
some o > 0 and
Hun/(SSHCO‘(ﬁ) < CHf(u)XQJ/z; + g”L(’Q(Q)'

Thus,
/8| (@) < lun/8 oy < C (gloeioy + 1 @)~y ) )
< C (Jlullza oy + lullzeon + 1 @) =00 -

In the last inequality we have used (6.49) and (6.50). Then, the result follows from
Proposition 6.1.8. []
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We can now give the

Proof of Theorem 6.1.3 (iii). Recall that u, minimizes the energy £ in the set {u €
H*(R™) : 0 <u < uy} (see Step 4 in the proof of Proposition 6.1.2 in Section 6.2).
Hence,

ol = | AFP(u) = Eus) < £0) =0 (6.51)
Now, the Pohozaev identity for the fractional Laplacian can be written as
I'(1+s)? Uy 2
sllunl[%. — n€(uy) = %/ (5—*) (x - v)do, (6.52)
o0

see [254, page 2]. Therefore, it follows from (6.51) and (6.52) that

I'(1+ s)? Uy 2

2

AR . S - . .
= 25 /aQ (55> (- v)do

Now, by Proposition 6.6.1, we have that

[, () ooz

[l

for some constant C' that depends only on Q and [jus||p1(q). Thus, [lu| gz < C, and
since u* € L*(Q), letting A T A\* we find

[ || 7+ < o0,
as desired. ]

6.7 LP and CP estimates for the linear Dirichlet
problem

The aim of this section is to prove Propositions 6.1.4 and 6.1.7. We prove first Propo-
sition 6.1.4.

Proof of Proposition 6.1.4. (i) It is clear that we can assume ||g|| ;1) = 1.
Consider the solution v of

(A =|g| inR"

given by the Riesz potential v = (—A)~*|g|. Here, g is extended by 0 outside .
Since v > 0 in R™\ ©, by the maximum principle we have that |u| < v in . Then,
it follows from Theorem 6.1.6 that

n

llu|| e @ < C, where ¢=

weak

n—2s’

and hence we find that

n

ry) < C forall r<
lul|Lr) < orall < ——0-
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for some constant that depends only on n, s, and |€2|.

(ii) The proof is analogous to the one of part (i). In this case, the constant does
not depend on the domain €.

(iii) As before, we assume ||g||zr() = 1. Write u = 0+ w, where ¥ and w are given
by

0= (—A)"%g in R", (6.53)
and A) N
—A)Yw = 0 in
{ w = ¥ in R"\Q. (6.54)
Then, from (6.53) and Theorem 6.1.6 we deduce that
[Bco@n < C, where o =2s— g. (6.55)

Moreover, since the domain €2 is bounded, then g has compact support and hence v
decays at infinity. Thus, we find

9]l ca@ny < C (6.56)

for some constant C' that depends only on n, s, p, and (2.
Now, we apply Proposition 6.1.7 to equation (6.54). We find

[wllcs@ny < Cllollce @, (6.57)
where f = min{«, s}. Thus, combining (6.56), and (6.57) the result follows. O

Note that we have only used Proposition 6.1.7 to obtain the C” estimate in part
(iii). If one only needs an L* estimate instead of the C* one, Proposition 6.1.7 is not
needed, since the L* bound follows from the maximum principle.

As said in the introduction, the LP to W2 estimates for the fractional Laplace
equation, in which —A is replaced by the fractional Laplacian (—A)®, are not true for
all p, even when 2 = R™. This is illustrated in the following two remarks.

Recall the definition of the fractional Sobolev space WP (§2) which, for o € (0, 1),
consists of all functions u € LP(§2) such that

uwlxr) —u p %
lallwesy = el + ( / [ de)

o=y

is finite; see for example [115] for more information on these spaces.

Remark 6.7.1. Let s € (0,1). Assume that u and g belong to LP(R™), with 1 < p < oo,
and that
(—A)’u =g in R"™

(i) If p > 2, then u € W2P(R").

(ii) If p < 2 and 2s # 1 then u may not belong to W?*?(R"). Instead, u € B2%(R"),
where BJ is the Besov space of order o and parameters p and g.

For more details see the books of Stein [278] and Triebel [290].
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By the preceding remark we see that the LP to W2$? estimate does not hold in R"
whenever p < 2 and s # % The following remark shows that in bounded domains €2
this estimate do not hold even for p > 2.

Remark 6.7.2. Let us consider the solution of (—A)*u = g in Q, v = 0 in R™ \ €.
When 2 = By and g = 1, the solution to this problem is

uo(r) = (1= [a*)" xa, (2);

see [154]. For p large enough one can see that ug does not belong to W2?(By), while
g = 1 belongs to LP(By) for all p. For example, when s = % by computing |Vug| we
see that uy does not belong to WP (By) for p > 2.

We next prove Proposition 6.1.7. For it, we will proceed similarly to the C* esti-
mates obtained in [249, Section 2] for the Dirichlet problem for the fractional Laplacian
with L data.

The first step is the following:

Lemma 6.7.3. Let €2 be a bounded domain satisfying the exterior ball condition, s €
(0,1), h be a C*(R™\ Q) function for some o > 0, and u be the solution of (6.13).
Then

[u(z) — u(zo)| < C[h]|ca@mad(x)” in Q,

where xq is the nearest point to x on 0F), B = min{s, a}, and é(x) = dist(z,0). The
constant C' depends only on n, s, and «.

Lemma 6.7.3 will be proved using the following supersolution. Next lemma (and
its proof) is very similar to Lemma 2.6 in [249].

Lemma 6.7.4. Let s € (0,1). Then, there exist constants €, c¢1, and Cs, and a
continuous radial function o satisfying

0 =0 in B, (6.58)
e =1 <o < Cy(lx] —1)° inR™\ By.

The constants ¢, and Cy depend only on n, s, and 3.

Proof. We follow the proof of Lemma 2.6 in [249]. Consider the function
uo() = (1 — o).
It is a classical result (see [154]) that this function satisfies
(—A)’ug = Kps in By

for some positive constant &, ;.
Thus, the fractional Kelvin transform of u, that we denote by uj, satisfies

(—A)ud (x) = |22 (= A)*uq (i> > ¢y in By \ Bi.

|z
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Recall that the Kelvin transform ug of wg is defined by

_ x
us(x) = |o* " ug (W) :

Then, it is clear that
ar(|z] — 1) <wug(zr) < Ax(z| —1)° in By \ By,

while v is bounded at infinity.
Let us consider now a smooth function n satisfying n = 0 in B3 and

Ai(lz] = 1)° <np < As(Jz| — 1)° in R™\ By.

Observe that (—A)®n is bounded in B, since n(z)(1 + |z|)™ 2 € L. Then, the
function
p = Cug +1,

for some big constant C' > 0, satisfies

(—A)p>1 in By \ B
Y= 0 in Bl
|z —1)° <o < Cy(Jz] —1)° inR™\ By.

Indeed, it is clear that ¢ = 0 in B;. Moreover, taking C' big enough it is clear that we
have that (—A)*¢ > 1. In addition, the condition ¢ (x| — 1)* < ¢ < Cy(|z| —1)% is
satisfied by construction. Thus, ¢ satisfies (6.59), and the proof is finished. m

Once we have constructed the supersolution, we can give the

Proof of Lemma 6.7.3. First, we can assume that ||h||ce@mq) = 1. Then, by the
maximum principle we have that ||u||pe@®n) = [|h||zeo@ny < 1. We can also assume
that a < s, since

|Allos@ny < Cllh]|ca@na) whenever s < a.

Let g € 092 and R > 0 be small enough. Let Bi be a ball of radius R, exterior
to €, and touching 99 at xo. Let us see that |u(x) — u(xg)| is bounded by CR? in
an BQR.

By Lemma 6.7.4, we find that there exist constants ¢; and Cs, and a radial contin-
uous function ¢ satisfying

(—A)SSD Z 0 n BQ \ Bl
=0 in By (6.59)
ci(Jz] = 1) <o < Cy(jz| —1)* in R™\ By.

Let z1 be the center of the ball Bg. Since ||h|commq) = 1, it is clear that the
function

or(z) = h(zo) + 3R + C3R*¢ (m ;__fl) ,
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Q
Figure 6.1:
with C5 big enough, satisfies
(—A)SQORZO in BQR\BR
YR = h(CC()) + 3R“ in BR (6 60)
h(zo) + v — zo]* < pr  In R™\ Bag
@R S h(lto) + CORQ in BQR \ BR.
Here we have used that o < s.
Then, since
(—A)SU =0 S (—A)SQDR in QN BQR,
h < h(zg) +3R* = ¢pr in Byr \ Q,
and
h([L’) S h(.To) + |l’ — ZL’0|a S PR in R" \ BQR,
it follows from the comparison principle that
u < pr in 2N Byg.
Therefore, since prp < h(xg) + CoR* in Byg \ Bg,
u(x) - h(Io) S CoRa n QN BQR. (661)

Moreover, since this can be done for each zg on 99, h(xy) = u(zy), and we have

HUHLOO(Q) S 1, we find that

u(z) — u(zy) < C8° in Q,

where z¢ is the projection on 902 of x.

(6.62)

Repeating the same argument with u and h replaced by —u and —h, we obtain the
same bound for h(zg) — u(z), and thus the lemma follows.

O

The following result will be used to obtain C? estimates for  inside €. For a proof
of this lemma see for example Corollary 2.4 in [249].
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Lemma 6.7.5 ([249]). Let s € (0,1), and let w be a solution of (—A)*w = 0 in Bs.
Then, for every v € (0,2s)

e < €10+ ke 2w e + ollimce )

where the constant C' depends only on n, s, and .

Now, we use Lemmas 6.7.3 and 6.7.5 to obtain interior C” estimates for the solution
of (6.13).

Lemma 6.7.6. Let €2 be a bounded domain satisfying the exterior ball condition, h €
C*(R™\ Q) for some a > 0, and u be the solution of (6.13). Then, for all x € Q we
have the following estimate in Br(x) = Bs(y)/2(2)

lullcs @Ry < Cllihllca®mo), (6.63)
where f = min{«, s} and C is a constant depending only on ), s, and .
Proof. Note that Br(x) C Bag(z) C Q. Let a(y) = u(xz + Ry) — u(x). We have that
(=A)’u(y) =0 in By. (6.64)
Moreover, using Lemma 6.7.3 we obtain
@)l zoe By < CllAllce@ma) R’ (6.65)
Furthermore, observing that |a(y)| < C||h|lce@mayR?(1 + |y|?) in all of R™, we find
18+ Iy 2 () 52 ey < Clbllon o B (6.66)

with C' depending only on €2, s, and «a.
Now, using Lemma 6.7.5 with v = /3, and taking into account (6.64), (6.65), and
(6.66), we deduce

llles (5,72) < Cllblles@ma B,

where C' = C(£, s, 8).
Finally, we observe that

[Wes (Brawmr) = R™7 [@es (Br77)-

Hence, by an standard covering argument, we find the estimate (6.63) for the C# norm
of u in Bg(x). O

Now, Proposition 6.1.7 follows immediately from Lemma 6.7.6, as in Proposition
1.1 in [249].

Proof of Proposition 6.1.7. This proof is completely analogous to the proof of Propo-
sition 1.1 in [249]. One only have to replace the s in that proof by §, and use the
estimate from the present Lemma 6.7.6 instead of the one from [249, Lemma 2.9]. [



Chapter Seven

REGULARITY FOR THE FRACTIONAL
GELFAND PROBLEM UP TO DIMENSION 7

We study the problem (—A)*u = Ae" in a bounded domain 2 C R", where \ is a
positive parameter. More precisely, we study the regularity of the extremal solution
to this problem.

Our main result yields the boundedness of the extremal solution in dimensions
n < 7 for all s € (0,1) whenever Q2 is, for every i = 1,...,n, convex in the x;-direction
and symmetric with respect to {z; = 0}. The same holds if n = 8 and s = 0/28206...,
orif n =9 and s 2 0'63237.... These results are new even in the unit ball 2 = B;.

7.1 Introduction and results
Let s € (0,1) and Q2 be a bounded smooth domain in R", and consider the problem

(—A)u = Ae* in Q
{ u = 0 inR™\Q. (7.1)
Here, A is a positive parameter and (—A)* is the fractional Laplacian, defined by

(=A)*u(z) = ¢, PV / Mdy. (7.2)

Rn |37 - y|"+2s

The aim of this paper is to study the regularity of the so-called extremal solution of
the problem (7.1).

For the Laplacian —A (which corresponds to s = 1) this problem is frequently called
the Gelfand problem [151], and the existence and regularity properties of its solutions
are by now quite well understood [191, 177, 223, 212, 102]; see also [144, 234].

Indeed, when s = 1 one can show that there exists a finite extremal parameter
A* such that if 0 < A < A* then it admits a minimal classical solution u), while for
A > A\* it has no weak solution. Moreover, the pointwise limit «* = limy;x- uy is a weak
solution of problem with A = A\*. It is called the extremal solution. All the solutions
uy and u* are stable solutions.

On the other hand, the existence of other solutions for A < A\* is a more delicate
question, which depends strongly on the regularity of the extremal solution u*. More
precisely, it depends on the boundedness of u*.

213
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It turns out that the extremal solution u* is bounded in dimensions n < 9 for any
domain Q [212, 102], while u*(x) = log # is the (singular) extremal solution in the
unit ball when n > 10. This result strongly relies on the stability of v*. In the case
) = By, the classification of all radial solutions to this problem was done in [201] for
n =2, and in [177, 223] for n > 3.

For more general nonlinearities f(u) the regularity of extremal solutions is only
well understood when = B;. As in the exponential case, all extremal solutions
are bounded in dimensions n < 9, and may be singular if n > 10 [43]. For general
domains €2 the problem is still not completely understood, and the best result in that
direction states that all extremal solutions are bounded in dimensions n < 4 [42, 295].
In domains of double revolution, all extremal solutions are bounded in dimensions
n < 7 [49]. For more information on this problem, see [36] and the monograph [120].

For the fractional Laplacian, the problem was studied by J. Serra and the author
[253] for general nonlinearities f. We showed that there exists a parameter \* such
that for 0 < A < A\* there is a branch of minimal solutions uy, for A > A* there is no
bounded solutions, and for A = A\* one has the extremal solution «*, which is a stable
solution. Moreover, depending on the nonlinearity f and on n and s, we obtained L*°
and H* estimates for the extremal solution in general domains €2. Note that, as in
the case s = 1, once we know that u* is bounded then it follows that it is a classical
solution; see for example [249].

For the exponential nonlinearity f(u) = e, our results in [253] yield the bounded-
ness of the extremal solution in dimensions n < 10s. Although this result is optimal
as s — 1, it is not optimal, however, for smaller values of s € (0,1). More precisely,
an argument in [253] suggested the possibility that the extremal solution u* could be
bounded in all dimensions n < 7 and for all s € (0,1). However, our results in [253]
did not give any L estimate uniform in s.

The aim of this paper is to obtain better L*>° estimates for the fractional Gelfand
problem (7.1) whenever 2 is even and convex with respect to each coordinate axis.
Our main result, stated next, establishes the boundedness of the extremal solution u*
whenever (7.3) holds and, in particular, whenever n < 7 independently of s € (0, 1).
As explained in Remark 7.2.2, we expect this result to be optimal.

Theorem 7.1.1. Let Q be a bounded smooth domain in R"™ which is, for every i =
1,...,n, conver in the x;-direction and symmetric with respect to {x; = 0}. Let s €
(0,1), and let u* be the extremal solution of problem (7.1). Assume that either n < 2s,
or that n > 2s and
D(2)0(1+s) I?(2£2)
rEE) (R

2 4

(7.3)

Then, u* is bounded. In particular, the extremal solution u* is bounded for all s € (0,1)
whenever n < 7. The same holds if n = 8 and s 2 028206..., or if n = 9 and
s 2 0'63237....

The result is new even in the unit ball Q = B;.

We point out that, for n = 10 condition (7.3) is equivalent to s > 1.

Let us next comment on some works related to problem (7.1).

On the one hand, for the power nonlinearity f(u) = (1 4+ u)?, p > 1, the problem
has been recently studied by Dévila-Dupaigne-Wei [109]. Their powerful methods are



7.2 - Some preliminaries and remarks 215

based on a monotonicity formula and a blow-up argument, using the ideas introduced
in [108] to study the case of the bilaplacian, s = 2. For this case s = 2, extremal
solutions with exponential nonlinearity have been also studied; see for example [106].

On the other hand, Capella-Dévila-Dupaigne-Sire [80] studied the extremal solu-
tion in the unit ball for general nonlinearities for a related operator but different than
the fractional Laplacian (7.2). More precisely, they considered the spectral fractional
Laplacian in By, i.e., the operator A® defined via the Dirichlet eigenvalues of the Lapla-
cian in B;. They obtained an L*> bound for «* in dimensions n < 2 (2 + 54+ v2s + 2)
and, in particular, their result yields the boundedness of the extremal solution in
dimensions n < 6 for all s € (0,1).

Another result in a similar direction is [107], where Dévila-Dupaigne-Montenegro
studied the extremal solution of a boundary reaction problem. Recall that problems
of the form (7.1) involving the fractional Laplacian can be seen as a local weighted
problem in ]Rfi“ by using the extension of Caffarelli-Silvestre. Similarly, the spectral
fractional Laplacian A® can be written in terms of an extension in 2 x R,. Thus, the
boundary reaction problem studied in [107] is also related to a “fractional” problem
on the boundary, in which s = 1/2. Although in this paper we never use the extension
problem for the fractional Laplacian, we will use some ideas appearing in [107] to prove
our results, as explained next.

Recall that the key property of the extremal solution u* is that it is stable [120, 253],

in the sense that
/)\eu*Ude S/ |(_A)S/277‘2dl‘
Q n

for all n € H*(R™) satisfying n = 0 in R™ \ Q.

In the classical case s = 1, the main idea of the proof in [102] is to take n = e —1
in the stability condition to obtain a WP bound for u*. When n < 10, this W?2?
estimate leads, by the Sobolev embeddings, to the boundedness of w*. This is also the
approach that we followed in [253] to obtain regularity in dimensions n < 10s.

Here, instead, we assume by contradiction that u* is singular, and we prove a lower
bound for u* near its singular point. This is why we need to assume the domain €2 to
be even and convex —in this case, the singular point is necessarily the origin. Then,
in the stability condition we take an explicit function n(x) with the same expected
singular behavior as e** (®) (given by the previous lower bound). More precisely, we
take as n a power function of the form n(x) ~ |z|7#, with 8 chosen appropriately.
This idea was already used in [107], where Dévila-Dupaigne-Montenegro studied the
extremal solution for a boundary reaction problem.

The paper is organized as follows. First, in Section 7.2 we give some remarks
and preliminary results that will be used in the proof of our main result. Then, in
Section 7.3 we prove Theorem 7.1.1.

7.2 Some preliminaries and remarks

In this section we recall some facts that will be used in the proof of Theorem 7.1.1.
First, recall that a weak solution u of (7.1) is said to be stable when

/)\6“772dl'§/ ’(—A)Sﬂnfdm (7.4)
(9] n
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for all n € H*(R") satisfying n = 0 in R™ \ §2; see [253] for more details. Note also
that, integrating by parts on the right hand side, one can write (7.4) as

/Q Aelntda < / n(—A)*y da. (7.5)

Q
We will use this form of the stability condition in the proof of Theorem 7.1.1.

Next we recall a computation done in [253] in which we can see that condition (7.3)
arises naturally.

Proposition 7.2.1 ([253]). Let s € (0,1), n > 2s, and up(z) = log ﬁ Then, uq is
a solution of
(—=A)°ug = Xge™ in all of R",

with .
g — 2 LB A +9) (7.6)
r(%5*)
Moreover, setting
2 (n+2s
H,s= 223L42)7 (77)
T

ug 15 stable if and only if Ao < H,, 5.

We point out that H, s is the best constant in the fractional Hardy inequality, even
though we will not use such inequality in this paper.

Remark 7.2.2. This proposition suggests that there could exist a stable singular solu-
tion to (7.1) in the unit ball whenever Ay < H,, . In fact, we may consider a larger
family of problems than (7.1), by considering nonhomogeneous Dirichlet conditions of
the form u = ¢g in R™ \ . For all these problems, our result in Theorem 7.1.1 still
remains true; see Remark 7.3.3. In the particular case Q1 = By and g(z) = log |z| ™%
in R" \ By, the extremal solution to the new problem is exactly u*(x) = log |z|™** in
B; whenever \g < H,, 5. Thus, when \y < H,, ; we have a singular extremal solution
for some exterior condition g.

We expect the sufficient condition (7.3) of Theorem 7.1.1 to be optimal since it is
equivalent to A\g > H,, ;.

The condition \g > H,, s, appeared and was discussed in Remark 3.3 in [253].

We next give a symmetry result, which is the analog of the classical result of
Berestycki-Nirenberg [18]. It does not require any smoothness of 2. From this result
it will follow that, under the hypotheses of Theorem 7.1.1, the solutions u,(x) attain
its maxima at z = 0.

When ) = Bpg, there are a number of papers proving the radial symmetry of
solutions for nonlocal equations. However, we have not found any reference in which
the following result is proved.

Lemma 7.2.3. Let Q) be a bounded domain which is convexr in the xq-direction and
symmetric with respect to {x; = 0}. Let f be a locally Lipschitz function, and u be a
bounded positive solution of

{(—A)Su = f(u) inQ
u = 0 in R™\€Q.
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Then, u is symmetric with respect to {x1 = 0}, and it satisfies
Opu <0 in QN {x; > 0}.

Proof. For the case of the Laplacian —A, the result follows from the moving planes
method and the maximum principle in small domains; see [18] and also, for exam-
ple, [34, 41]. For the fractional Laplacian (—A)® (or even for more general integro-
differential operators), one can easily check that the same proof can be carried out
by using the nonlocal maximum principle in small domains given by Lemma 5.1 in

[253]. O
As said before, this lemma yields that solutions uy of (7.1) satisfy

lurll e @) = ua(0).

This allows us to locate the (possible) singularity of the extremal solution u* at the
origin, something that is essential in our proofs.

Finally, to end this section, we compute the fractional Laplacian on a power func-
tion, something needed in the proof of Theorem 7.1.1.

Proposition 7.2.4. Let (—A)® be the fractional Laplacian in R™, with s > 0 and
n > 2s. Let a € (0,n — 2s). Then,

where I' is the Gamma function.

Proof. We use Fourier transform, defined by

Flu)(€) = (27) 2 / u(w)e—€odz.

n

Then, one has that

F(=A)u] (&) = €% Flu](6). (7.8)
On the other hand, the function |z|~®, with 0 < a < n, has Fourier transform
ko F[I-17°1(€) = knplél”™, ks :=2°/T(5/2) (7.9)

(see for example [197, Theorem 5.9], where another convention for the Fourier trans-
form is used, however).
Hence, using (7.9) and (7.8), we find that

FL=2) 172 (e) = le* F[I- 7] (&)

R |§|a+25—n _ Rn—a Ra+2s ]:-“ . —a—2s] (f)

Ro Ra Rn—a—2s

Thus, it follows that

_ T
(—A)|z| ™ = Fn—a Fat2s | e = S 2 L3
Ra Kn—a-2s r ( 3 r (5)

as claimed. O
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7.3 Proof of the main result

The aim of this section is to prove Theorem 7.1.1. We start with two preliminary
lemmas.

The first one gives a lower bound for the singularity of an unbounded extremal
solution. As we will see, this is an essential ingredient in our proof of Theorem 7.1.1.
A similar result was established in [107] in the case of the boundary reaction problem
considered there.

Lemma 7.3.1. Letn, s, and u* as in Theorem 7.1.1, and assume that u* is unbounded.
Then, for each o € (0,1) there exists r(o) > 0 such that

u*(z) > (1 —0)log B

for all x satisfying |x| < r(o).

Proof. We will argue by contradiction. Assume that there exist ¢ € (0,1) and a
sequence {zj} — 0 for which

u(z) < (1 —0)log —— (7.10)

Recall that, by Lemma 7.2.3, we have uy(0) = [[ux|[z~. Thus, since u* is unbounded
by assumption, we have

lual|Loo () = ur(0) — 400 as A — A"

In particular, there exists a sequence {\;} — A* such that

uy,, (0) = log i

Define now the functions

= llzsle) _wnlelz) g L g

" Tuadlee  log ks

g ()

These functions satisfy 0 < vp < 1, v(0) = 1, and
(—A)°vy — 0 uniformly in 2 as k — oc.

Indeed,

1
AV (1) = — 25\ (zkle) <
(O 0e) = e 1 <

A \*
k‘l <
EE

— 0.

_ 1
EE

~ log

Note also that the functions v, are uniformly Holder continuous in compact sets of
R™, since |(—A)*v,| are uniformly bounded. Hence, it follows from the Arzela-Ascoli
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theorem that, up to a subsequence, v, converges uniformly in compact sets of R™ to
some function v satisfying

(—A)¥v=0 inR", 0<v<1, v(0)=1L.

Thus, it follows from the strong maximum principle that v = 1.
Therefore, we have that

vg(x) — 1 uniformly in compact sets of R",

and in particular

uy, (v
—)\k( 1k) = Uk (xk/|xk|) — 1.
log —
||
This contradicts (7.10), and hence the lemma is proved. O

In the next lemma we compute the fractional Laplacian of some explicit functions
in all of R”. The constants appearing in these computations are very important, since
they are very related to the ones in (7.3).

Lemma 7.3.2. Let s € (0,1), n > 2s, and € > 0 be small enough. Then

2s—n+te —2s—n—+e
2

(=4)°fe = (Hns +0()) 2]

and .
o S| .|25—nte _ = 2 —n+e
(~A)lal (Yogs +0()) lal ™+,

where H, s and Ny are given by (7.7) and (7.6), respectively.

Proof. To prove the result we use Proposition 7.2.4 and the properties of the I" function,
as follows.

First, using Proposition 7.2.4 with o = 3(n — 2s — ¢) and with @ = n —2s — ¢, we
find

n+25—a) r <n+25+5)

(_A)Slx % - 22SF E”—é}—i—e) I (n—%s—g) |JZ|%
and
—n+e

[,

(_A)s‘x|25—n+a — 223F (nfs) I (252i)
r

where I is the Gamma function.
Since I'(t) is smooth and positive for ¢t > 0, then it is clear that

F n+2s—e F n+2s+e F n+2s 2
225 ( 4 ) ( 4 ):225 (P( :L )) +O<6>:Hn,s+0<€)‘

F (=2 T ()

Thus, the first identity of the Lemma follows.
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To prove the second identity, we use also that I'(1 + ¢) = ¢I'(¢). We find,

2T (39T (35°) _ o D59 T (359
)F

FEre==)  If

r + s) €
— 223 (_ O 2 )
(nf s) 2g + (8 )
A
= 2—2 e+ O(e?)
Thus, the lemma is proved. [

We can now give the proof of our main result.

Proof of Theorem 7.1.1. First, note that when n < 2s the result follows from [253],
since we proved there the result for n < 10s. Thus, from now on we assume n > 2s.
To prove the result for n > 2s we argue by contradiction, that is, we assume that
u* is unbounded and we show that this yields A\g < H,, 5. As we will see, Lemma 7.3.1
plays a very important role in this proof.
Let uy, with A < A*, be the minimal stable solution to (7.1). Using % in the
stability condition (7.5), we obtain

/Q AR < /Q b(-

Moreover, 1)? as a test function for the equation (7.1), we find

[ un=arwt) = [ aene

Thus, we have

/u,\ /¢ )i forall A< A%, (7.11)
Q

Next we choose 1) appropriately so that (7.11) combined with Lemma 7.3.1 yield a
contradiction. This function v will be essentially a power function |z|~#, as explained
in the Introduction.

Indeed, let py be small enough so that B, (0) C Q. For each small ¢ > 0, let us
consider a function v satisfying

Lop(z) = [z
2. 1 has compact support in 2.

2s—n+e

2 in B,,(0) C Q.

3. ¢ is smooth in R™\ {0}.



7.3 - Proof of the main result 221

Now, since the differences ¢ (z) — |z| == and () — |z|>7"*¢ are smooth and

bounded in all of R™ (by definition of ), then it follows from Lemma 7.3.2 that

—2s—n—+e

(=AY () < (Hp o+ Ce) 2] 2" 4+ C (7.12)

and

(~AY@)(@) = (Mo — O ) fal ™+ = €, (7.13)

where C' is a constant that depends on py but not on .

In the rest of the proof, C' will denote different constants, which may depend on
po, 1, S, 2, and o, but not on €. Here, ¢ is any given number in (0, 1).

Hence, we deduce from (7.11)-(7.12)-(7.13), that

(Aoi - 052) / ur|z[F"de < (H, s + Ce) / 2" da + C. (7.14)
2s Q Q

We have used that fQ uy < C uniformly in A. Since the right hand side does not
depend on A, we can let A — A* to find that (7.14) holds also for A = A\*.

Next, for the given ¢ € (0,1), we apply Lemma 7.3.1. Since u* is unbounded by
assumption, we deduce that there exists r(o) > 0 such that

u (.T) Z (1 — O') lOg W mn BT(O-).
Thus, we find

1
(1-0) (hor- —02) / 2" log ——dir < (Hy, + Ce) / e "da + C. (7.15)
2s Bro) || Q

Now, we have

1 (o) 1
|z|*™" log dx = 2s|S™ ! <" !log ~ dr
2s
B || 0 r

1
.1 —elog o)

= 215" (r(0) ——

> {25]8" | (r(0)" ~ O}

and

1
1
/ |z " dx < |S”_1\/ r¥ldr +C = |S"H= 4 C.
Q 0 €
Therefore, by (7.15),
(1-0) (Aoi - 052) (25157 (r(0)) — CE} & < (Hoy + C2) [S"|2 1 C.
25 g2 — Ve 5

Hence, multiplying by ¢ and rearranging terms,

(1—0)Xo(r(0))° < Hp s+ Ce.
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Letting now ¢ — 0 (recall that o € (0,1) is an arbitrary given number), we find
(1—0)X < H, ;.
Finally, since this can be done for each o € (0, 1), we deduce that
Ao < Hy g,

a contradiction. O

Remark 7.3.3. Note that in our proof of Theorem 7.1.1 the exterior condition v = 0 in
R™\ Q plays no role. Thus, the same result holds true for (7.1) with any other exterior
condition u = g in R™ \ Q.

On the other hand, note that the nonlinearity f(u) = e plays a very important
role in our proof. Indeed, to establish (7.11) we have strongly used that f'(u) = f(u),
since we combined the stability condition (in which f’(u) appears) with the equation
(in which only f(u) appears). It seems difficult to extend our proof to the case of more
general nonlinearities. Even for the powers f(u) = (1 + u)?, it is not clear how to do
it.
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INTRODUCTION TO PART III

In this last part of the thesis we study weighted Sobolev and isoperimetric inequalities.

Let us first recall what is an isoperimetric problem with a weight —also called
density. Given a weight w (that is, a positive function w), one wants to character-
ize minimizers of the weighted perimeter |, op W among those sets E' having weighted
volume [ W equal to a given constant. A set solving the problem, if it exists, is
called an isoperimetric set (or simply a minimizer). This question, and the associated
isoperimetric inequalities with weights, have attracted much attention recently; see for
example [222], [207], [98], [134], and the nice survey [218].

An important motivation for studying such isoperimetric inequalities with weights
are their applications to Analysis and PDEs [162, 204, 49], in Geometry [91, 218, 221],
and in Probability [194, 32].

As explained in Part II, while studying reaction-diffusion equations we were led to
some Sobolev and isoperimetric inequalities with monomial weights. More precisely,
by using the stability property of solutions u we obtained control on some integrals of
the form

-, 2 —5,,2
S t 9
/ (s us +t u)dsdt
Qo

where 2, C (R;)? and u = 0 on 90, N (R, )? (note that u may not vanish on the axes
of the s-t plane). From this, we wanted to deduce an L? bound for w.

After the change of variables o = s>, 7 = 7 the problem transforms into the
following: given nonnegative a and b, find the largest exponent ¢ > 2 for which the
weighted inequality

1/q 1/2
(/~ U“Tb]u\qdodT) <C (/~ JaTb\Vu\2d0d7'> (7.16)
Q Q2

holds for all smooth functions u vanishing on 9 N (Ry)?. These weights are not in
the Muckenhoupt class and the inequality (7.16) had not been proved in the literature.

In Chapter 5 of Part II (the work on domains of double revolution), we already es-
tablished this embedding in (R, )? by proving first a weighted isoperimetric inequality.
However, we did not find there its best constant, neither the extremal functions. In
this Part III we accomplish this (also in the corresponding isoperimetric inequalities)
not only in dimension 2 as above, but also in all dimensions n > 1, and also for all
exponents p in the right hand side |Vu|P. More precisely, in Chapter 8 we establish
the following Sobolev inequality with monomial weights.

Theorem 6. Let n > 1, and let us consider a monomial weight of the form x4 =
|21 |2 - |z, A with every A; > 0 a real number.
Let D=n+ A+ ---+ A,, and let also
R} ={x € R" : 2; > 0 for all i such that A; > 0}. (7.17)

225
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Then, for each 1 < p < D, we have

1/p- 1/p
(/ z|u p*dx) <G, (/ xA\Vu|pd$) , (7.18)
Rp Rp

We also obtain an explicit expression for the best constant C,, in inequality (7.18),
as well as extremal functions for which the best constant is attained.

For p > D and p = D, we prove weighted versions of the classical Morrey and
Trudinger inequalities, respectively.

The proof of inequality (7.18) is based on a new weighted isoperimetric inequality,

where p, = g—?p.

D—-1

(/ asAd:v> < C/ rdo(x) for all £ C RY,
E OE

with the optimal constant C' depending on n, Ay, ..., A,,. Note that the part 0F N OR?
has zero weighted perimeter, since z* vanishes on OR". We establish it by adapting
a proof of the classical Euclidean isoperimetric inequality due to X. Cabré. Our proof
uses a linear Neumann problem for the operator x=4div(z4V -) combined with the
Alexandroff contact set method (or ABP method). The best constant is attained
by domains of the form E = Bg(0) N R} —recall that R? is defined by (7.17). In
other words, this solves the isoperimetric problem in R" for monomial weights w(z) =
|z AL, | A

The solution to the isoperimetric problem in R™ with a weight w is known only for
few weights, even in the case n = 2. For example, in R™ with the Gaussian weight
w(z) = e 17 all the minimizers are half-spaces [32, 96], and with w(z) = e/ all
the minimizers are balls centered at the origin [247]. For more general radial weights
w(|z]) in R™, the log-convex density conjecture states that balls about the origin are
isoperimetric whenever logw(r) is convex. The conjecture is sustained by the fact
that the convexity of logw(r) is equivalent to the stability of balls about the origin.
The conjecture was formulated in 2006 [247], and remained open for some years —see
[207, 134, 185] for some partial results on this problem. It has been recently solved by
Chambers [84].

Other isoperimetric problems with radial weights w(|z|) have also been solved. In
the plane (n = 2) with the homogeneous weight |z|*, the minimizers depend on the
values of . On the one hand, Carroll-Jacob-Quinn-Walters [82] showed that when
a < —2 all minimizers are R? \ B,(0), r > 0, and that when —2 < « < (0 minimizers
do not exist. On the other hand, when a > 0 Dahlberg-Dubbs-Newkirk-Tran [104]
proved that all minimizers are circles passing through the origin (in particular, not
centered at the origin).

Hence, radial homogeneous weights may lead to nonradial minimizers. Our isoperi-
metric inequality with monomial weights w(x) = |24 - |z,|"" gives a nontrivial
example in which the contrary happens: nonradial weights lead to radial minimizers.

In Chapter 9 we study more general isoperimetric problems with densities. We
obtain a family of sharp isoperimetric inequalities with homogeneous weights in con-
vex cones > C R™. We prove that FEuclidean balls centered at the origin solve the
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isoperimetric problem in any open convex cone ¥ of R” (with vertex at the origin) for
a whole class of nonradial homogeneous weights. More precisely, our main result reads
as follows.

Theorem 7. Let > C R" be any open convex cone. Let w be continuous, positively
homogeneous of degree o > 0, and such that w'/® is concave in the cone L. Then,

Py(E:Y) _  Pu(BiY)
wENY)S — wB N5

for all sets E with finite measure, where D = n + .

Here, w(ENY) and P,(F;X) denote the weighted volume and weighted perimeter
of the set F inside X, that is,

w(EﬂE):/

w(z)dz and / w(x)dS.
ons dENS

Note that the part of the boundary of E that lies on the boundary of the cone 0% is
not counted.

When w = 1, this inequality is known as the Lions-Pacella isoperimetric inequality
in convex cones [200]. On the other hand, when w is a monomial weight and ¥ = R,
we recover our isoperimetric inequality with monomial weights.

As before, the proof of this result consists of applying the ABP method to a linear
Neumann problem involving now the operator w~!div(wVu), where w is the weight.
More precisely, we essentially solve the following Neumann problem in £ C X

wldiv(wVu) = bg in E
ou

5 =1 on OFNY (719)
@ =0 ondENOJY,
ov

where the constant bg is chosen, after integrating by parts, so that the problem ad-
mits a solution (bg depends only on weighted perimeter and volume of E). If u is C*
up to the boundary 0F —which is not always the case, and this leads to technical
difficulties—, then by touching the graph of u by below with planes (as in the ABP
method) we find that B; N Y C Vu(E). From this, using the area formula, an appro-
priate weighted geometric-arithmetic means inequality, and the concavity condition on
the weight w, we deduce our weighted isoperimetric inequality. Since the solution of
(7.19) is u(z) = 3|z|> when E = B; NY, in this radial case all the chain of inequalities
in our proof become equalities, and this yields the sharpness of the constant in our
inequality.

We also solve weighted anisotropic isoperimetric problems in cones for the same
class of weights. In these anisotropic problems, the perimeter of a smooth domain F
is given by

/ H(w())w(z)ds,
OENY
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where v(x) is the unit outward normal to OF at x, and H is a nonnegative, positively
homogeneous of degree one, and convex function. For these problems, we prove that
the Wulff set

W={zeR":z-v<H) forallve "'}

is the minimizer of the weighted anisotropic quotient. In particular, the solution of
such weighted isoperimetric problems does not depend on the weight w. For the
unweighted case w = 1, this anisotropic isoperimetric problem is known as the Wulff
inequality, and was established by Taylor [284, 285] in 1974.

It is worth saying that our proof of Theorem 7 follows a totally different approach
from those of Lions-Pacella [200] and Taylor [284, 285]. Thus, as a particular case
of our results of Chapter 9, we provide with new proofs of both the isoperimetric
inequality in convex cones of Lions-Pacella and of the Wulff inequality.



Chapter Eight

SOBOLEV AND ISOPERIMETRIC
INEQUALITIES WITH MONOMIAL
WEIGHTS

We consider the monomial weight |zt - - - |z,,|4" in R", where 4; > 0 is a real number

for each ¢ = 1,...,n, and establish Sobolev, isoperimetric, Morrey, and Trudinger
inequalities involving this weight. They are the analogue of the classical ones with
the Lebesgue measure dx replaced by |z;|4 - - - |x,|4"dx, and they contain the best or

critical exponent (which depends on Ay, ..., A4,). More importantly, for the Sobolev
and isoperimetric inequalities, we obtain the best constant and extremal functions.

When A; are nonnegative integers, these inequalities are exactly the classical ones in
the Euclidean space RP (with no weight) when written for axially symmetric functions
and domains in RP = R4 x ... x RAnHL

8.1 Introduction and results

In this paper we establish Sobolev, Morrey, Trudinger, and isoperimetric inequalities
in R" with the weight 24, where A = (A, ..., 4,,) and

e R U o A >0, ..., A, >0. (8.1)
They were announced in our previous article [49]. In fact, their interest and appli-
cations arose in [49], where we had » = 2 in (8.1). In that paper we studied the
regularity of stable solutions to reaction-diffusion problems in bounded domains of
double revolution in RY. That is, domains of R" which are invariant under rotations
of the first m variables and of the last N — m variables, i.e.,

Q= {(z",2?) e R" x RN : (s = |2'|,t = |2?]) € Qy},

where 0, C (R, )? is a bounded domain.
The first step towards the results in [49] consisted of obtaining bounds for some
integrals of the form

{s7uZ + tiﬁuf} dsdt,
Qo

where u is any stable solution and s and ¢ are, as above, the two radial coordinates
describing 2. Then, from this bound we needed to deduce that v € L4(Q2), with ¢ as
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large as possible. After a change of variables of the form s = ¢, t = 772, what we
needed to establish is the following Sobolev inequality. Given a > —1 and b > —1,
find the greatest exponent ¢ for which

1/q 1/2
(/ aaTb]u\qdadT) <C (/ U“Tb|Vu|2deT>
52 62

holds for all smooth functions u vanishing on dQs N (R,)%, where Qy = {(o,7) €
(Ry)?: (s =0",t =1772) € Qy} is an arbitrary bounded domain of (R, ).

On the one hand, we obtained that u € L>() whenever the right hand side is
finite for some a, b with a+b < 0. On the other hand, in case a+b > 0 we established
the following.

Throughout the paper, C!(R") denotes the space of C' functions with compact
support in R”.

Proposition 8.1.1 ([49]). Let a and b be real numbers such that
a>—1, b>—-1, and a+b> 0.
Let u be a nonnegative C}(R?) function such that
Uy, <0 and u, <0 in {o>0,7>0}. (8.2)

with strict inequalities in the set {u > 0}. Then, there exists a constant C, depending
only on a and b, such that

1/2. 1/2
(/ U“Tb|u]2*dad7') <C (/ U“Tb|Vu|2dUdT> : (8.3)
{o>0,7>0} {o>0,7>0}

where 2*:D2—132 and D =a+ b+ 2.

In [49] we also obtained Sobolev inequalities with other powers |VulP; 1 < p < D.
By a standard scaling argument one sees that the exponent 2, = 22 in (8.3) is
optimal, in the sense that (8.3) can not hold with any other exponent larger than this
one. In addition, when a < 0 or b < 0 inequality (8.3) is not valid without assumption

(8.2); see Remark 8.3.3 for more details.

Remark 8.1.2. When a and b are positive integers, inequality (8.3) is exactly the
classical Sobolev inequality in R” = R x R’*! for functions which are radially
symmetric on the first @ + 1 variables and on the last b+ 1 variables.

Indeed, for each 2z € RP write z = (2!,2?), with 2! € R*™! and 2?2 € R and
define (o,7) = (]2%],]2%|) € {o > 0,7 > 0}. Now, for each function u in (R,)* we
define u(z) = u(|z1], |22]). We have that |V.i| = |V, r)u|. Moreover, an integral over
RP of a function depending only on |2!| and |2?| can be written as an integral in (R )?
with dz = ¢,0%r%dodr for some constant c,;. Therefore, writing in the coordinates
(0, 7) the classical Sobolev inequality in R? for the function i, we obtain the validity

of (8.3). Note that if @ > 0 and b = 0 then we obtain the inequality in {o > 0} instead
1/2. 1/2
of {o > 0,7 > 0}, that is, <f{0>0} olu 2*d0‘d’7’> <C (f{a>0} ga|Vu|2dadT> _

and this motivates definition (8.4) below in the case of a general monomial z*.
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The same argument as in the previous remark, but now with multiple axial sym-
metries, shows the following. When A, ..., A,, are nonnegative integers, the Sobolev,
isoperimetric, Morrey, and Trudinger inequalities with the monomial weight

A A A
2 = a4 [ A
are exactly the classical ones in

RAFL » ... x RAnFL

when written in radial coordinates for functions which are radially symmetric with
respect to the first A; + 1 variables, also with respect to the next A, 4+ 1 variables, and
so on until radial symmetry with respect to the last A, + 1 variables.

The aim of this paper is to extend inequality (8.3) in R? to the case of R™ with
any weight of the form (8.1), i.e., of the form x4 = |x;|41 - |z,|4. When A; are
nonnegative real numbers, we prove that this weighted Sobolev inequality holds for
any function u € C!(R") — and thus assumption (8.2) is not necessary. We obtain also
Sobolev inequalities with |Vu|? replaced by other powers |Vu|P. More importantly,
we find the best constant and extremal functions in these inequalities. For this, a
crucial ingredient is a new isoperimetric inequality involving the weight z# and with
best constant. This is Theorem 8.1.4 below, a main result of this paper. In addition,
we prove Morrey and Trudinger type inequalities involving the monomial weight. All
these results were announced in our previous paper [49].

The first result of the paper is the Sobolev inequality with a monomial weight, and
reads as follows. Here, and in the rest of the paper, we denote

R? = {(z1,...,xn) € R" : 2; > 0 whenever A; > 0} (8.4)

and
B = B,(0) N RZ.

For each 1 < p < oo, let WyP(R", z4dx) be the closure of the space of C!(R") under
the norm ( [, z*(|ul? + ]Vu]p)dx)l/p.

Theorem 8.1.3. Let A be a nonnegative vector in R", D = Ay +---+ A, +n, and
1 <p < D be a real number. Then,

(a) There exists a constant C, such that for all u € C}(R"),

o 1
</ | p*da:) " <G, (/ xA\VuP’dac) ’ : (8.5)
R? R
p

where p, = D—f)p and x4 is given by (8.1).

(b) The best constant C, is given by the explicit expression (8.31)-(8.32). When
p =1, this constant is not attained in Wol’l(]R”, rdw). Instead, when 1 < p < D
it is attained in Wy (R", zdx) by the functions

tap() = (a v b|x|p%) v (8.6)

where a and b are any positive constants.
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Note that the exponent p, is exactly the same as in the classical Sobolev inequality,
but in this case the “dimension” is given by D instead of n. Note also that when
Ay = ...=A, =0then D = n and (8.5) is exactly the classical Sobolev inequality.
As before, a scaling argument shows that the exponent p, is optimal, in the sense that
(8.5) can not hold with any other exponent.

Note that the integrals in (8.5) are computed over R” but the functions u involved
need not vanish on the coordinate hyperplanes on OR}. Let us mention that u,; are
extremal functions for inequality (8.5), but we do not know if these are all extremal
functions for the inequality — except in the case when all A; are integers.

The Sobolev inequalities in all of R™ follow easily (without the best constant) from
the ones in R? by applying them at most 2" times (one for each hyperoctant of R™,
that is, for each set {e;x; > 0, i = 1,...,n}, where ¢, € {—1,1}) and adding up the
obtained inequalities. Consider now functions u € C}(R™) that are even with respect
to those variables z; for which A; > 0. They arise naturally in nonlinear problems in
RP whenever D is an integer (see [49]). Among these functions, the Sobolev inequality
in all of R™ has also as extremals the functions u, in (8.6).

After a change of variables of the form x; = y;*, (8.5) yields new inequalities of the
form

n
o ey < C Y M,

i=1

LP(R7)>

where «; are arbitrary exponents in [0, 1); see Corollary 8.3.5. In these inequalities, the
exponent on the left hand side is given by p, = g—f)p, where D = n+ 2+ -+ 22—

When p > 1 and A; < p—1 for all i = 1,...,n, the weight (8.1) belongs to
the Muckenhoupt class A,, and thus part (a) — without the best constant and for
bounded domains — can be deduced from some classical results on weighted Sobolev
inequalities. Indeed, it follows from a classical result of Fabes-Kenig-Serapioni [126]
that for any bounded domain 2 C R" there exists ¢ > p for which [|ul|zs0z4a2) <
C’||u||W01,p(Q’zAdm) holds. Moreover, the optimal exponent ¢ = p, can be found by using
a result of Hajlasz [166, Theorem 6]. However, in general the monomial weight (8.1)
does not satisfy the Muckenhoupt condition A, and Theorem 8.1.3 cannot be deduced
from these results on weighted Sobolev inequalities, even without the best constant in
the inequality.

The main ingredient in the proof of Theorem 8.1.3 is a new weighted isoperimetric
inequality with best constant, given by Theorem 8.1.4 below. Let us mention that
if one is willing not to have the best constant in the Sobolev inequality, we give
an alternative and more elementary proof of part (a) of Theorem 8.1.3 under some
additional hypotheses. Namely, we assume A; > 0 for all ¢ and u,, < 0in {z; > 0, i =
1,...,n} — an assumption equivalent to (8.2) in Proposition 8.3 and which suffices for
some applications to nonlinear problems.

The following is the new isoperimetric inequality with a monomial weight.

Theorem 8.1.4. Let A be a nonnegative vector in R™, x* given by (8.1), and D =
A+ -4+ A, +n. Let Q C R" be a bounded Lipschitz domain. Denote

m(2) :/xAda: and  P(Q) :/ zdo.
Q B
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Then,
m(@% " m(B)

where Bf = B1(0) NRY is the unit ball intersected with RY, and R} is given by (8.4).

It is a surprising fact that the weight 24 is not radially symmetric but still Euclidean
balls centered at the origin (intersected with R”) minimize this isoperimetric quotient.

Recently, these type of isoperimetric inequalities with weights (also called “with
densities”) have attracted much attention; see the nice survey of F. Morgan in the
Notices of the AMS [218]. In a forthcoming paper [52] we will prove new weighted
isoperimetric inequalities in convex cones of R™ that extend Theorem 8.1.4; some of
them have been announced in [51].

Equality in (8.7) holds when Q = B} = B,.(0)NRY, where r is any positive number.
We expect these balls centered at the origin intersected with R” to be the unique
minimizers of the isoperimetric quotient. However, our proof involves the solution of
an elliptic equation and due to an issue on its regularity we need to regularize slightly
the domain 2. This is why we can not obtain that B are the unique minimizers of
(8.7). In a future paper [53] (still in progress) we will study the non uniformly elliptic
operator (8.9) below and prove some regularity results in R? which may lead to the
characterization of equality in the isoperimetric inequality (8.7).

Remark 8.1.5. Note that, when A # 0, the entire balls B, = B,.(0) are not minimizers
of the isoperimetric quotient. This is because

P(BY) _ ok P(Bx) - P(B)
m(B;) m(B)7  m(B,)

where k is the number of positive entries in the vector A. However, if we look for the
D—1

minimizers of the isoperimetric quotient P(2)/m(2) o among all sets Q0 which are

symmetric with respect to each plane {x; = 0} with ¢ such that A; > 0, then the balls

B,.(0) solve this isoperimetric problem.

As explained below in Remark 8.2.2, the fact that P(Q)/m(Q)"> > ¢ for some
constant ¢ > 0 smaller than the one in (8.7) (and hence, nonoptimal) is an interesting
consequence of the isoperimetric inequality in product manifolds of A. Grigor’yan [161].

As said before, our sharp isoperimetric inequality (8.7) is the crucial ingredient
needed to prove Theorem 8.1.3 on the Sobolev inequality, especially part (b) on the best
constant and on extremals. Indeed, we prove part (b) by applying our isoperimetric
inequality with best constant together with two results of Talenti. The first one is
a radial symmetrization result, which applies since our isoperimetric inequality (8.7)
gives the best constant and the sets B,.(0) N R? are extremal sets for any r > 0.
The second one is a result in dimension 1, which characterizes the minimizers of the
functional

(fooo ,’,.D—l‘u/’p) 1/p

(o o)

J(u) =
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When n = 2 and A; = 0, our Sobolev and isoperimetric inequalities with best
constant were already obtained by Maderna and Salsa [204] in 1981. Namely, they
proved the sharp isoperimetric inequality in {(x,y) € R? : y > 0} with weight y*, k >
0, and from it they deduced the Sobolev inequality with weight y*. These inequalities
arose in the study of an elliptic problem which involved the operator y~*div(y*Vu)
in {(r,y) € R* : y > 0}, where k is any positive number. Using symmetrization
techniques and their weighted isoperimetric inequality, they obtained sharp estimates
for the solution of the problem. To prove the isoperimetric inequality with weight y/*
they first established the existence of a minimizer for the perimeter functional under
constraint of fixed area, then computed the first variation of this functional, and finally
solved the obtained ODE to deduce that minimizers must be half balls. Their result
can be seen as a particular case of Theorem 8.1.4 by setting n = 2 and A; = 0. Our
proof of the weighted isoperimetric inequality will be completely different from the one
in [204], as explained next.

The proof of Theorem 8.1.4 follows the ideas introduced by the first author in a
new proof of the classical isoperimetric inequality; see [40, 41] or the last edition of
Chavel’s book [91]. Tt is quite surprising (and fortunate) that this proof (which gives
the best constant) can be adapted to the case of monomial weights.

The proof of the classical isoperimetric inequality from [40, 41] considers the linear
problem

Au=c in Q

{ % =1 on 0, (8.8)
where ¢ is the unique constant for which the problem has a solution. Then, one uses
an argument similar to the Alexandroff-Bakelman-Pucci method (also called ABP
method; see for example [157]) applied to this solution u. Using this argument and
the classical inequality between the arithmetic mean (AM) and the geometric mean
(GM), the isoperimetric inequality follows. When © = Bj, the solution of (8.8) is
u(x) = |z|*/2 and all inequalities in the proof become equalities. Here we consider a
similar problem to (8.8) but where the Laplacian is replaced by the operator

Yoy yyoq Yen (8.9)

xy L,

v~ div(x*Vu) = Au+ A,

Now, using the same ABP argument with this new problem and a weighted version of
the AM-GM inequality, we obtain (8.7). An essential fact in our proof (and this is why
B1(0)NR” is the minimizer) is that the function u(x) = |z|*/2 also solves the equation
v~ Adiv(z*Vu) = c for some constant ¢ > 0. In addition, it has normal derivative
u, = 1 on 0By, as in problem (8.8).

When Aj, ..., A, are nonnegative integers, the operator (8.9) is the Laplacian in
the space RP = RA1+! x ... x R4 F1 written in radial coordinates. Thus, if instead A,
are not integers, (8.9) can be seen as some kind of Laplacian in a fractional dimension
D. This class of operators was studied by A. Weinstein and others for n = 2, and the
theory on these equations is called “Generalized Axially Symmetric Potential Theory”;
see for example [298]. In case Ay =---=A,,_ 1 =0and A, = a € (—1,1), the operator
v~ Adiv(xz*Vu) appears in the re-interpretation of the fractional Laplacian as a local
problem in one higher dimension; see [69].
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The paper [174] by Ivanov and Nazarov establishes some weighted Sobolev inequal-
ities for WP functions with multiple radial symmetries — a space of functions denoted
by Wsléfn. Their result is related to ours in the case in which all the exponents A; are
nonnegative integers. They prove that for functions with multiple radial symmetries
in R”, the embedding Wit (By) C L9(By; |z|*), with p < D and a > 0, holds for
some exponents ¢ depending on « that are greater than p* = pD/(p — D).

Some theorems of trace and interpolation type for functional spaces with weights
of the form (8.1) were proved by A. Cavallucci [83] in 1969. Namely, he established

some inequalities of the form

1D fll oy sgoyyay) < C (1 llio (e wran) + 1D Fll o @iy wtan)) »

where m < n, y% = yP* ... yBrm and 24 = 22" ... 24 are two monomial weights, and A

and [ are multiindices satisfying a certain condition involving A, B, m, n, and p. Note
that in these inequalities the exponent p is the same in both sides, and thus they are
not Sobolev-type inequalities. To obtain his results, the author used a representation
of D*f in terms of integral transforms of D'f.

The third result of our paper is the weighted version of the Morrey inequality,
which reads as follows.

Theorem 8.1.6. Let A be a nonnegative vector in R*, D = Ay +---+ A, +n, and
p > D be a real number. Then, there exists a constant C', depending only on p and D,

such that "
_ P
sup Ju(z) = uly)] <C (/ xA|Vu|pdx> (8.10)
R

sy, wyekn |7 =yl
for all u € CHR"), where a =1 — %.
As a consequence, if @ C R™ is a bounded domain and u € C}(2) then

1/p
sup |u| < Cdz'am(Q)l_% </ a:A|Vu\pdx) : (8.11)
Q Q
This weighted Morrey inequality will be deduced from the bound
Vu(z)| 4
u(y) — w(0)] < C/B;f P dz, (8.12)

which holds for each y € By ,, Recall that we denote By = B,(0) "R} This bound is
well known for A = 0 and D = n; see for example Lemma 7.16 in Gilbarg-Trudinger
[157]. We prove (8.12) in two steps. First, we show that it suffices to prove it for
integers A;, ¢ = 1,...,n. Then, we deduce the integer case from the classical one A =0
with an argument as in Remark 8.1.2.

The next result is the weighted version of the classical Trudinger inequality.

Theorem 8.1.7. Let A be a nonnegative vector in R", D = Ay +---+ A, +n, and
Q C R™ be a bounded domain. Then, for each u € C}(Q),

D
c1|ul )Dl A
exp xodr < Com(€),
/Q {(HVUHLD(Q,wAda:) } ()

where m(Q) = [, xdz, and ¢, and Cy are constants depending only on D.
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Our proof of this result is based on a bound for the best constant (8.32) in the
weighted Sobolev inequality as p goes to D. Then, the Trudinger inequality will follow
by expanding exp(-) as a power series and applying the weighted Sobolev inequality
to each term of the series. The obtained series is convergent thanks to the mentioned
bound for the best constant (8.32).

Finally, adding up the results of Theorems 8.1.3, 8.1.6, and 8.1.7 we obtain the
following continuous embeddings, which are weighted versions of the classical Sobolev
embeddings.

Recall that the Orlicz space L¥(X,dpu) is defined as the space of measurable func-
tions u : X — R such that

. u
lull e (x,au) = inf {K >0: / © <%> dp < 1}
X

is finite. Setting () = t* we recover the definition of the L” spaces.

Corollary 8.1.8. Let A be a nonnegative vector in R", x# be given by (8.1), and
D=A+---+A,+n. Let k > 1 be an integer and p > 1 be a real number. Then,
for any bounded domain 2 C R™ we have the following continuous embeddings:

(i) If kp < D then
WP (Q, z4dx) ¢ LYQ, z4dx),

where q is given by % = %.

1
p
(i1) If kp = D then

WP (Q, z4dx) C L9(Q, z4dx),

where .
©(t) = exp (tﬁ) - 1.

(iii) If kp > D then
WiP(Q, zdz) € C™(Q),

where r =k — [%] —1, and o = [%] +1-— % whenever % is not an integer, or «
15 any positive number smaller than 1 otherwise.

The paper is organized as follows. In section 2 we give the proof of the weighted
isoperimetric inequality. Section 3 establishes the weighted Sobolev inequalities, while
in section 4 we obtain their best constants and extremal functions. Section 5 deals with
the weighted Morrey inequality. Finally, in section 6 we prove the weighted Trudinger
inequality and Corollary 8.1.8.

8.2 Proof of the Isoperimetric inequality

In this section we prove the isoperimetric inequality with a monomial weight. Our
proof extends the one of the classical isoperimetric inequality due to the first author
[40, 41] (see also the last edition of [91]). In fact, setting A = 0 in the following proof
we obtain exactly the original one. It is quite surprising (and fortunate) that this proof
(which gives the best constant) can be adapted to the case of monomial weights. A
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crucial fact in being able to obtain the sharp constant in the isoperimetric inequality
is that
u(@) =|z[*/2,

x € By NRY, is the solution of

(2*Vu) = bor?  in Q
20U, (8.13)

x 8y—aj on 0,

for some constant by > 0 when 2 = B; NRY.

In a forthcoming paper [52] we will use similar ideas to prove new sharp isoperi-
metric inequalities with homogeneous weights in open convex cones Y of R”. We have
already announced some of them in [51]. Note that monomial weights are homoge-
neous functions in the convex cone ¥ = R”. In fact, the results in [52] extend the
present isoperimetric inequality with a monomial weight.

Proof of Theorem 8.1.4. By symmetry, we can assume that A = (A, ..., 4,0, ...,0),
with A; >0 fori=1,...,k, where 0 < k < n.

Moreover, we can also suppose that € is contained in R?. Indeed, split the domain
Q in at most 2% disjoint subdomains €, j = 1,..., J, each one of them contained in
the cone {e;x; >0, i = 1,...,k} for different ¢; € {—1,1}, and with Q = Q, U---U Q.
Then, since the weight is zero on {x; = 0} for each i = 1,..., k, we have that P(Q) =
Z}]:1 P(Q;) and m(Q) = Z}]:1 m(€2;). Therefore

PO { P(%,) }:. P(2,)

m(©)"r ()5 ] m(@)
with strict inequality unless J = 1. After some reflections, we may assume that
2, C R?. Moreover, since (), is the intersection of a Lipschitz domain of R"™ with
RZ, Qj, can be approximated in weighted area and perimeter by smooth domains (2.
with Q. C Q;, C R™.
Therefore, from now on we assume:

Q) is smooth and  C R™.

In particular, 24 > ¢ in Q for some positive constant c.
Let u be a solution of the Neumann problem

+(2*Vu) = bor? in Q

8.14
@ =1 on 0f), ( )
ov

where the constant bq is chosen so that the problem has a unique solution up to an

additive constant, i.e.,
Q)
bg = ———. (8.15)
(©2)

Since the equation in (8.14),
A

A n
4 = (2Vu) = Au+ I—lum1 +--- 4+ P b (8.16)
1 n
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is uniformly elliptic in ©, « is smooth in Q. The C%' regularity of u up to Q will be
crucial in the rest of the proof.

The following comment is not necessary to complete the proof, but it is useful to
notice it here. Problem (8.14) is equivalent to (8.13) since 9Q C R”. At the same
time, when Q = B} = B; N R" the solution to (8.13) is given by u(z) = |z|*>/2, and
we will have that all inequalities in the rest of the proof are equalities for Q = B} (see
Remark 8.2.1 for more details).

Coming back to the solution u of (8.14), consider the lower contact set of u, defined
by

L,={zeQ : uly) >u(@)+ Vu(z) - (y—z) forally € Q}.

It is the set of points where the tangent hyperplane to the graph of u lies below u in
all 2. Define also

I"={xely : uy,(x)>0,.,u;(z) >0} =0T,N (Vu)_l(Rf).

We claim that
By C Vu(Ty), (8.17)

where B} = B1(0) N R7.
To show (8.17), take any p € R™ satisfying |p| < 1. Let 2 € Q be a point such that

min {u(y) —p-y} =u(z) —p-z

ye
(this is, up to a sign, the Legendre transform of u). If x € 0N then the exterior
normal derivative of u(y) — p -y at  would be nonpositive and hence (Ou/dv)(z) <
p-v < |p| <1, a contradiction with (8.14). It follows that x € Q and, therefore, that
x is an interior minimum of the function u(y) — p - y. In particular, p = Vu(z) and
x € I'y. Thus By C Vu(T',). Intersecting now both sides of this inclusion with R,
claim (8.17) follows. It is interesting to visualize geometrically the proof of the claim
(8.17), by considering the graphs of the functions p-y+ ¢ for ¢ € R. These are parallel
hyperplanes which lie, for ¢ close to —oo, below the graph of u. We let ¢ increase and
consider the first ¢ for which there is contact or “touching” at a point x. It is clear
geometrically that « ¢ 0€, since |p| < 1 and du/dv =1 on 0f2.

Now, from (8.17) we deduce

m(Bf)S/ pAdpS/ (Vu(z))? det D*u(z)dx
Vu(Ty) I

:/ MdetDQU(x)xAda:.

xrA

(8.18)

u

We have applied the area formula to the smooth map Vu : I';, — R", and we have
used that its Jacobian, det D?u, is nonnegative in I', by definition of this set.
We use now the weighted version of the arithmetic-geometric mean inequality,

(8.19)

A+
Awy + -+ Ajpw ! "
w?l'--wm<<1 ! bl .

mo— M+
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Here )\; and w; are arbitrary nonnegative numbers. To prove this inequality, take
logarithms on both sides and use the concavity of the logarithm. We apply (8.19) to
the numbers w; = u,, /z; and \; = A; for i = 1, ..., k, and to the eigenvalues of D?u(z)
and \; = 1 for j = k+ 1, ...,k +n. They are all nonnegative when = € I';. We obtain

Ay Ak A, Y= +..-4+ A Uz, 1 Au Ay4tAptn
Uy Uy 17 K ‘ *
( 1) ( k> detD2u§( 1 k in I7,.

I T Al—{——i—Ak—i—n

This, combined with (8.16)

(A
AIUI1 +~--—|—Ak%+Au:.($—AVU)EbQ,
T T T
yields
A bo \ P
NVul@))” det D*u(z)xdx < L
x4 D
e I

Therefore, by (8.18) and (8.15),

n(B}) < (%)Dmm < (Dpn%))l)mm).

Thus, we conclude that

Dm(B)b < %. (8.20)

Finally, an easy computation — using that |z|?/2 solves (8.13) with by = D in
Q) = B} — gives P(B}) = Dm(B}). Thus,

Dm(B})b = P(B}) fm(B;) 7 (8.21)
and the isoperimetric inequality (8.7) follows. O

Remark 8.2.1. An alternative (and more instructive) way to finish the proof goes as
follows. When Q = B} we consider u(z) = |z|?/2 and T, = B}. Now, du/dv = 1 is
only satisfied on R? N9S but, since z* = 0 on IRT NI, we have bg: = P(B;)/m(B})
— as in (8.15). This is because |z|?/2 solves problem =(24Vu) = boz? in Q, zu, =
x4 on 9N for Q = B;. For these concrete 2 and u one verifies that all inequalities in the
proof are equalities, and therefore from (8.20) we deduce the isoperimetric inequality

(8.7).

Remark 8.2.2. The fact that P(Q)/m(Q)% > ¢ for some nonoptimal constant ¢ is an
interesting consequence of the following result of A. Grigor’yan [161] (see also [219)]).

We say that a manifold M satisfies the m-isoperimetric inequality if there exists a
positive constant ¢ such that p(99) > cuu(Q) "+ for each Q € M. In [161], he proved
that if M; and M, are manifolds that satisfy the mi-isoperimetric and msy-isoperimetric
inequalities, respectively, then the product manifold M; x M, satisfies the (my + ma)-
isoperimetric inequality. By applying this result to M; = (R, xf‘idxi), this allows us to
reduce the problem to n = 1, and in this case the isoperimetric inequality is easy to
verify.
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8.3 Weighted Sobolev inequality

The aim of this section is to prove the Sobolev inequality with a monomial weight,
that is, part (a) of Theorem 8.1.3.

As in the classical inequality in R"™, we can deduce any weighted Sobolev inequal-
ity from the isoperimetric inequality with the same weight via the coarea formula.
Moreover, if the isoperimetric inequality has the sharp constant then this procedure
gives the optimal constant for the Sobolev inequality when the exponent is p = 1 (see
the following proof and also Remark 8.3.1). This classical argument is valid even on
Riemannian manifolds; see for example [91]. We use it to prove part (a) of Theorem
8.1.3.

Proof of Theorem 8.1.8 (a). We prove first the case p = 1. By density arguments, we
can assume u > 0 and also u € C°(R™). Moreover, by approximation we can suppose
u € C*(R?). Indeed, consider 4. = un., where n. € C°(R?) is a function satisfying
N: = 1 in the set {z; > ¢ whenever A; > 0} and |Vn.| < C/e. Then, it is clear that

||U775|| (R7,zAdx) ”uHL%(RQ,:pAdx)

as ¢ — 0. Moreover,
Vel rp 2adey < Z/ Ada: < Z Ceti — 0,
4,50/ {0<wi<e} B 450

and thus
”v(una)HLl(R:},xAdm) — ||VUHL1(RQ,zAda:)'
Thus, we now have u € C°(R?}). For each ¢t > 0, define

{u>t}={xeR} :u(z) >t} and {u=t}:={zecR} : ulx)="_t}
By Theorem 8.1.4 and Sard’s Theorem, we have

m({u > 15 < CP({u> 1)) = C; /{ e (8.22)

for almost all ¢ (those ¢ for which {u = ¢} is smooth). Here, C} is the optimal constant
n (8.7), i.e., recalling (8.21)
P(B;
¢ =P~ Dn(s)
m(B}) P

Letting x4 be the characteristic function of the set A, we have

+oo
0

Thus, by Minkowski’s integral inequality

o=

(8.23)

D—1 D—1

I D +oo D
(/ xAuDldx) < / (/ X{u(z)>7}x’4da:) dr
R? 0 n

_ /;OO m({u> 7)) dr.
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Inequality (8.22), together with the coarea formula, yield

A, 21 o e A A
ruP-Tdz < ¢ ridodr =c¢o | x°|Vuldz,
R7 0 {u=t} R

and the theorem is proved for p = 1.

It remains to prove the case 1 < p < D. Take u € C}(R"), and define v = |u|?,
where v = ¥. Since, 7 > 1, we have v € C!(R™), and we can apply the weighted
Sobolev inequality with exponent p = 1 (proved above) to get

1/1. N 25t
(/ x| p*dx) = (/ xA]v|Dldx> < co/ 24|V dz.
R R R

Now, |Vv| = v|u[77!|Vu|, and by Holder’s inequality we deduce

1/p ) 1/p’
/ 4| Volde < C </ xA]Vu]pda:> (/ o u| 0= DP dx) :
R R R

Finally, from the definition of v and p, it follows that

11 1
T = (= =p

poop
(/ |
R}

and hence,

1/p« 1/p
p*da:) <C (/ xA|Vu|pda:) .
Ry

Remark 8.3.1. Since the constant appearing in (8.22) is optimal, this proof gives the
optimal constant for the weighted Sobolev inequality for p = 1. This is because for
each Lipschitz open set E there exists an increasing sequence of smooth functions
ue — X, such that | Vu.|| L1 @n pa40) — P(E).

Moreover, for p = 1 it follows from the previous proof (in fact from the use of
Minkowski’s inequality) that if equality is attained by a function u, then all the sets
{u > t} must coincide for ¢ € (0,maxu). That is, the extremal function must be a

characteristic function. This proves that the optimal constant is not attained by any
Wy (R, z4dz) function for p = 1.

We give now an alternative and short proof of part (a) of Theorem 8.1.3 — without
best constant — under some additional assumptions. Indeed, under the hypotheses
A; >0 forall i and u,, <0in {z; >0, i = 1,...,n}, we establish the weighted Sobolev
inequality (8.5) following the ideas used in [49] to prove the isoperimetric inequality in
dimension n = 2 (without best constant) with the weight ¢?7°. The following proof is
much more elementary than the previous one, which used the weighted isoperimetric
inequality. It does not use any elliptic problem nor the coarea formula, and it is
also shorter. However, it does not give the best constant in the inequality, even for
p = 1. The monotonicity hypotheses u,, < 0in {z; >0, ¢ =1, ...,n} are equivalent to
(8.2) in Proposition 8.3. As said before, the weighted Sobolev inequality under these
monotonicity assumptions suffices for some applications to nonlinear problems.

]
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Proposition 8.3.2. Let A be a positive vector in R™ and 1 < p < D be a real number.
Then, there exists a constant C' such that for all u € CL(R") satisfying

Uz, <0 in (Ry)™ for i=1,...,n, (8.24)

1/ps -
(/ xA|up*dx) <C (/ xA|Vu|pdx) :
(Ry)™ R4)™
pD

wherep*:D—_p and D=A,+---+ A, +n.

we have

Proof. 1t suffices to prove the case p = 1, since the inequality for 1 < p < D follows
from it by applying Holder’s inequality — see the previous proof of Theorem 8.1.3 (a).
From assumption (8.24), we deduce v > 0 in (R)". Now, integrating by parts we

have
A _ A
[ atud e un e = = [ oM ek )
R4)™ (R4)™
A A,
= / zu (—1 +---+ —) dz,
R 1 T
and thus
1 1
/ i (— + o+ —) de < K 2| Vuldz, (8.25)
(R4)™ 1 Ln (R4 )"

where K = /n/min; A;.
Let now A > 0 be such that

/ AUt dy = bAD.
R)™

where b= [, 1 zddr. Here {0 < x; <1} ={z€R" : 0< ;< 1fori=1,..,n}
We claim that, for each x € (R4 )™ we have u(x)ﬁ < IA for some i € {1,...,n}.
Indeed, otherwise there would exist y € (Ry)™ such that u(y)ﬁ > yi for each 7, and
therefore Z
D AP
yAF+T’

where A+1=A+(1,..,1) = (A4 +1,..., A, + 1). But, by (8.24), u(z) > u(y) if
0<ux; <y foralli=1,...,n. We deduce

/ xAu(x)%dx > )\D/ Ay dy = )\D/ Az = bAP,
{0<z;<y;} {0<z;<y;} {0<z<1}

a contradiction.
Hence,
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and therefore

IN

1 1
/ 2 upTdy )\/ i <— +-+ —) dx. (8.26)
R4 (R4)" 1 T

Finally, taking into account the value of A

This completes the proof and gives as constant K b’%, computed explicitly within the
proof. O]

This proof can not be used to establish the classical Sobolev inequality. Indeed,
the constant on the right hand side blows up as A; — 0 for some ¢. It is surprising
that the above proof of the Sobolev inequality with the monomial weight 24, A > 0,
seems more elementary than those of the classical Sobolev without weight.

The following remark justifies our assumption A > 0 in the weighted Sobolev
inequality (8.5). It is related to the monotonicity assumption (8.2) in Proposition 8.3.

Remark 8.3.3. When a < 0 or b < 0 inequality (8.3) is not valid without the mono-
tonicity assumption (8.2). To prove it, we only need to take functions u with support
away from the origin, as follows. Assume that a <0, a +b > 0 (and thus b > 0), and
that (8.3) holds for functions v with support in the ball By (), with 2o = (2,0). Then,
since 0% is bounded in this ball from above and below by positive constants, the same
inequality holds — with a larger constant C' — with the weight 097 replaced by 7°.
But, since a < 0, we have ¢ := 52/2 < g—g, where D’ = b+ 2. This is a contradiction
with the fact that the exponent ¢’ is optimal for the weight 7° (which can be seen by
a scaling argument, i.e., considering the rescaled functions uy(z) = u(zg + A(x — xp)),
with A > 1). Of course, when a and b are both nonnegative this argument does not
work.

Remark 8.3.4. One can think on adapting the classical proof of the Sobolev inequality
by Gagliardo and Nirenberg (see for example [124]) to the case of monomial weights.
As we show next, this leads to inequality

(/ xA\u|nnlda:) ’ S/ anflA]Vu|dcc, (8.27)

but not to our Sobolev inequality (8.5) with the same weight 24 in both integrals. The
constant C' (which does not appear) on the right hand side equals 1. To prove (8.27),
one shows first that

n=1 4.
ula) s/m ot
R

G

Vu(xl,...,a:i,l,yi,xiﬂ,...,a:n)]dyi. (828)
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This follows by integrating u,, on (z;,+00) if ; > 0 and on (—o0,2;) if z; < 0, and
using |z;| < |y;| in these halflines. Then, (8.28) yields

1
+oo n—1 4. n—1
|vu($17-"ayi7"'7$n)||yi|nAldyi) .

—00

n
e ) < (/
=1

Integrating both sides with respect to the measure 2" Adx we deduce

1
n —|—OO - — .
/Rfl?AIU(:v)InId:rré/]R H(/ |Vu(m1,...,yi,...,mn)||yi|nlAidyi) U AdL,

i=1 o0

and the proof of (8.27) is completed in the same way as the classical one with the

measures dx; and dy; replaced by du;(z;) = |xi|%Aidxi and du;(y;) = |yi|%Aidyi.
Different from (8.5), inequality (8.27) is the Sobolev inequality for the Riemannian

manifold conformal to R" with conformal factor ¢ = z#. Indeed, the Riemannian

gradient in R™ with this metric is given by Vgu = x’%Vu, and hence it holds
an_lA|Vu| = 24|V gul.
Moreover, from this Sobolev inequality one can deduce the following isoperimetric

inequality (with nonoptimal constant) on this manifold

(/ xAdx) ' §/ x%Ada.
Q a0

To end this section, we give an immediate consequence of Theorem 8.1.3. Recall
that in [49] we wanted to prove inequality (8.29) for n = 2 and that, after a change of
variables, we saw that it is equivalent to the Sobolev inequality (8.5) with a monomial
weight.

Corollary 8.3.5. Let ay, ..., be real numbers such that «; € [0,1). There exists a
constant C' such that for all u € CL(R™),

1 1
(/R |u P*dx) T <c (/R {lza [P ug, [P + - + |:cn\f’an|u%|ﬁ}dx>p, (8.29)

wherep*:g—ljp and D =n +

al DY an
T T 1

l—an ’

Proof. Tt suffices to make the change of variables y; = 2~ in (8.29) and then apply

%

Theorem 8.1.3 with A; = 2. O

1—ay

The optimal exponent in (8.29) is p, = g—f)p, as in (8.5). However, in (8.29) the

constant D has no clear interpretation in terms of any “dimension”.
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8.4 Best constant and extremal functions

In this section we obtain the best constant and the extremal functions in the weighted
Sobolev inequality (8.5).

The first step is to compute the measure of the unit ball in R} with the weight
x4, From this, we will obtain the optimal constant in the isoperimetric inequality and,
therefore, the optimal constant in Sobolev inequality for p = 1 (see Remark 8.3.1).

Lemma 8.4.1. Let A be a nonnegative vector in R" and Bf = B1(0) NRZ. Then,

[l oRC
b FO(1+2)

T
where D = Ay + -+ -+ A, +n and k is the number of strictly positive entries of A.
Proof. We will prove by induction on n that

[ =TT T ()
5 e |

where B; is the unit ball in R™. After this, the the lemma follows by taking into
account that m(B}) = m(B;)/2*.

For n = 1 it is immediate. Assume that this is true for n — 1 and let us prove
it for n. Let us denote z = (2/,2,), A = (A, A,), with 2/, A’ € R*! and D' =
A +---4+A,_1+n—1. Then,

1
/xAda: = / |2, | A7 / e’ | da,,
B -1 WIS@
1 , /
= [ (0% [ ) as,
-1 ly'|<1
1

=/ y’A/dy’/ [l (1= 22) % dx,
ly'|<1 -1

and hence it remains to compute f_ll |, |4 (1 — 22) % day,.
Making the change of variables 22 = t one obtains

1 , 1 ’
/ |wn\A"(1—xi)D7dxn = 2/ xf”(l—mi)%d:vn
-1 0
1 Ap—1 D’
= /t 5 (1 —t) T dt
0

A, +1 D’
= B 1+—
(F57103)

where B is the Beta function. Now, since

L(p)T'(q)

B(I?,CI) = m7

(8.30)
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then
1 !
/ eide = / y’Aldy’/ a1 — 22) 7 dx,,
B ly’|<1 -1
T T (5 r(a)r(e )
r(1+%) L(1+3)
_ ()T T (%)
r(1+2) ’
and the lemma follows. O

Now, as in the classical Sobolev inequality, we find the extremal functions in our
weighted Sobolev inequality by reducing it to the radial case. To do this, we use a
weighted version of a rearrangement inequality due to Talenti [282]. His result states
that, whenever balls minimize the isoperimetric quotient with a weight w, there exists
a radial rearrangement (of u) which preserves [ f(u)w dx and decreases [ ®(|Vu|)w dx
(under some conditions on ®). When w = 2, this is stated in the following.

Proposition 8.4.2. Let u be a Lipschilz continuous function in R? with compact
support in R?. Then, denoting m(E) = fE xAdx, there exists a radial rearrangement
Uy of u such that

(1) m({|u] > t}) = m({u. > t}) for all t,
(ii) u. is radially decreasing,

(iii) for every Young function ® (i.e., convex and increasing function that vanishes
at 0),

/ (| V| ) < / (| V) da.

Ry Ry

Proof. Tt is a direct consequence of the main theorem in [282] and our isoperimetric
inequality (8.7). O

We can now find the best constant in the weighted Sobolev inequality (8.5). The
proof is based on Proposition 8.4.2, which allows us to reduce the problem to radial
functions in R?. Then, the functional that we must minimize is exactly the same as in
the classical Sobolev inequality but with a noninteger exponent D in the 1D weight,
and the proof finishes by applying another result of Talenti in [283].

Proposition 8.4.3. The best constant in the Sobolev inequality (8.5) is given by

1

T (ALEL) T (AzL) LT (Autl) ) P
C,=D 2 2 2 for p=1 (8.31)
( 2T (1+ 2)
and by
1
1 1 —1 W 'T(D) i
C,=C,Dv s (zp)—_p) _ P for 1<p<D. (832



8.4 - Best constant and extremal functions 247

Here, p' = 2= and k is the number of positive entries in the vector A.

p—1
Moreover, this constant is not attained by any function in I/VO1 ’1(R”,$Ad:v) when
p=1. Instead, when 1 < p < D this constant is attained in Wy (R™, zAdx) by

(@) = (a+blz7T) 7
where a and b are arbitrary positive constants.

Before giving the proof of Proposition 8.4.3, we recall Lemma 2 from [283], where
the best constant for the classical Sobolev inequality is obtained.

Lemma 8.4.4 ([283]). Let m, p, and q be real numbers such that

mp

l<p<m and q= )
m-—p

Let u be any real-valued function of a real variable v, which is Lipschitz continuous
and such that

+oo
/ ™ () [Pdr < 400 and  u(r) -0 as r— +oo.
0

Then,

1

N 1L N (i G

( 0+OO rm1|ul(7“)’pd7“); - <f0+°° Tm*l]go’(r)lpdr);

where @ is any function of the form

=: J(),

-

1—m

p(r) = (a+br")

with a and b positive constants. Here p' = p/(p — 1).

Moreover,
1 p—1\7 |1 m m\| ™
Jg)=m»|——] |=B|—,=
m—=p p p p

where B 1is the Beta function.

We can now give the

Proof of Proposition 8.4.3. For p = 1, the best constant in Sobolev inequality is the
same than in the isoperimetric inequality (see Remark 8.3.1). Recalling (8.23), it is
given by C; = Dm(B})Y/P. Thus, the value of C; follows from Lemma 8.4.1. That C,
is not attained by any VVO1 ’1(R", xAdz) function was explained in Remark 8.3.1.

Let now 1 < p < D, u be a C'(R?) function with compact support in R?, and wu,
be its radial rearrangement given by Proposition 8.4.2. Then, by the proposition,

Hvu* ||LP (R7,zAdx) HVU’HLP (R ,z4dz)

HU*HLP*(RLL,:BAdw) B ||u||Lp*(RZ},:JcAd:p).



248 Sobolev and isoperimetric inequalities with monomial weights

Moreover,

o
/ e Prde = / (/ xA|u*|p*do> dr
Ry 0 OB}

— / rD_1|u*p* / z4do | dr
0 OB

= P [
0

Pxdr

and, analogously,
/ 24| Vu, |Pdr = P(Bf)/ rP =l Pdr.
R7 0
Therefore, the best constant in the Sobolev inequality can be computed as

V| rore 2Ade ! 00 D=1 /Py ) /P
Pedr) /P

weCR™) ||u]| Lo (mr A ds) ueCL(R) (fooo rD-1|y
where we have used that %} — pi* = L. Recalling (8.21) and (8.23), we have

D
P(B})D = Dom(B)D = D' (.
The value of C), follows from Lemma 8.4.4, using (8.31) and (8.30). From Lemma 8.4.4
it also follows that the functions u,y in (8.6) attain the best constant C,,. O
To end this section, we prove part (b) of Theorem 8.1.3.

Proof of Theorem 8.1.3 (b). For p = 1 this was proved in Section 8.3; see Remark
8.3.1. For p > 1 the result is proved in Proposition 8.4.3. O]

8.5 Weighted Morrey inequality

In this section we prove Theorem 8.1.6. The main ingredient to establish the result is
the following lemma.

Lemma 8.5.1. Let A be a nonnegative vector in R™ and D = Ay +---+ A, +n. Let
u € CHR™) and y € R”. Then,

uty) —uo) < ¢ [ )

’x‘Dfl

zAde,
31yl

where By, = By (0) NRY and C' is a constant depending only on D.

Proof. By symmetry, we can assume that A = (Ay, ..., Ax,0,...,0) with A; > 0 for all
1=1,... k.

Let us define B; = [A;] (the smallest integer greater than or equal to A;), B =
(By,...,B,), and N = By + --- + By, + n. For each Lipschitz function w in R", define
@ in RY = RBFL x ... x RB:HL x R"F a5

W(X) = u(|Xa], s [ Xl Xpsr),
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with X; € RB*! for i = 1,...,k and X, € R"*. Notice that @ € Lip(R").
We use next the following classical inequality in RY (see for example Lemma 7.16
n [157]). For all X and YV in RY,

Va(Z)|
Ban(x) |21V

where R = | X — Y. Setting X = 0 in (8.33) and writing the integral over R" in radial

a(Y) —a(X)| < C Dz, (8.33)

coordinates — as in Remark 8.1.2 —, we deduce
Va(Z)| / Vu(2)| 5
- < 7 = .34
uy) —u(0)] < C/BM |Z|N-1 T @ ¢ By, 2| N1 dz. (8.34)

It is important here to have X = 0, otherwise the inequality over R can not be
written in radial coordinates as an integral over R™. In addition, we have used also
that R =2|Y| = 2|y|.

Now, clearly z® = x{" - 28 < |z|*'T T whenever « is a nonnegative vector in
R™ and = € R?. Thus, taking « = B — A we obtain

B x4

|x|Bl+"‘+Bk < |[L'|A1+"'+Ak.

(8.35)

Finally, from (8.34) and (8.35) we deduce
lu(y) — u(0 |<C/ W” |Bd<(]/ |Adx

Batul

as desired. Note that we can choose the constant C' to depend only on D, since for
each D there exist only a finite number of possible integer values for n, By, ..., B,,. [

As said before, our proof of Lemma 8.5.1 requires to take X = 0, since otherwise
one can not write (8.33) in RY as an inequality in R™.
We can now give the:

Proof of Theorem 8.1.6. Step 1. We first prove
w <C ( / xA|Vu|pdx) ’ (8.36)
y—2z n

for z = 0. Let y € R} and r = 2|y|. By Lemma 8.5.1 and by Holder’s inequality, we
have that

Vu
u(y) — u(0)] < C/B* ‘L’D‘lf‘ldm

C A|Vu|pda7 ’ Ldm ’
e [P DD

l r =
( A|Vu‘pd:€)p (/ lep’(Dl)dp)p

0
= ( A|Vu|pd:v) ’ rl’%

Rn

Jun

IN

IN
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where p’ = p/(p — 1) and C denotes different constants depending only on p and D.
Hence, (8.36) is proved for z =0 and y € R?.

Step 2. We now prove (8.36) for y and z in R” such that y — z € R?. Applying
the inequality proved in Step 1 to the function v(gy) = u(y + 2), ¥ € R™, at the point
y=1y—z € R} we deduce

) -l < ( [ CE z)A\Vu(x)\pd:vy %,

where z + R? = {z € R" :  — 2 € R"}. Therefore, since (z — 2)* < 24 if z and x — 2
belong to R?, this case of (8.36) follows.

Step 3. We finally prove (8.36) for all y and z in R?. Define w € R? as w; =
min{y;, z;} for all . Then, it is clear that y —w € R} and z — w € R?. Hence, we can
apply the inequality proved in Step 2 to obtain

) =) <€ ( [ A1) 1y - w3

and

lu(z) —u(w)| < C (/ $A|Vu|pdg;> w2

Since |y — w]? + |z — w|? = |y — 2|?, from these two inequalities we deduce that

lu(y) —u(z)| < 2C (/ :EA|Vu|pdx> ’ ly — z|1*%

for all y, z € R?. This finishes the proof of (8.36).

Let us prove now (8.11). Let xy € © C R" be such that supg |u| = |u(xg)|. After a
finite number of reflections with respect to the coordinate hyperplanes, we may assume
that zo € R7. Call @ the function u after doing such reflections, defined in the reflected
domain €. Since @ = 0 on 8(2 we have

sup |u| - dz’am(Q)ng = |u(zo)| - diam(ﬁ)ng < sup M
Q z,yERY ‘gj_y‘ T p

The right hand side of this inequality is now bounded using (8.10). The proof is
finished controlling the integral over R? in (8.10) by an integral over €2 C R™. This is
needed because of the reflections done initially. ]

8.6 Weighted Trudinger inequality and proof of Corol-
lary 8.1.8

In this section we prove Theorem 8.1.7 and Corollary 8.1.8. The proof of the weighted
Trudinger inequality is based on a bound for the best constant of the weighted Sobolev
inequality as p goes to D. Then, the result follows by expanding exp(-) as a power series
and using the weighted Sobolev inequality in each term. To prove the convergence of
this series we need the mentioned bound, which is stated in the following result.
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Lemma 8.6.1. Let A be a nonnegative vector in R", D = Ay +---+ A, +n, and p be
such that 1 < p < D. Let C, be the optimal constant of the Sobolev inequality (8.5),
given by (8.31)-(8.32). Then,

1

C, < Cops ?,

where p, = g—l_)p and Cy s a constant which depends only on D.

Proof. The optimal constant is given by

bt (P17 [ pT(D)
C,=C,D' (D_p) r(g)r(g)

where p’ = p/(p — 1) and C is a constant which only depends on A and n. It is easy
to see that the constant C), is bounded as p | 1. Thus, we only have to look at the
limit p T D. It follows from the above expression that

S

Cp<C(D—p) 7,

where C' does not depend on p. Hence, taking into account that z% =1- % — pi* and
D —p = pD/p., we deduce

1 1 1

1—1_1 _1
Cp < Cop. 7 7 < C’opi .

Finally, it is easy to see that C; — which is given by (8.31) — can be bounded by a

constant depending only on D, and therefore we can choose the constant C to depend
only on D. O

We can now give the:

Proof of Theorem 8.1.7. Let u € C!(Q). From Theorem 8.1.3 and Lemma 8.6.1 we

deduce that
/xA]u\qu < Clg=D (/ ZUA‘Vul‘;ﬁjdiE)
0 Q

for each ¢ > 1, where () is a constant which depends only on D. Moreover, by Holder’s

inequality,
D o
D a+ q+
/:EA|Vu|qq+Ddx < </ :L‘Adx> (/ xA|Vu|Ddx) :
Q Q Q

/ o ul%dr < m(Q)C’gqq%HVUHQLD(
Q

q+D
D

and thus
(8.37)

Q,xAdz)"

Now, dividing the function u by some constant if necessary, we can assume

IVullLo@ztdey = 1.
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Let ¢; be a positive constant to be chosen later. Then, using (8.37) with ¢ = %,

k=1,23,..., we obtain

/exp{(01|u|)DDl}:pAdx = m(Q)—I—Z:CfF1 /|u|LI§—D1xAdx
Q kb Ja

VAN
=
=
_I._
=
=
%)
=
N
U‘E‘
LS
N
I
)
N——
ol

k b \ "
_ m(Q)+m(Q)Z%(%(ClCO)D—1) (8.38)

Choose ¢; (depending only on D) satisfying %(0100)% < é Then, by Stirling’s

formula
k k
k! ~ (—) 2rk,
e

we deduce that the series (8.38) is convergent, and thus

D
cilul )D_l A
exp xdr < Com(€),
/Q {(HquLD(Q,xAdx) } am(§)

as claimed. Note that the constants ¢; and Cy depend only on D. ]

To end the paper, we give the

Proof of Corollary 8.1.8. 1t follows from Theorems 8.1.3, 8.1.6, and 8.1.7. For a do-
main {2 C R" that is not contained in R7, these results need to be applied to the
intersections of ) with each of the 2 quadrants, where k is the number of positive
entries of the vector A — see the proof of (8.11) in Theorem 8.1.6. O]



Chapter Nine

SHARP ISOPERIMETRIC INEQUALITIES
VIA THE ABP METHOD

We prove some old and new isoperimetric inequalities with the best constant using the
ABP method applied to an appropriate linear Neumann problem. More precisely, we
obtain a new family of sharp isoperimetric inequalities with weights (also called den-
sities) in open convex cones of R™. Our result applies to all nonnegative homogeneous
weights satisfying a concavity condition in the cone. Remarkably, Euclidean balls cen-
tered at the origin (intersected with the cone) minimize the weighted isoperimetric
quotient, even if all our weights are nonradial —except for the constant ones.

We also study the anisotropic isoperimetric problem in convex cones for the same
class of weights. We prove that the Wulff shape (intersected with the cone) minimizes
the anisotropic weighted perimeter under the weighted volume constraint.

As a particular case of our results, we give new proofs of two classical results: the
Waulff inequality and the isoperimetric inequality in convex cones of Lions and Pacella.

9.1 Introduction and results

In this paper we study isoperimetric problems with weights —also called densities.
Given a weight w (that is, a positive function w), one wants to characterize minimizers
of the weighted perimeter |, »p W among those sets E having weighted volume ) 5 W equal
to a given constant. A set solving the problem, if it exists, is called an isoperimetric
set or simply a minimizer. This question, and the associated isoperimetric inequalities
with weights, have attracted much attention recently; see for example [222], [207], [98],
[134], and [218].

The solution to the isoperimetric problem in R™ with a weight w is known only for
very few weights, even in the case n = 2. For example, in R with the Gaussian weight
w(z) = e 1" all the minimizers are half-spaces [32, 96], and with w(z) = e/** all the
minimizers are balls centered at the origin [247]. Instead, mixed Euclidean-Gaussian
densities lead to minimizers that have a more intricate structure of revolution [145].
The radial homogeneous weight |z|* has been considered very recently. In the plane
(n = 2), minimizers for this homogeneous weight depend on the values of . On the
one hand, Carroll-Jacob-Quinn-Walters [82] showed that when a < —2 all minimizers
are R?\ B,(0), r > 0, and that when —2 < o < 0 minimizers do not exist. On the other
hand, when o > 0 Dahlberg-Dubbs-Newkirk-Tran [104] proved that all minimizers are

253
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circles passing through the origin (in particular, not centered at the origin). Note
that this result shows that even radial homogeneous weights may lead to nonradial
minimizers.

Weighted isoperimetric inequalities in cones have also been considered. In these
results, the perimeter of F is taken relative to the cone, that is, not counting the part
of OF that lies on the boundary of the cone. In [114] Diaz-Harman-Howe-Thompson
consider again the radial homogeneous weight w(z) = |z|%, with @ > 0, but now in an
open convex cone Y of angle 8 in the plane R%. Among other things, they prove that
there exists By € (0, ) such that for 5 < 3y all minimizers are B,.(0) "%, r > 0, while
these circular sets about the origin are not minimizers for 5 > fy.

Also related to the weighted isoperimetric problem in cones, the following is a
recent result by Brock-Chiaccio-Mercaldo [37]. Assume that ¥ is any cone in R™ with
vertex at the origin, and consider the isoperimetric problem in > with any weight w.
Then, for Bg(0) NX to be an isoperimetric set for every R > 0 a necessary condition
is that w admits the factorization

w(z) = A(r)B(0), (9.1)

where r = |z| and © = z/r. Our main result —Theorem 9.1.3 below— gives a sufficient
condition on B(O) whenever ¥ is convex and A(r) = r*, a > 0, to guarantee that
Bgr(0) N ¥ are isoperimetric sets.

Our result states that Euclidean balls centered at the origin solve the isoperimetric
problem in any open convex cone 3 of R (with vertex at the origin) for a certain class
of nonradial weights. More precisely, our result applies to all nonnegative continuous
weights w which are positively homogeneous of degree o > 0 and such that w!/® is
concave in the cone ¥ in case a > 0. That is, using the previous notation, w = r*B(©)
must be continuous in ¥ and 7 B'/*(6) must be concave in ¥. We also solve weighted
anisotropic isoperimetric problems in cones for the same class of weights. In these
weighted anisotropic problems, the perimeter of a domain €2 is given by

H(v(x))w(x)dS,
90ND

where v(z) is the unit outward normal to 92 at x, and H is a positive, positively
homogeneous of degree one, and convex function. Our results were announced in the
recent note [51].

In the isotropic case, making the first variation of weighted perimeter (see [247]),
one sees that the (generalized) mean curvature of 02 with the density w is

10,w
Hw = Heye + — ) (92)
n w

where v is is the unit outward normal to 9f2 and H,, is the Euclidean mean curvature
of 0Q2. Tt follows that balls centered at the origin intersected with the cone have
constant mean curvature whenever the weight is of the form (9.1). However, as we
have seen in several examples presented above, it is far from being true that the solution
of the isoperimetric problem for all the weights satisfying (9.1) are balls centered at
the origin intersected with the cone. Our result provides a large class of nonradial
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weights for which, remarkably, Euclidean balls centered at the origin (intersected with
the cone) solve the isoperimetric problem.

In Section 9.2 we give a list of weights w for which our result applies. Some concrete
examples are the following:

dist(z,0%)* in X C R",

where ¥ is any open convex cone and « > 0 (see example (ii) in Section 9.2);

TYz
Ty +yz+zx

zyP2¢, (az” 4+ by" + 2", or

in ¥ = (0,00),
where a, b, ¢ are nonnegative numbers, r € (0,1] or r < 0, and @ > 0 (see examples
(iv), (v), and (vii), respectively);

b+1

T —y z*ly Y\ .
)1/p, or xlog <E> in ¥ = (0,00)?,

logz —logy’ (zv + yr

where @ > 0, b > 0, and p > —1 (see examples (viii) and (ix));

o ﬁ
<—) , 1<k<l<n, inX={o;>0,..0 >0}

Ok

where oy, is the elementary symmetric function of order k£ and a > 0 (see example
(vii)).

Our isoperimetric inequality with an homogeneous weight w of degree a in a con-
vex cone Y C R” yields as a consequence the following Sobolev inequality with best
constant. f D=n+a,1 <p< D, and p, = 5—_Dp, then

(.

for all smooth functions v with compact support in R"™ —in particular, not necessarily
vanishing on 0¥. This is a consequence of our isoperimetric inequality, Theorem 9.1.3,
and a weighted radial rearrangement of Talenti [292], since these two results yield the
radial symmetry of minimizers.

The proof of our main result follows the ideas introduced by the first author [40, 41]
in a new proof of the classical isoperimetric inequality (the classical isoperimetric
inequality corresponds to the weight w = 1 and the cone ¥ = R™). Our proof consists
of applying the ABP method to an appropriate linear Neumann problem involving the
operator

1/p« 1/p
p*w(x)dm) < Cupn (/ |Vu|pw(x)dx> (9.3)
s

wdiv(wVu) = Au + Vw, Vu,
w

where w is the weight.
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9.1.1 The setting

The classical isoperimetric problem in convex cones was solved by P.-L. Lions and
F. Pacella [200] in 1990. Their result states that among all sets £ with fixed volume
inside an open convex cone X, the balls centered at the vertex of the cone minimize
the perimeter relative to the cone (recall that the part of the boundary of E that lies
on the boundary of the cone is not counted).

Throughout the paper X is an open convex cone in R". Recall that given a mea-
surable set £ C R™ the relative perimeter of F in X is defined by

P(E;Y) = sup{/ divodr : o € CHX,R"Y), |o| < 1}.
E

When E is smooth enough,

P(E;Y) = / ds.
OENY

The isoperimetric inequality in cones of Lions and Pacella reads as follows.

Theorem 9.1.1 ([200]). Let ¥ be an open conver cone in R™ with vertex at 0, and
Bl = Bl(O) Then,
PED) _ P(BiY)

EnS|™ ~ |BinI|%
for every measurable set £ C R™ with |E NY| < oo.

(9.4)

The assumption of convexity of the cone can not be removed. In the same paper
[200] the authors give simple examples of nonconvex cones for which inequality (9.4)
does not hold. The idea is that for cones having two disconnected components, (9.4)
is false since it pays less perimeter to concentrate all the volume in one of the two
subcones. A connected (but nonconvex) counterexample is then obtained by joining
the two components by a conic open thin set.

The proof of Theorem 9.1.1 given in [200] is based on the Brunn-Minkowski in-
equality

A+ Bl > A" + |B|,
valid for all nonempty measurable sets A and B of R" for which A + B is also mea-
surable; see [154] for more information on this inequality. As a particular case of our
main result, in this paper we provide a totally different proof of Theorem 9.1.1. This
new proof is based on the ABP method.

Theorem 9.1.1 can be deduced from a degenerate case of the classical Wulff in-
equality stated in Theorem 9.1.2 below. This is because the convex set B; N Y is the
Wulff shape (9.6) associated to some appropriate anisotropic perimeter. As explained
below in Section 9.3, this idea is crucial in the proof of our main result. This fact has
also been used recently by Figalli and Indrei [133] to prove a quantitative isoperimet-
ric inequality in convex cones. From it, one deduces that balls centered at the origin
are the unique minimizers in (9.4) up to translations that leave invariant the cone (if
they exist). This had been established in [200] in the particular case when 9%\ {0} is
smooth (and later in [246], which also classified stable hypersurfaces in smooth cones).



9.1 - Introduction and results 257

The following is the notion of anisotropic perimeter. We say that a function H
defined in R" is a gauge when

H is nonnegative, positively homogeneous of degree one, and convex. (9.5)

Somewhere in the paper we may require a function to be homogeneous; by this we
always mean positively homogeneous.

Any norm is a gauge, but a gauge may vanish on some unit vectors. We need to
allow this case since it will occur in our new proof of Theorem 9.1.1 —which builds
from the cone ¥ a gauge that is not a norm.

The anisotropic perimeter associated to the gauge H is given by

Py (E) :=sup {/ divodr : o € CHR",R"), sup (o(x)-y) <1forze R”} ,
B

H(y)<1

where /¥ C R" is any measurable set. When E' is smooth enough one has

Py(E) = - H(v(z))dS,

where v(z) is the unit outward normal at « € OF.
The Wulff shape associated to H is defined as

W={zeR" : v-v<H(y) forallve S"'}. (9.6)

We will always assume that W # @. Note that W is an open set with 0 € W. To
visualize W, it is useful to note that it is the intersection of the half-spaces {z - v <
H(v)} among all v € S"~!. In particular, W is a convex set.

From the definition (9.6) of the Wulff shape it follows that, given an open convex
set W C R"™ with 0 € W, there is a unique gauge H such that W is the Wulff shape
associated to H. Indeed, it is uniquely defined by

H(z)=inf{teR: WcC{zeR": z-z <t}}. (9.7)

Note that, for each direction v € S"!, {z -v = H(v)} is a supporting hyperplane

of W. Thus, for almost every point  on OW —those for which the outer normal v(x)
exists— it holds

z-v(x) = H(v(z)) a.e. on dW. (9.8)

Note also that, since W is convex, it is a Lipschitz domain. Hence, we can use the
divergence theorem to find the formula

Pu(W) = H(y(x))dS:/

z-v(r)dS = / div(z)dx = n|W/, (9.9)
ow ow w

relating the volume and the anisotropic perimeter of W.
When H is positive on S™! then it is natural to introduce its dual gauge H°, as
in [4]. Tt is defined by

H®(z) = sup z-v.
H(y)<1
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Then, the last condition on ¢ in the definition of Py(-) is equivalent to H°(c) < 1 in
R™, and the Wulff shape can be written as W = {H° < 1}.
Some typical examples of gauges are

1
H(z) = |zl = (Jta P + - + [z P) ", 1<p<oo.

Then, we have that W = {z € R" : ||z||,, < 1}, where p’ is such that % + z% =1
The following is the celebrated Wulff inequality.

Theorem 9.1.2 ([299, 284, 285]). Let H be a gauge in R™ which is positive on S™,
and let W be its associated Wulff shape. Then, for every measurable set E C R™ with
|E| < o0, we have

B W]

Moreover, equality holds if and only if E = aW + b for some a > 0 and b € R™ except
for a set of measure zero.

This result was first stated without proof by Wulff [299] in 1901. His work was
followed by Dinghas [117], who studied the problem within the class of convex poly-
hedra. He used the Brunn-Minkowski inequality. Some years later, Taylor [284, 285]
finally proved Theorem 9.1.2 among sets of finite perimeter; see [286, 139, 209] for
more information on this topic. As a particular case of our technique, in this paper
we provide a new proof of Theorem 9.1.2. It is based on the ABP method applied
to a linear Neumann problem. It was Robert McCann (in a personal communication
around 2000) who pointed out that the first author’s proof of the classical isoperimetric
inequality also worked in the anisotropic case.

9.1.2 Results

The main result of the present paper, Theorem 9.1.3 below, is a weighted isoperi-
metric inequality which extends the two previous classical inequalities (Theorems 9.1.1
and 9.1.2). In particular, in Section 9.4 we will give a new proof of the classical Wulff
theorem (for smooth domains) using the ABP method.

Before stating our main result, let us define the weighted anisotropic perimeter
relative to an open cone Y. The weights w that we consider will always be continuous
functions in ¥, positive and locally Lipschitz in ¥, and homogeneous of degree o >
0. Given a gauge H in R™ and a weight w, we define (following [16]) the weighted
anisotropic perimeter relative to the cone X by

P,u(EY) = sup{/ div(ow)dr : 0 € Xy, sup (o(z)-y) <1forxe E},
E

ns H(y)<1

where 2 C R" is any measurable set with finite Lebesgue measure and

Xuy = {o € (L®(X))" : div(ow) € L*(X) and ow =0 on 9X}.
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It is not difficult to see that

P,u(E X)) = H (v(z))w(z)dS (9.11)
dENS
whenever E is smooth enough.
The definition of P, g is the same as the one given in [16]. In their notation, we
are taking dy = wxs dr and X, 5 = X,.
Moreover, when H is the Fuclidean norm we denote

Pu(E;X) i= Py, (E; X).
When w =1 in ¥ and H is the Euclidean norm we recover the definition of P(E;Y);

see [16].
Given a measurable set F' C X, we denote by w(F') the weighted volume of F

w(F) ::/Fwda:.

D=n+aqa.

Note that the Wulff shape W is independent of the weight w. Next we use that if
v is the unit outward normal to W N %, then z - v(z) = H(v(z)) a.e. on OW N3,
r-v(r) =0ae on WNIY, and x - Vw(z) = aw(x) in ¥. This last equality follows
from the homogeneity of degree o of w. Then, with a similar argument as in (9.9), we
find

We also denote

Pon(W:%) = / H(u(x))w(z)dS = v v(z) w(z)dS

ownx ownx

:/ x-v(r)w(z)dS = / div(zw(z))dz (9.12)
o(WNX)

WwnE

= /sz {nw(x) +x - Vw(x)}der = Dw(WNX).

Here —and in our main result that follows— for all quantities to make sense we need
to assume that W N'Y # &. Recall that both W and X are open convex sets but that
W N Y = & could happen. This occurs for instance if H|gn-1nx = 0. On the other
hand, if H > 0 on all S"! then WNYX # @.

The following is our main result.

Theorem 9.1.3. Let H be a gauge in R", i.e., a function satisfying (9.5), and W
its associated Wulff shape defined by (9.6). Let 3 be an open convex cone in R™ with
vertex at the origin, and such that W N'Y # @. Let w be a continuous function in X,
positive in Y, and positively homogeneous of degree o > 0. Assume in addition that
wl® is concave in ¥ in case o > 0.

Then, for each measurable set E C R™ with w(ENX) < oo,

P, u(E;Y) S Py u(W;%)
D—1"

wENL)D — wWnE) s

(9.13)

where D = n + .
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Remark 9.1.4. Our key hypothesis that w'/® is a concave function is equivalent to
a natural curvature-dimension bound (in fact, to the nonnegativeness of the Bakry-
Emery Ricci tensor in dimension D = n + «). This was suggested to us by Cédric
Villani, and has also been noticed by Canete and Rosales (see Lemma 3.9 in [79]). More
precisely, we see the cone ¥ C R" as a Riemannian manifold of dimension n equipped
with a reference measure w(z)dr. We are also given a “dimension” D = n + a.
Consider the Bakry—Emery Ricci tensor, defined by

1
Ricp,, = Ric — V?logw — D—Vlogw ® Vlogw.
—n

1/a

Now, our assumption w'/* being concave is equivalent to

Ricp,, > 0. (9.14)
Indeed, since Ric =0 and D —n = «, (9.14) reads as
—V2log w'® — Vlegw'/® @ Vlegw/* > 0,

which is the same condition as w!/® being concave. Condition (9.14) is called a
curvature-dimension bound; in the terminology of [294] we say that CD(0, D) is satis-
fied by ¥ C R™ with the reference measure w(z)dz.

In addition, C. Villani pointed out that optimal transport techniques could also
lead to weighted isoperimetric inequalities in convex cones; see Section 9.1.3.

Note that the shape of the minimizer is W N Y, and that W depends only on H
and not on the weight w neither on the cone . In particular, in the isotropic case
H = ||-||2 we find the following surprising fact. Even that the weights that we consider
are not radial (unless w = 1), still Euclidean balls centered at the origin (intersected
with the cone) minimize this isoperimetric quotient. The only explanation that one
has a priori for this fact is that Euclidean balls centered at 0 have constant generalized
mean curvature when the weight is homogeneous, as pointed out in (9.2). Thus, they
are candidates to minimize perimeter for a given volume.

Note also that we allow w to vanish somewhere (or everywhere) on 0.

Equality in (9.13) holds whenever ENY = rWNX, where r is any positive number.
However, in this paper we do not prove that W N X is the unique minimizer of (9.13).
The reason is that our proof involves the solution of an elliptic equation and, due to an
important issue on its regularity, we need to approximate the given set £ by smooth
sets. In a future work with E. Cinti and A. Pratelli we will refine the analysis in
the proof of the present article and obtain a quantitative version of our isoperimetric
inequality in cones. In particular, we will deduce uniqueness of minimizers (up to sets
of measure zero). The quantitative version will be proved using the techniques of the
present paper (the ABP method applied to a linear Neumann problem) together with
the ideas of Figalli-Maggi-Pratelli [135].

In the isotropic case, a very recent result of Canete and Rosales [79] deals with
the same class of weights as ours. They allow not only positive homogeneities a > 0,
but also negative ones « < —(n — 1). They prove that if a smooth, compact, and
orientable hypersurfaces in a smooth convex cone is stable for weighted perimeter
(under variations preserving weighted volume), then it must be a sphere centered at



9.1 - Introduction and results 261

the vertex of the cone. In [79] the stability of such spheres is proved for a < —(n —1),
but not for @ > 0. However, as pointed out in [79], when o > 0 their result used
together with ours give that spheres centered at the vertex are the unique minimizers
among smooth hypersurfaces.

Theorem 9.1.3 contains the classical isoperimetric inequality, its version for convex
cones, and the classical Wulff inequality. Indeed, takingw =1, ¥ = R" and H = ||-||5
we recover the classical isoperimetric inequality with optimal constant. Still taking
w=1and H = | - || but now letting > be any open convex cone of R™ we have
the isoperimetric inequality in convex cones of Lions and Pacella (Theorem 9.1.1).
Moreover, if we take w = 1 and ¥ = R" but we let H be some other gauge we obtain
the Wulff inequality (Theorem 9.1.2).

A criterion of concavity for homogeneous functions of degree 1 can be found for
example in [217, Proposition 10.3], and reads as follows. A nonnegative, C?, and
homogeneous of degree 1 function ® on R™ is concave if and only if the restrictions
®(0) of ¢ to one-dimensional circles about the origin satisfy

o"(0) + (6) < 0.

Therefore, it follows that a nonnegative, C?, and homogeneous weight of degree o > 0
in the plane R?, w(x) = r*B(f), satisfies that w'/* is concave in ¥ if and only if

(Bl/a)// + Bl/a <0.

Remark 9.1.5. Let w be an homogeneous weight of degree «, and consider the isotropic
isoperimetric problem in a cone ¥ C R™. Then, by the proofs of Proposition 3.6 and
Lemma 3.8 in [247] the set B;(0) N X is stable if and only if

/ |VgnrulPwdS > (n—1+ a)/ lu|*w dS (9.15)
sn-1ny

Sn=1ny

for all functions u € C°(S"~! N X) satisfying

/ uwdS = 0. (9.16)
Sn=inyg

Stability being a necessary condition for minimality, from Theorem (9.1.3) we deduce
the following. If o > 0, ¥ is convex, and w'/® is concave in X, then (9.15) holds.
For instance, in dimension n = 2, inequality (9.15) reads as

B g g
/ (') *wdf > (14 «) / u?w df whenever / uwdf =0, (9.17)
0 0 0

where 0 < 8 < 7 is the angle of the convex cone ¥ C R2. This is ensured by our
concavity condition on the weight w,

(/)" +w* <0 in (0,8). (9.18)

Note that, even in this two-dimensional case, it is not obvious that this condition on
w yields (9.15)-(9.16). The statement (9.17) is an extension of Wirtinger’s inequality
(which corresponds to the case w = 1, « = 0, § = 2m). It holds, for example, with
w = sin®f on S' —since (9.18) is satisfied by this weight. Another extension of
Wirtinger’s inequality (coming from the density w = r%) is given in [104].
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In Theorem 9.1.3 we assume that w is homogeneous of degree . In our proof, this
assumption is essential in order that the paraboloid in (9.26) solves the PDE in (9.24),
as explained in Section 9.3. Due to the homogeneity of w, the exponent D = n+« can
be found just by a scaling argument in our inequality (9.13). Note that this exponent
D has a dimension flavor if one compares (9.13) with (9.4) or with (9.10). Also, it
is the exponent for the volume growth, in the sense that w(B,(0) N X) = Cr? for all
r > (0. The interpretation of D as a dimension is more clear in the following example
that motivated our work.

Remark 9.1.6. The monomial weights

w(z) = xt g in ¥={zeR":z; >0 whenever 4; >0}, (9.19)
where A; >0, a=A;+---+A,,and D =n+ A, +---+ A, are important examples
for which (9.13) holds. The isoperimetric inequality —and the corresponding Sobolev
inequality (9.3)— with the above monomial weights were studied by the first two
authors in [49, 50]. These inequalities arose in [49] while studying reaction-diffusion
problems with symmetry of double revolution. A function u has symmetry of double
revolution when u(x,y) = u(|z|,|y|), with (z,y) € RP = R4+ x RA2+L (here we
assume A; to be positive integers). In this way, u = u(x1, z2) = u(|z|, |y|) can be seen
as a function in R? = R”, and it is here where the Jacobian for the Lebesgue measure
in RP = R4+ x RAHL ghigalz — |g|41]y|42, appears. A similar argument under
multiple axial symmetries shows that, when w and ¥ are given by (9.19) and all A,
are nonnegative integers, and H is the Euclidean norm, Theorem 9.1.3 follows from
the classical isoperimetric inequality in R”; see [50] for more details.

In [49] we needed to show a Sobolev inequality of the type (9.3) in R? with the
weight and the cone given by (9.19). As explained above, when A; are all nonneg-
ative integers this Sobolev inequality follows from the classical one in dimension D.
However, in our application the exponents A; were not integers —see [49]—, and thus
the Sobolev inequality was not known. We showed a nonoptimal version (without
the best constant) of that Sobolev inequality in dimension n = 2 in [49], and later
we proved in [50] the optimal one in all dimensions n, obtaining the best constant
and extremal functions for the inequality. In both cases, the main tool to prove these
Sobolev inequalities was an isoperimetric inequality with the same weight.

An immediate consequence of Theorem 9.1.3 is the following weighted isoperimetric
inequality in R™ for symmetric sets and even weights. It follows from our main result
taking ¥ = (0, +00)".

Corollary 9.1.7. Let w be a nonnegative continuous function in R™, even with respect
to each variable, homogeneous of degree o > 0, and such that wY* is concave in
(0,00)"™. Let EC R™ be any measurable set, symmetric with respect to each coordinate
hyperplane {x; = 0}, and with |E| < co. Then,

P,(E;R") _ P,(B;;R™)
o1 2 D1
B[P |Bi| P

: (9.20)

where D = n + o and By s the unit ball in R™.
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The symmetry assumption on the sets that we consider in Corollary 9.1.7 is satisfied
in some applications arising in nonlinear problems, such as the one in [49] explained
in Remark 9.1.6. Without this symmetry assumption, isoperimetric sets in (9.20) may
not be the balls. For example, for the monomial weight w(z) = |z |4 .- |2,|*" in
R™, with all A; positive, B; N (0,00)™ is an isoperimetric set, while the whole ball B,
having the same weighted volume as B; N (0,00)" is not an isoperimetric set (since it
has longer perimeter).

We know only of few results where nonradial weights lead to radial minimizers.
The first one is the isoperimetric inequality by Maderna-Salsa [204] in the upper half
plane Ri with the weight 9, a > 0. To establish their isoperimetric inequality, they
first proved the existence of a minimizer for the perimeter functional under constraint
of fixed area, then computed the first variation of this functional, and finally solved
the obtained ODE to find all minimizers. The second result is due to Brock-Chiacchio-
Mercaldo [37] and extends the one in [204] by including the weights z& exp(c|x|?) in
R?%, with @ > 0 and ¢ > 0. In both papers it is proved that half balls centered
at the origin are the minimizers of the isoperimetric quotient with these weights.
Another one, of course, is our isoperimetric inequality with monomial weights [50]
explained above (see Remark 9.1.6). At the same time as us, and using totally different
methods, Brock, Chiacchio, and Mercaldo [38] have proved an isoperimetric inequality
in ¥ = {z; >0,..,2, > 0} with the weight 2% - -z exp(c|z[*), with A; > 0 and
c> 0.

In all these results, although the weight leéh ---x4" is not radial, it has a very
special structure. Indeed, when all Ay, ..., A,, are nonnegative integers the isoperimet-
ric problem with the weight xfl .- x4 is equivalent to the isoperimetric problem in
R HA++4n for sets that have symmetry of revolution with respect to the first A; + 1
variables, the next A; + 1 variables, ..., and so on until the last A,, + 1 variables; see
Remark 9.1.6. By this observation, the fact that half balls centered at the origin are
the minimizers in R” with the weight 27" - - -2/ or z{" -z exp(c|z|?), for ¢ > 0
and A; nonnegative integers, follows from the isoperimetric inequality in R*t41++4x
with the weight exp(c|z|?), ¢ > 0 (which is a radial weight). Thus, it was reasonable to
expect that the same result for noninteger exponents Ay, ..., A, would also hold —as
it does.

After announcing our result and proof in [51], Emanuel Milman showed us a nice
geometric construction that yields the particular case when « is a nonnegative integer
in our weighted inequality of Theorem 9.1.3. Using this construction, the weighted
inequality in a convex cone is obtained as a limit case of the unweighted Lions-Pacella
inequality in a narrow cone of R"**, We reproduce it in Remark 9.6.1 —see also the

blog of Frank Morgan [220].

9.1.3 The proof. Related works

The proof of Theorem 9.1.3 consists of applying the ABP method to a linear
Neumann problem involving the operator w='div(wVu), where w is the weight. When
w = 1, the idea goes back to 2000 in the works [40, 41] of the first author, where the
classical isoperimetric inequality in all of R™ (here w = 1) was proved with a new
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method. It consisted of solving the problem

0
8—7;:1 on 0N

for a certain constant bg, to produce a bijective map with the gradient of u, Vu :
I'yq, — By, which leads to the isoperimetric inequality. Here I',; C ', C Q and ', 3
is a certain subset of the lower contact set I', of u (see Section 9.3 for details). The
use of the ABP method is crucial in the proof.

Previously, Trudinger [291] had given a proof of the classical isoperimetric inequal-
ity in 1994 using the theory of Monge-Ampere equations and the ABP estimate. His
proof consists of applying the ABP estimate to the Monge-Ampere problem

detD?*u = yq in Bpg
u=0 on O0Bg,

where xq is the characteristic function of Q and Br = Bg(0), and then letting R — 0.

Before these two works ([291] and [40]), there was already a proof of the isoperi-
metric inequality using a certain map (or coupling). This is Gromov’s proof, which
used the Knothe map; see [294].

After these three proofs, in 2004 Cordero-Erausquin, Nazaret, and Villani [101] used
the Brenier map from optimal transportation to give a beautiful proof of the anisotropic
isoperimetric inequality; see also [294]. More recently, Figalli-Maggi-Pratelli [135]
established a sharp quantitative version of the anisotropic isoperimetric inequality,
using also the Brenier map. In the case of the Lions-Pacella isoperimetric inequality,
this has been done by Figalli-Indrei [133] very recently. As mentioned before, the
proof in the present article is also suited for a quantitative version, as we will show in
a future work with Cinti and Pratelli.

After announcing our result and proof in [51], we have been told that optimal
transportation techniques a la [101] could also be used to prove weighted isoperimetric
inequalities in certain cones. C. Villani pointed out that this is mentioned in the
Bibliographical Notes to Chapter 21 of his book [294]. A. Figalli showed it to us with
a computation when the cone is a halfspace {x, > 0} equipped with the weight x¢.

9.1.4 Applications

Now we turn to some applications of Theorems 9.1.3 and Corollary 9.1.7.

First, our result leads to weighted Sobolev inequalities with best constant in convex
cones of R". Indeed, given any smooth function u with compact support in R" (we
do not assume u to vanish on 9X), one uses the coarea formula and Theorem 9.1.3
applied to each of the level sets of u. This establishes the Sobolev inequality (9.3) for
p = 1. The constant C), 1, obtained in this way is optimal, and coincides with the
best constant in our isoperimetric inequality (9.20).

When 1 < p < D, Theorem 9.1.3 also leads to the Sobolev inequality (9.3) with best
constant. This is a consequence of our isoperimetric inequality and a weighted radial
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rearrangement of Talenti [292], since these two results yield the radial symmetry of min-
imizers. See [50] for details in the case of monomial weights w(x) = |x1|41 -+ |2, |4".

If we use Corollary 9.1.7 instead of Theorem 9.1.3, with the same argument one
finds the Sobolev inequality

(L.

where p, = g—?p, D =n+a,and 1 < p < D. Here, w is any weight satisfying the

hypotheses of Corollary 9.1.7, and u is any smooth function with compact support in
R™ which is symmetric with respect to each variable z;, i =1, ..., n.

We now turn to applications to the symmetry of solutions to nonlinear PDEs. It
is well known that the classical isoperimetric inequality yields some radial symmetry
results for semilinear or quasilinear elliptic equations. Indeed, using the Schwartz
rearrangement that preserves [ F(u) and decreases [ ®(|Vul), it is immediate to show
that minimizers of some energy functionals (or quotients) involving these quantities
are radially symmetric; see [238, 292]. Moreover, P.-L. Lions [191] showed that in
dimension n = 2 the isoperimetric inequality yields also the radial symmetry of all
positive solutions to the semilinear problem —Au = f(u) in By, u = 0 on 0By, with f >
0 and f possibly discontinuous. This argument has been extended in three directions:
for the p-Laplace operator, for cones of R™, and for Wulff shapes, as explained next.

On the one hand, the analogue of Lions radial symmetry result but in dimension
n > 3 for the p-Laplace operator was proved with p = n by Kesavan and Pacella in
[183], and with p > n by the third author in [260]. Moreover, in [183] it is also proved
that positive solutions to the following semilinear equation with mixed boundary con-
ditions

1/p« 1/p
p*w(a:)dx) < Cupn (/ |Vu|pw($)dm) : (9.21)

—Apu = f(u) in B NX
u=20 on 0B1NY
ou
e
have radial symmetry whenever p = n. Here, B; is the unit ball and ¥ any open
convex cone. This was proved by using Theorem 9.1.1 and the argument of P.-L.
Lions mentioned above.

On the other hand, Theorem 9.1.2 is used to construct a Wulff shaped rearrange-
ment in [4]. This yields that minimizers to certain nonlinear variational equations
that come from anisotropic gradient norms have Wulff shaped level sets. Moreover,
the radial symmetry argument in [191] was extended to this anisotropic case in [17],
yielding the same kind of result for positive solutions of nonlinear equations involving
the operator Lu = div (H(Vu)?"'VH(Vu)) with p = n. In the same direction, in
a future paper [254] we will use Theorem 9.1.3 to obtain Wulff shaped symmetry of
critical functions of weighted anisotropic functionals such as

/ (HY(Vu) — F(u)hw(z) de.

Here, w is an homogeneous weight satisfying the hypotheses of Theorem 9.1.3 and H
is any norm in R™. As in [260], we will allow p # n but with some conditions on F' in
case p < n.

(9.22)
0 on By NoX
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Related to these results, when f is Lipschitz, Berestycki and Pacella [19] proved
that any positive solution to problem (9.22) with p = 2 in a convex spherical sector 3
of R™ is radially symmetric. They used the moving planes method.

9.1.5 Plan of the paper

The rest of the article is organized as follows. In Section 9.2 we give examples
of weights for which our result applies. In Section 9.3 we introduce the elements
appearing in the proof of Theorem 9.1.3. To illustrate these ideas, in Section 9.4 we
give the proof of the classical Wulff theorem via the ABP method. In Section 9.5 we
prove Theorem 9.1.3 in the simpler case w = 0 on 0% and H = || - ||2. Finally, in
Section 9.6 we present the whole proof of Theorem 9.1.3.

9.2 Examples of weights

When w = 1 our main result yields the classical isoperimetric inequality, its version for
convex cones, and also the Wulff theorem. On the other hand, given an open convex
cone ¥ C R™ (different than the whole space and a half-space) there is a large family
of functions that are homogeneous of degree one and concave in . Any positive power
of one of these functions is an admissible weight for Theorem 9.1.3. Next we give some
concrete examples of weights w for which our result applies. The key point is to check
that the homogeneous function of degree one w'/® is concave.

(i) Assume that w; and we are concave homogeneous functions of degree one in an
open convex cone Y. Then, wfw} with a > 0 and b > 0, (w} + wh)®/" with
r € (0,1] or r < 0, and min{wy, wy}?*, satisfy the hypotheses of Theorem 9.1.3
(with @ = a+b in the first case). More generally, if F': [0,00)? — R, is positive,
concave, homogeneous of degree 1, and nondecreasing in each variable, then one
can take w = F(wy,wy)®, with a > 0.

(ii) The distance function to the boundary of any convex set is concave when defined
in the convex set. On the other hand, the distance function to the boundary of
any cone is homogeneous of degree 1. Thus, for any open convex cone X and
any a > 0,

w(z) = dist(z, 0%)”

is an admissible weight. When the cone is ¥ = {x; > 0, i = 1,...,n}, this weight
is exactly min{zy, ..., z, }*.

(iii) If the concavity condition is satisfied by a weight w in a convex cone ¥’ then it
is also satisfied in any convex subcone ¥ C 3. Note that this gives examples of
weights w and cones ¥ in which w is positive on 9% \ {0}.

(iv) Let Xy, ..., Xk be convex cones and ¥ = 31 N--- N Xy Let

di(x) = dist(x,0%;).
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Then, the weight
w(z) =61 6% rex,

with A1 > 0,..., Ax > 0, satisfies the hypotheses of Theorem 9.1.3. This follows
from (i), (ii), and (iii). Note that when k =n and ¥, = {z; > 0}, i = 1,...,n,
then ¥ = {x; > 0,...,x, > 0} and we obtain the monomial weight

w(z) = xit - alie,

In the cone ¥ = (0,00)", the weights
_ 1/p 1/p\
w(z) = Az + -+ Az, :

forp > 1, A; > 0, and « > 0, satisfy the hypotheses of Theorem 9.1.3. Similarly,
one may take the weights

with » > 0, or the limit case
w(z) = min{ Az, -, Ayx, .

This can be showed using the Minkowski inequality. More precisely, the first
one can be showed using the classical Minkowski inequality with exponent p >
1, while the second one using a reversed Minkowski inequality that holds for
exponents p = —r < 0.

In these examples ¥ = (0,00)" and therefore by Corollary 9.1.7 we find that
among all sets ¥ C R" which are symmetric with respect to each coordinate
hyperplane, Fuclidean balls centered at the origin minimize the isoperimetric
quotient with these weights.

Powers of hyperbolic polynomials also provide examples of weights. An homoge-
neous polynomial P(x) of degree k defined in R™ is called hyperbolic with respect
to a € R" provided P(a) > 0 and for every A € R™ the polynomial in ¢, P(ta+\),
has exactly k real roots. Let X be the component in R™, containing a, of the set
{P > 0}. Then, ¥ is a convex cone and P(z)"* is a concave function in ¥; see
for example [149] or [65, Section 1]. Thus, for any hyperbolic polynomial P, the
weight
w(z) = P(z)*/*

satisfies the hypotheses of Theorem 9.1.3. Typical examples of hyperbolic poly-
nomials are

P(z) =27 — \a3 — - — A\p12 in ¥ = {xl > \/A2x§+~~-+)\n:c%},
with Ay > 0,...,A, > 0, or the elementary symmetric functions

or(z) = Z Ty o xy, n X ={oy >0,..0, >0}

1<i1 <-<ip<n
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(vii)

(recall that X is defined above as a component of {P > 0}). Other examples are

P(z) = H inj in¥={x;>0, i=1,...,n},
1<iy <-<ip<n j=1
which have degree k = (") (this follows by induction from the first statement
in example (i); see also [15]), or the polynomial det(X) in the convex cone of
symmetric positive definite matrices —which we consider in the space R™"+1/2,

The interest in hyperbolic polynomials was originally motivated by an important
paper of Garding on linear hyperbolic PDEs [148], and it is known that they form
a rich class; see for example [149], where the same author showed various ways
of constructing new hyperbolic polynomials from old ones.

If 0, and o, are the elementary symmetric functions of degree k and [, with
1
1 <k <1< n,then (0,/0;)"F is concave in the cone X = {01 > 0, ..., 04 > 0};

see [206]. Thus,
w(z) = (%)

is an admissible weight. For example, setting £k = n and [ = 1 we find that we
can take

(&3

X1 Tp n—1
wiz) = [T
v+,

in Theorem 9.1.3 or in Corollary 9.1.7.

(viii) If f: R — R, is any continuous function which is concave in (a,b), then

is an admissible weight in ¥ = {x = (r,6) : arctana < 6 < arctanb}.
In the cone X = (0,00)* C R? one may take
Tr1 — X2 “
wx)=|——""7"—
(@) <logx1—log:v2>
for a > 0. In addition, in the same cone one may also take
1 _a
w(z) = - (xfl.rz_“)zl*z? )
e

This can be seen by using (viii) and computing f in each of the two cases. When
a = 1, these functions are called the logarithmic mean and the identric mean of
the numbers x; and x9, respectively.

Using also (viii) one can check that, in the cone 3 = (0, 00)?, the weight w(z) =
xy (2P + yP)~YP is admissible whenever p > —1. Then, using (i) it follows that
Y

Y=

is an admissible weight whenever a > 0, b > 0, and p > —1.

Ia-ﬁ-l b+1
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9.3 Description of the proof

The proof of Theorem 9.1.3 follows the ideas introduced by the first author in a new
proof of the classical isoperimetric inequality; see [40, 41] or the last edition of Chavel’s
book [91]. This proof uses the ABP method, as explained next.

The Alexandroff-Bakelman-Pucci (or ABP) estimate is an L* bound for solutions
of the Dirichlet problem associated to second order uniformly elliptic operators written
in nondivergence form,

Lu = a;;(z)0;;u + bi(z)0u + c(x)u,

with bounded measurable coefficients in a domain €2 of R™. It_asserts that if Q is
bounded and ¢ < 0 in Q then, for every function u € C?(Q) N C(Q),

supu < supu + C diam(Q) || Lul| @),
Q o0

where C' is a constant depending only on the ellipticity constants of L and on the
L™norm of the coefficients b;. The estimate was proven by the previous authors in
the sixties using a technique that is nowadays called “the ABP method”. See [41] and
references therein for more information on this estimate.

The proof of the classical isoperimetric inequality in [40, 41] consists of applying
the ABP method to an appropriate Neumann problem for the Laplacian —instead
of applying it to a Dirichlet problem as customary. Namely, to estimate from below

09|/| "+ for a smooth domain €2, one considers the problem
9.23
Ou =1 on 0. (9-23)
v

The constant by = |09|/|€2| is chosen so that the problem has a solution. Next,
one proves that B; C Vu(l',) with a contact argument (for a certain “contact” set
I', C Q), and then one estimates the measure of Vu(I',) by using the area formula and
the inequality between the geometric and arithmetic means. Note that the solution of
(9.23) is

u(z) = |z|*/2  when Q = By,

and in this case one verifies that all the inequalities appearing in this ABP argument
are equalities. After having proved the isoperimetric inequality for smooth domains,
an standard approximation argument extends it to all sets of finite perimeter.

As pointed out by R. McCann, the same method also yields the Wulff theorem. For
this, one replaces the Neumann data in (9.23) by du/0v = H(v) and uses the same
argument explained above. This proof of the Wulff theorem is given in Section 9.4.

We now sketch the proof of Theorem 9.1.3 in the isotropic case, that is, when
H = ||||2- In this case, optimizers are Euclidean balls centered at the origin intersected
with the cone. First, we assume that £ = () is a bounded smooth domain. The key
idea is to consider a similar problem to (9.23) but where the Laplacian is replaced by
the operator

wtdiv(wVu) = Au + % -Vu.
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Essentially (but, as we will see, this is not exactly as we proceed —because of a
regularity issue), we solve the following Neumann problem in  C X:

wdiv (wVu) = by in Q

ou

% =1 on 00 NY (9.24)
@ =0 ondQNox,

ov

where the constant bg is again chosen depending on weighted perimeter and volume
so that the problem admits a solution. Whenever u belongs to C'(€2) —which is not
always the case, as discussed below in this section—, by touching the graph of u by
below with planes (as in the proof of the classical isoperimetric inequality explained
above) we find that

BiNY C Vu(Q). (9.25)

Then, using the area formula, an appropriate weighted geometric-arithmetic means in-
equality, and the concavity condition on the weight w, we obtain our weighted isoperi-
metric inequality. Note that the solution of (9.24) is

u(z) = |z|*/2 when Q = By N X, (9.26)

In this case, all the chain of inequalities in our proof become equalities, and this yields
the sharpness of the result.

In the previous argument there is an important technical difficulty that comes
from the possible lack of regularity up to the boundary of the solution to the weighted
Neumann problem (9.24). For instance, if Q2 N Y is a smooth domain that has some
part of its boundary lying on 9% —and hence 0f) meets tangentially 9>—, then u can
not be C* up to the boundary. This is because the Neumann condition itself is not
continuous and hence 0,u would jump from 1 to one 0 where 9€) meets 0.

The fact that u could not be C' up to the boundary prevents us from using our
contact argument to prove (9.25). Nevertheless, the argument sketched above does
work for smooth domains Q well contained in ¥, that is, satisfying Q@ C X. If, in
addition, w = 0 on 0% we can deduce the inequality for all measurable sets F by an
approximation argument. Indeed, if w € C'(Q) and w = 0 on 9% then for any domain
U with piecewise Lipschitz boundary one has

Pw(U;E):/ wdS:/ wdsS.
oUns ouU

This fact allows us to approximate any set with finite measure £ C ¥ by bounded
smooth domains €, satisfying Q; C ¥. Thus, the proof of Theorem 9.1.3 for weights
w vanishing on 9% is simpler, and this is why we present it first, in Section 9.5.
Instead, if w > 0 at some part of (or everywhere on) 03 it is not always possible
to find sequences of smooth sets with closure contained in the open cone and approx-
imating in relative perimeter a given measurable set £ C X. This is because the
relative perimeter does not count the part of the boundary of E which lies on 0%. To
get around this difficulty (recall that we are describing the proof in the isotropic case,
H = 1) we need to consider an anisotropic problem in R™ for which approximation is
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possible. Namely, we choose a gauge H, defined as the gauge associated to the convex
set By NX; see (9.7). Then we prove that P, g, (-;2) is a calibration of the functional
P,(-;%), in the following sense. For all E C ¥ we will have

Pw,Ho(E; 2) S Pw(E7 E)a

while for £ = B; N X%,
Py, (B1;Y) = P,(B1NE; Y).

As a consequence, the isoperimetric inequality with perimeter P, g, (-; %) implies the
one with the perimeter P, (:;%). For P, m,(-;X) approximation results are available
and, as in the case of w = 0 on 0%, it is enough to consider smooth sets satisfying
Q C ¥ —for which there are no regularity problems with the solution of the elliptic
problem.

To prove Theorem 9.1.3 for a general anisotropic perimeter P, y(-;X) we also
consider a “calibrated” perimeter P, g, (-;%), where Hy is now the gauge associated
to the convex set W N X. Note that, as explained above, even for the isotropic case
H = ||-||2 we have to consider an anisotropic perimeter (associated to B;NX) in order
to prove Theorem 9.1.3.

9.4 Proof of the classical Wulff inequality

In this section we prove the classical Wulff theorem for smooth domains by using the
ideas introduced by the first author in [40, 41]. When H is smooth on S"!, we show
also that the Wulff shapes are the only smooth sets for which equality is attained.

Proof of Theorem 9.1.2. We prove the Wulff inequality only for smooth domains, that
we denote by € instead of E. By approximation, if (9.10) holds for all smooth domains
then it holds for all sets of finite perimeter.

By regularizing H on S™~! and then extending it homogeneously, we can assume
that H is smooth in R™ \ {0}. For non-smooth H this approximation argument will
yield inequality (9.10), but not the equality cases.

Let u be a solution of the Neumann problem

Au = PH;ZQ) in

) €] (9.27)
U

e H(v) on 02,

where A denotes the Laplace operator and du/0v the exterior normal derivative of

u on 9. Recall that Py(Q) = [, H(v(x)) dS. The constant P (€2)/|Q] has been

chosen so that the problem has a unique solution up to an additive constant. Since

H|gn1 and € are smooth, we have that u is smooth in . See [224] for a recent

exposition of these classical facts and for a new Schauder estimate for (9.27).
Consider the lower contact set of u, defined by

F,={ze€Q : uly) >u(x)+Vu(z)- (y—z) forallyecQ}. (9.28)
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It is the set of points where the tangent hyperplane to the graph of u lies below u in
all 2. We claim that
W c Vu(T'y), (9.29)

where W denotes the Wulff shape associated to H, given by (9.6).
To show (9.29), take any p € W, i.e., any p € R" satisfying

p-v<H(v) forallve S"

Let 2 € Q be a point such that

min{u(y) —p-y} =u(z) —p- =z

yeN
(this is, up to a sign, the Legendre transform of ). If z € 92 then the exterior normal
derivative of u(y)—p-y at  would be nonpositive and hence (Ou/0v)(z) < p-v < H(v),
a contradiction with the boundary condition of (9.27). It follows that x € 2 and,
therefore, that z is an interior minimum of the function u(y) — p - y. In particular,
p = Vu(z) and z € T',. Claim (9.29) is now proved. It is interesting to visualize
geometrically the proof of the claim, by considering the graphs of the functions p-y+c
for ¢ € R. These are parallel hyperplanes which lie, for ¢ close to —oo, below the graph
of u. We let ¢ increase and consider the first ¢ for which there is contact or “touching”
at a point z. It is clear geometrically that = & 92, since p-v < H(v) for all v € S™!
and Ou/0v = H(v) on 0f2.

Now, from (9.29) we deduce

W] < [Va(T,)| = / dp < / det D2u(z) dz. (9.30)

Vu(Ty) u
We have applied the area formula to the smooth map Vu : I, — R", and we have
used that its Jacobian, det D?u, is nonnegative in I', by definition of this set.

Next, we use the classical inequality between the geometric and the arithmetic

means applied to the eigenvalues of D?u(z) (which are nonnegative numbers for = €
I',). We obtain

A n
det D?u < (—“) in T, (9.31)

n

This, combined with (9.30) and Au = Py (2)/|9], gives

wi < (260 ) < (2282 o (932

Finally, using that Py (W) = n|W| —see (9.9)—, we conclude that

PH(Q = n\Wﬁ < PHS;QP.
W™= Q"=

(9.33)

Note that when Q = W then the solution of (9.27) is u(x) = |z|?/2 since Au =n
and u,(z) = z - v(z) = H(v(z)) a.e. on OW —recall (9.8). In particular, Vu = Id
and all the eigenvalues of D?u(z) are equal. Therefore, it is clear that all inequalities
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(and inclusions) in (9.29)-(9.33) are equalities when € = W. This explains why the
proof gives the best constant in the inequality.

Let us see next that, when H|gn-1 is smooth, the Wulff shaped domains 2 = aW +b
are the only smooth domains for which equality occurs in (9.10). Indeed, if (9.33) is
an equality then all the inequalities in (9.30), (9.31), and (9.32) are also equalities.
In particular, we have |[',| = |Q2]. Since I', C €2, 2 is an open set, and I, is closed
relatively to 2, we deduce that I', = €.

Recall that the geometric and arithmetic means of n nonnegative numbers are equal
if and only if these n numbers are all equal. Hence, the equality in (9.31) and the fact
that Aw is constant in Q give that D?*u = ald in all T', = €, where Id is the identity
matrix and a = Py (09)/(n|Q]) is a positive constant. Let zy € Q be any given point.
Integrating D?u = ald on segments from z,, we deduce that

u(x) = u(zo) + Vu(zg) - (x — xg) + % |z — 20

for x in a neighborhood of zy. In particular, Vu(z) = Vu(xy) + a(x — z¢) in such a
neighborhood, and hence the map Vu — al is locally constant. Since 2 is connected,
we deduce that the map Vu — al is indeed a constant, say Vu — al = .

It follows that Vu(I',) = Vu(2) = yo+af2. By (9.29) we know that W C Vu(l',) =
Yo + af). In addition, these two sets have the same measure since equalities occur in
(9.30). Thus, yo+ a2 is equal to W up to a set of measure zero. In fact, in the present
situation, since W is convex and yg + af) is open, one easily proves that W = y + af2.
Hence, 2 is of the form alW + b for some @ > 0 and b € R™, O

9.5 Proof of Theorem 9.1.3: the case w = 0 on 99X
and H = || - |2

For the sake of clarity, we present in this section the proof of Theorem 9.1.3 under the
assumptions w = 0 on 0¥ and H = || - ||o. The proof is simpler in this case. Within
the proof we will use the following lemma.

Lemma 9.5.1. Let w be a positive homogeneous function of degree v > 0 in an open
cone > C R™. Then, the following conditions are equivalent:

o [or each x,z € X, it holds the following inequality:

. (w(z)>1/a - Vu() =

w(z) w(z)

1/a

e The function w'/® is concave in 2.

Proof. Assume first a = 1. A function w is concave in ¥ if and only if for each x, z € X
it holds
w(x) + Vw(z) - (z —z) > w(z). (9.34)



274 Sharp isoperimetric inequalities via the ABP method

Now, since w is homogeneous of degree 1, we have
Vw(z) -z =w(x). (9.35)

This can be seen by differentiating the equality w(tx) = tw(z) and evaluating at t = 1.
Hence, from (9.34) and (9.35) we deduce that an homogeneous function w of degree 1
is concave if and only if

w(z) < Vw(x) - 2.

This proves the lemma for a = 1.

Assume now o # 1. Define v = w'/®, and apply the result proved above to the
function v, which is homogeneous of degree 1. We obtain that v is concave if and only
if

v(z) < Vo(z) - 2.

/e g concave if and

Therefore, since Vo(z) = a w(z)aVw(z), we deduce that w
only if

Vo < Vuw(z) -z

w(z -,
() < aw(z) e
and the lemma follows. O
We give now the
Proof of Theorem 9.1.3 in the case w =0 on 0¥ and H = || - ||2. For the sake of sim-

plicity we assume here that £ = U N X, where U is some bounded smooth domain in
R™. The case of general sets will be treated in Section 9.6 when we prove Theorem
9.1.3 in its full generality.

Observe that since £ = U N X is piecewise Lipschitz, and w = 0 on 0%, it holds

Py(E:Y) = /

s w(x)dr = /8E w(x)dz. (9.36)

Hence, using that w € C(X) and (9.36), it is immediate to prove that for any y € ¥
we have

lgﬁ)l P,(E +y;2) = P,(F;Y) and lgg)l w(E +dy) = w(E).

We have denoted E + 6y = {z + dy, = € E}. Note that P,(E + 0y; %) could not
converge to P, (F;X) as 6 | 0 if w did not vanish on the boundary of the cone ¥.

By this approximation property and a subsequent regularization of E + dy (a de-
tailed argument can be found in the proof of Theorem 9.1.3 in next section), we see
that it suffices to prove (9.13) for smooth domains whose closure is contained in .
Thus, from now on in the proof we denote by 2, instead of E, any smooth domain
satisfying Q0 € ¥. We next show (9.13) with E replaced by (.

At this stage, it is clear that by approximating w|g we can assume w € C>().

Let u be a solution of the linear Neumann problem

wldiv(wVu) = by in Q (with Q C %)

9.37
@ =1 on 0N. ( )
ov
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The Fredholm alternative ensures that there exists a solution of (9.37) (which is unique
up to an additive constant) if and only if the constant b is given by

PM(Q; E)

EICS)

(9.38)

Note also that since w is positive and smooth in €, (9.37) is a uniformly elliptic problem
with smooth coefficients. Thus, u € C=(Q). For these classical facts, see Example 2
in Section 10.5 of [171], or the end of Section 6.7 of [157].

Consider now the lower contact set of u, I',, defined by (9.28) as the set of points
in O at which the tangent hyperplane to the graph of u lies below u in all . Then,
as in the proof of the Wulff theorem in Section 9.4, we touch by below the graph of
u with hyperplanes of fixed slope p € By, and using the boundary condition in (9.37)

we deduce that B; C Vu(Il',). From this, we obtain

BiNY CVul,)NS (9.39)
and thus
w(BNY) < / w(p)dp
Vu(Ty)NE
< / w(Vu(z)) det D*u(x) dx (9.40)
TWN(Vu)~1(3)

g/ w(Vu) <%> dx.
LN (Vu)~1(Z) n

We have applied the area formula to the smooth map Vu : I'y, — R" and also the clas-
sical arithmetic-geometric means inequality —all eigenvalues of D?u are nonnegative
in ', by definition of this set.

Next we use that, when a > 0,

st <

<as+nt

a+n
) for all s> 0andt > 0,
a—+n

which follows from the concavity of the logarithm function. Using also Lemma 9.5.1,
we find

1/a a-+n
n w(Vu) w(z)-Vu D
w(Vu) (Au < @ ( w(@) ) + Au < AL u(}(;)v + Au
w(x) n - a+n - D

Recall that D = n + a. Thus, using the equation in (9.37), we obtain

) <) e o

If @ =0 then w =1, and (9.41) is trivial.
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Therefore, since I', C €2, combining (9.40) and (9.41) we obtain

w(BNY) < /F I (%Q)Dw(x)dx _ (%)Dw(Fuﬂ (V)L (D))
u P, (9;%)"

<(B) wer=p g

In the last equality we have used the value of the constant bg, given by (9.38).

Finally, using that, by (9.12), we have P,(B1;¥) = Dw(B; N X), we obtain the
desired inequality (9.13).

An alternative way to see that (9.42) is equivalent to (9.13) is to analyze the
previous argument when Q = B; N Y. In this case ¢ ¥ and therefore, as explained in
Section 9.3, we must solve problem (9.24) instead of problem (9.37). When 2 = B;NX
the solution to problem (9.24) is u(x) = |z|*/2. For this function u we have ', = B;N%
and bg,ny = Pu(B1;Y)/w(B; NY) —as in (9.38). Hence, for these concrete 2 and
u one verifies that all inclusions and inequalities in (9.39), (9.40), (9.41), (9.42) are
equalities, and thus (9.13) follows. ]

(9.42)

9.6 Proof of Theorem 9.1.3: the general case

In this section we prove Theorem 9.1.3 in its full generality. At the end of the section,
we include the geometric argument of E. Milman that provides an alternative proof of
Theorem 9.1.3 in the case that the exponent « is an integer.

Proof of Theorem 9.1.3. Let
WO =Wn E,

an open convex set, and nonempty by assumption. Since AW, C W, for all A € (0, 1),
we deduce that 0 € W. Therefore, as commented in subsection 9.1.1, there is a unique
gauge Hy such that its Wulff shape is Wy. In fact, Hy is defined by expression (9.7)
(with W and H replaced by W, and Hy).

Since Hy < H we have

Py, (E;X) < P, u(E;X) for each measurable set E,
while, using (9.11),

Py, (Wo; X)) = P g(W;E) and w(Wp) = w(W NX).
Thus, it suffices to prove that

Popy (B3 %) Py (Wo; 2) (9.43)
w(E) s wWy) D

for all measurable sets £ C ¥ with w(FE) < oo.
The definition of H is motivated by the following reason. Note that H, vanishes
on the directions normal to the cone ¥. Thus, by considering Hy instead of H, we will
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be able (by an approximation argument) to assume that F is a smooth domain whose
closure is contained in ¥. This approximation cannot be done when H does not vanish
on the directions normal to the cone —since the relative perimeter does not count the
part of the boundary lying on %, while when E C ¥ the whole perimeter is counted.

We split the proof of (9.43) in three cases.

Case 1. Assume that E = Q, where (0 is a smooth domain satisfying Q C 3.

At this stage, it is clear that by regularizing w|g and Hy|gn-1 we can assume
w € C*®(Q) and Hy € C=(S"1).

Let u be a solution to the Neumann problem

wtdiv(wVu) = b in Q2
0 9.44
8—3 = Hy(v) on 09, (944
where by € R is chosen so that the problem has a unique solution up to an additive
constant, that is,
Pw7H0 (Q’ E)
w(Q)
Since w is positive and smooth in Q. and Hy, v, and Q are smooth, we have that
u € C(Q). See our comments following (9.37)-(9.38) for references of these classical
facts.

Consider the lower contact set of u, defined by

bo = (9.45)

L,={ze€Q : uly) >ulr)+ Vu(z) - (y —z) foralyecQ}.

We claim that
Wy C Vu(l',) N X, (9.46)

To prove (9.46), we proceed as in the proof of Theorem 9.1.2 in Section 9.4. Take
p € Wy, that is, p € R" satisfying p - v < Hy(v) for each v € S™ 1. Let x € Q be a
point such that

min {u(y) —p-y} = u(z) —p- .
yeN
If z € 09 then the exterior normal derivative of u(y) — p-y at x would be nonpositive
and, hence, (Ou/0v)(z) < p-v < Hy(p), a contradiction with (9.44). Thus, = € €,
p = Vu(z), and x € I', —see Section 9.4 for more details. Hence, W, C Vu(I',), and
since Wy C X, claim (9.46) follows.
Therefore,

W(W) < /

w(p)dp < / w(Vu) det D*u da. (9.47)
Vu(Ty)NE

TN (Vu)~1(X)
We have applied the area formula to the smooth map Vu : I'y — R”, and we have
used that its Jacobian, det D?u, is nonnegative in I', by definition of this set.

We proceed now as in Section 9.5. Namely, we first use the following weighted
version of the inequality between the arithmetic and the geometric means,

aao+a1+-~-+an)a+n

(0%
aa[l...ang
0 a—+n
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1/a
applied to the numbers ag = (%) and a; = \;(z) for i = 1,...,n, where Ay, ..., \,

are the eigenvalues of D?u. We obtain

a-+n

1/
w(Vu) Vw(z)-Vu +n
a < w(z > + Au —— + Au
w(Vu) det D*u < @ < ( w(o) ) . (9.48)
w(x) a+n a+n

In the last inequality we have used Lemma 9.5.1. Now, the equation in (9.44) gives

Vw(x)-Vu L Au— div(w(z)Vu)

w(x) w(x) = ba,

and thus using (9.45) we find

b D
/ w(Vu) det D*u dr < / w(x) (—Q) dx
TWn(Vu)-1(2) Tun(Va)—1(5) D

o3

I
N
<0
=
2
H
~~
=
)1
£

Dw(Q)
(9.49)
Therefore, from (9.47) and (9.49) we deduce
Py (3 2)\” wHOQE P
< | ——— < .
w(Wy) < ( Dw(©) ) w(ly,) < w( (9.50)

Finally, using that, by (9.12), we have P,, g,(W;X) = D w(W,), we deduce (9.43).

An alternative way to see that (9.50) is equivalent to (9.43) is to analyze the
previous argument when = Wy = W N3, In this case Q ¢ ¥ and therefore, as
explained in Section 9.3, we must solve problem

w™ div (wVu) = b in

ou

Ev =Hy(v) onodQNX (9.51)
@ =0 on 02 N 0%

ov

instead of problem (9.44). When © = W), the solution to problem (9.51) is

u(z) = |z|*/2.

For this function u we have I', = Wy and by, = Py u,(Wo; X)/w(Wy) —as in (9.45).
Hence, for these concrete (2 and u one verifies that all inclusions and inequalities in
(9.46), (9.47), (9.48), (9.49), and (9.50) are equalities, and thus (9.43) follows.

Case 2. Assume now that £ = U N X, where U is a bounded smooth open set
in R". Even that both U and ¥ are Lipschitz sets, their intersection might not be
Lipschitz (for instance if OU and 0% meet tangentially at a point). As a consequence,
approximating U M X by smooth sets converging in perimeter is a more subtle issue.
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However, we claim that there exists a sequence {€}x>1 of smooth bounded domains
satisfying
Py, (e 2 P, (E; X

im Fuiol A ) < B e ). (9.52)
e w0 w(B)
Case 2 follows immediately using this claim and what we have proved in Case 1. We
now proceed to prove the claim.

It is no restriction to assume that e,, the n-th vector of the standard basis, belongs

to the cone ¥. Then, 0% is a convex graph (and therefore, Lipschitz in every compact
set) over the variables x1,...,z,_1. That is,

Y=Ar,>g(x1,...,2,1)} (9.53)

for some convex function ¢ : R" ! — R.
First we construct a sequence

Q,C X and

Fe={zn > gi(x1,...,20-1)}, k>1 (9.54)

of convex smooth sets whose boundary is a graph ¢ : R"~! — R over the first n — 1
variables and satisfying:

i) g1 > g2 > g3 > ... in B, where B is a large ball B C R"! containing the
projection of U.

(i) gr — g uniformly in B.
(iii) Vgr — Vg almost everywhere in B and |Vgy| is bounded independently of k.

(iv) The smooth manifolds 0F), = {z, = gi(x1,...,2n—1)} and OU intersect transver-
sally.

To construct the sequence g, we consider the convolution of g with a standard mollifier
. _ C
ar = g * k" n(kz) + =

with C' is a large constant (depending on [|[Vg||pe~®n-1)) to guarantee g > g in B.
It follows that a subsequence of g will satisfy (i)-(iii). Next, by a version of Sard’s
Theorem [164, Section 2.3] almost every small translation of the smooth manifold
{z, = gr(x1,...,xy—1)} will intersect QU transversally. Thus, the sequence

gk(xlu s 7xn—1) - gk(xl - ylfu R 7 ny—l) + ny

will satisfy (i)-(iv) if y* € R™ are chosen with |y*| sufficiently small depending on k
—in particular to preserve (i).

Let us show now that P, g, (U N Fy; X) converges to P, g, (E;X) as k 1 co. Note
that (i) yields Fj, C Fy4q for all £ > 1. This monotonicity will be useful to prove the
convergence of perimeters, that we do next.

Indeed, since we considered the gauge H, instead of H, we have the following

property

Py, (E;X) = Ho(v(z))w(z)dr = Ho(v(z))w(z)dz. (9.55)

ounx OF



280 Sharp isoperimetric inequalities via the ABP method

This is because OF = d(UNE) C (U NX) U (U N IY) and
Hy(v(xz)) =0 for almost all = € 9%. (9.56)
Now, since (U N F},) C (0U N ) U (U N OF},) we have

0 S Pw7HO(UﬂFk;E) —/
OUNFy

Hy(v(x))w(z)dr < / Hy(vp, (z))w(x)dz.

UNOFy,

On one hand, using dominated convergence, (9.53), (9.54), (ii)-(iii), and (9.56), we
readily prove that

/ Hy(vp, (z))w(x)dz — 0.

UNOF}

On the other hand, by (i) and (ii), F, N (B x R) is an increasing sequence exhausting
¥ N (B x R). Hence, by monotone convergence

/ Hy(v(z))w(z)dr — Hy(v(2))w(z)dr = Py p,(E;X).
dUNFy aUns
Therefore, the sets U N F}, approximate U N'Y in L' and in the (w,Hy)-perimeter.
Moreover, by (iv), U N Fy are Lipschitz open sets.

Finally, to obtain the sequence of smooth domains €, in (9.52), we use a partition
of unity and local regularization of the Lipschitz sets U N F} to guarantee the con-
vergence of the (w,Hp)-perimeters. In case that the regularized sets had more than
one connected component, we may always choose the one having better isoperimetric
quotient.

Case 3. Assume that F is any measurable set with w(F) < oo and P, g, (E; %) <
P, u(E;X¥) < co. As a consequence of Theorem 5.1 in [16], C>°(R") is dense in the
space BV, u, of functions of bounded variation with respect to the measure 1 = wys
and the gauge Hy. Note that our definition of perimeter P, y,(£; X) coincides with the
(i, Hp)-total variation of the characteristic function g, that is, | D, xg|#, in notation
of [16]. Hence, by the coarea formula in Theorem 4.1 in [16] and the argument in
Section 6.1.3 in [208], we find that for each measurable set £ C ¥ with finite measure
there exists a sequence of bounded smooth sets {Uy} satisfying

lim w(UpyNY) =w(E) and kh_)rrolo Py, (U ) = Py g, (E; X).

k—o0

Then we are back to Case 2 above, and hence the proof is finished. n

After the announcement of our result and proof in [51], Emanuel Milman showed
us a nice geometric construction that yields the weighted inequality in Theorem 9.1.3
in the case that « is a nonnegative integer. We next sketch this construction.

Remark 9.6.1 (Emanuel Milman’s construction). When « is a nonnegative integer the
weighted isoperimetric inequality of Theorem 9.1.3 (when H = || - ||2) can be proved
as a limit case of the Lions-Pacella inequality in convex cones of R"**. Indeed, let
w'® > 0 be a concave function, homogeneous of degree 1, in an open convex cone
> C R™. For each ¢ > 0, consider the cone

C.={(z,y) eR"XR* : z €%, |y < 5w(:c)1/a}.
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From the convexity of ¥ and the concavity of w/® we have that C. is a convex cone.
Hence, by Theorem 9.1.1 we have

P(E;C.) o _ PBi;C)
nt nta—1

_ — for all E with |ENC.| < oo, (9.57)
|ENC.| nte |By N C.| nta

where B; is the unit ball of Rt Now, given a Lipschitz set £ C R", consider the
cylinder £ = E x R® one finds

ENC.|= / d:z:/ dy = waeo‘/ w(x)dr = wae®w(ENY)
ENY {ly|l<ew(z)t/a} ENY

P(E;C.) = / dS(x)/ dy = wasa/ w(2)dS = wae“Py(E; Y).
OENY {ly|<ew(z)1/} OENY

On the other hand, one easily sees that, as ¢ | 0,

P(Bl;ce) _ (waga)ﬁ ( Pw(Bl;E) +0(1)>
w( 7

n+a—1 n+a—1

’Bl N Cs| nta Bl N E) nto

where Bj is the unit ball of R™. Hence, letting € | 0 in (9.57) one obtains

P,(E;Y) P,(B1;%)
nta—1 > nta—17

wEND) S T w(B NY) e

which is the inequality of Theorem 9.1.3 in the case that H = ||- ||z and « is an integer.
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