GLC Project I

“Corner Singularities and Analytic
Regularity for Linear Elliptic Systems”’

Part I: Smooth domains

Martin COSTABEL, Monique DAUGE, Serge NICAISE






Foreword to Part 1

This is a preliminary version of the first part of a book project that will consist of four
parts. This first part was basically finished more than a year ago. We are making it
available in electronic form now, because there is a demand for some of the technical tools
it provides, in particular a detailed presentation of analytic elliptic regularity estimates in
the neighborhood of smooth boundary points. We hope to be able to finish the whole
project soon and to publish all four parts, but in the meantime this first part can be used as
a starting point for proofs of elliptic regularity estimates in more complicated situations.

The origin of this book project is twofold. In the beginning there were two separate
needs we perceived as not being satisfied by the currently available literature on corner
singularities:

On one hand, we saw a demand for a general introduction into the regularity results
for elliptic boundary value problems on domains with corners and edges and into the
main techniques for their analysis. This demand comes in particular from applied math-
ematicians, engineers and numerical analysts for whom the precise knowledge of the
asymptotic behavior near singular points of the geometry can be of crucial importance,
the availability of norm estimates in function spaces often having a direct impact on the
efficiency of models and algorithms, while the presence of certain singularities can show
their limitations.

On the other hand, the analysis of high order approximation methods, in particular the
hp version of the finite element method, requires regularity results in spaces of analytic
functions, and these were not available for sufficiently general classes of piecewise smooth
domains, including polyhedral domains in three dimensions.

We found that these two motivations complement each other in a natural way: An-
alytic estimates appear as the ultimate goal of regularity estimates in various situations,
and the way to their achievement can give useful guidance for shaping the presentation
of the tools even for the analysis of finite regularity. Conversely, the technical difficulty
of establishing analytic regularity results imposes a systematic approach beginning with
simple but technically complete presentations of simple situations, and then successively
building on these to proceed to more and more complicated situations.

Level 1 of complexity is constituted by smooth domains, and this is the subject of this
first part of the book. Not only a refined understanding of the results, but also of their
proofs in the smooth case is necessary if one wants to go on to more complicated domains
such as corner or edge domains, or eventually, polyhedral domains.



We found that the proof of results on elliptic regularity in spaces of analytic functions
that were obtained in the late 1950s for smooth domains can be improved in a decisive
way. This improvement consists in turning the proof of analytic regularity into the proof
of a family of higher order a priori estimates that are in a characteristic way uniform
with respect to the derivation order. This type of estimates has a simple scaling behav-
ior under coordinate transformations and can therefore be transported to corner or edge
domains by a simple procedure, the dyadic partition technique. In our proof of these ana-
lytic a priori estimates, besides the classical Morrey-Nirenberg techniques of nested open
sets and difference quotients, a new ingredient is a Cauchy-type estimate for coordinate
transformations that is based on the Faa di Bruno formula for derivatives of composite
functions.

This first part can also serve as a general introduction into the subject of regularity
for linear elliptic systems with smooth coefficients on smooth domains. We treat reg-
ularity in L?-based Sobolev spaces for a general class of second order elliptic systems
and corresponding boundary operators that cover, in particular, many elliptic problems in
variational form. Starting from the regularity of the variational solution, we follow the
improvement of the regularity of the solution as the regularity of the data is raised, first in
the interval of low regularity between H! and H?, and then starting from H?, going to ever
higher regularity and finally to analytic regularity. Supported by the discussion of many
examples, some of them new, such as the variational formulation of the electromagnetic
impedance problem, we hope to provide new insight into this classical subject that is still
very much alive.

Rennes and Valenciennes,
February 2010

Martin Costabel
Monique Dauge
Serge Nicaise



Introduction (February 2010)

Prehistory of this book

Questions of boundary regularity were already studied at the beginning of the 20th century
in the framework of conformal mappings, where the appearance of singularities at corner
points of the boundary — related to non-integer powers of the complex variable — is quite
obvious. An asymptotic expansion of the conformal mapping at a corner point was given
as early as 1911 by Lichtenstein [55, 56].

In the 1950s, the modern theory of elliptic boundary value problems was devel-
oped, culminating in the classical papers by Agmon, Douglis and Nirenberg [4, 5] on
the regularity of solutions of boundary value problems for linear elliptic systems on
smooth domains in Holder and Sobolev spaces. Around the same time, analytic regu-
larity was proved by Morrey and Nirenberg [70]. There exist many books presenting this
basic elliptic theory, some of them focussing on the fundamental theory of linear ellip-
tic boundary value value problems, from the classical treatises by Lions and Magenes
[57, 58, 59], up to more recent ones [94, 91, 6], but many of them rather concentrating on
numerous generalizations like nonlinear and degenerate elliptic or non-elliptic problems
[69, 66, 38, 47, 48, 49].

In the field of domains with corner points, one work stands out, namely the 1967
paper by V. Kondrat’ev [52], which is still a standard reference for results on regularity
in weighted Sobolev spaces, on the decomposition into regular and singular parts, and
for the technique of Mellin transformation on domains with conical points. Kondrat’ev’s
results and techniques will be presented in Part IT of this book.

In the past four decades, a large literature about corner problems has developed. Out
of the many developments, let us mention five which have been of particular importance
for the genesis of this book:

1. V.Maz’ya has contributed, together with many coworkers such as B. Plamenevskii,
S. Nazarov, V. Kozlov, J. Rossmann, a large body of results. Among them are results about
the estimates of coefficients of singularities in LP Sobolev spaces and Holder spaces,
about problems with non-smooth and singular coefficients, about domains with edges and
variable coefficients, about strips free of poles of the Mellin resolvent, about estimates of
Green functions, and these are often the strongest and most general available results of
their kind. Many of theses papers will be quoted at the appropriate places in our book.
While we are not striving for maximal generality in this book, and we are therefore often
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6 INTRODUCTION

not using the most general framework studied by Maz’ya and coworkers, we have found
and adopted many useful ideas for the presentation of the basics and for nice proofs in the
book by Kozlov-Maz’ya-Rossmann [53].

2. B.-W. Schulze has been leading a long-standing project to study pseudodifferential
operators on piecewise smooth manifolds. These are tools appearing in the reduction to
the boundary of elliptic boundary value problems on domains with piecewise smooth
boundaries, thus allowing to analyze singularities at corners and edges. The emphasis in
that project is on generality of ideas and on the interaction of these ideas with the general
theory of partial differential operators and with domains of mathematics such as global
analysis, topology, differential geometry. Although the main results of the project have
been published in several books [83, 86, 87, 88, 89, 73], they are not easily accessible to
the non-specialist readership we have in mind for our book.

3. P. Grisvard started writing on corner problems in the 1970s. His work culminated
in two influential books [42, 43] which are accessible to a large readership and are still
points of reference for many techniques and results on corner singularities, in particular
on two-dimensional mixed boundary value problems. There exists now, however, a body
of knowledge, for example about variable coefficients, about edge singularities, about
higher-dimensional corners, that is not covered by Grisvard’s books. It is one of the
objectives of the present book to become a similar point of reference for some of these
more modern techniques and results. In the wake of Grisvard’s work, S. Nicaise began
studying boundary value problems on polygonal ramified spaces [78] and then interface
problems on polygonal domains [79], and we are building on this to include results on
interface and transmission problems in our book.

4. M. Dauge’s Lecture Notes volume [32] contains results about asymptotics near
polyhedral corners and about regularity in standard non-weighted Sobolev spaces that are
not available elsewhere in the literature. This 1988 book is currently out of print, and it
has a reputation of being difficult to read, so that there is a real need for a new presentation
of these results. This is one of the two main motivations for writing the present book. It
is intended to contain the principal results and techniques of [32] and to present them in
a more easily accessible manner, by trying at the same time to be more explicit in the
construction of the technical tools and to show a broader landscape of applications and
examples in which these results are embedded.

S. 1. Babuska introduced in the 1980s the analysis of a type of higher degree ap-
proximations of solutions of elliptic boundary value problems with singular points on
the boundary, the hp version of the finite element method. This method uses polyno-
mials of increasing degree to approximate the smooth parts of the solution, and it takes
care of corner singularities by employing very strong mesh refinements near the bound-
ary singularities. It turns out that in this way one can obtain exponential convergence
of the approximations, which makes these methods extremely efficient if they are ap-
plicable [11]. The fast convergence is based on the analyticity of the solutions, and in
a series of papers, B. Guo and 1. Babuska proved the appropriate kind of regularity in
spaces of weighted analytic functions, their “countably normed spaces”, for some classes
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of domains and examples [9, 10]. This covers the classical boundary value problems on
two-dimensional piecewise analytic domains. For the practically important case of three-
dimensional domains with edges and polyhedral corners [44], a corresponding proof of
analytic regularity results has not yet been published. Such a proof needs to be based
on a solid foundation of careful proofs of analytic regularity for problems posed on the
constituents of a polyhedral corner domain, namely first domains with smooth bound-
aries, then conical points, then smooth edges, and finally finite edges. It is the second
main motivation for writing the present book to close the gap by laying this foundation
and building on it to give a complete proof of analytic regularity of solutions of elliptic
boundary value problem on domains with conical points and with edges in any dimension,
and on domains with polyhedral corners in three dimensions. As a byproduct, we obtain
the higher order finite regularity in anisotropic weighted Sobolev spaces that is needed for
other high degree approximation methods [16, 17].

How to read this book

Inherent to the material presented in this book is a natural linear hierarchy of complexity:
Later parts require the techniques and results of earlier parts in order to be fully under-
stood.

This hierarchy is determined already by the geometric structure of the piecewise
smooth domains we are considering, and it is reflected by the presence of increasing lev-
els of complexity of the tools necessary to analyze the elliptic operators and the solutions
of boundary value problems on these domains. This hierarchy is therefore unavoidable,
and it poses a problem for the readability of the book: Each general theorem presented —
and the more interesting ones naturally appear towards the end of the book — requires, in
principle, reading everything that comes before.

In order to mitigate this technical difficulty, we chose a special structure for each of the
parts and chapters of the book: Besides a specific introduction, there is always an enlarged
table of contents and a special section called “Essentials”. The aim of the “Essentials”
section is to give quick access to all of the notations, to the most important ideas and to the
main results of the corresponding chapter. In this way, reading the details of a later chapter
will be possible without reading all the details of the preceding chapters: Reading only
the “Essentials” of the earlier chapters should be sufficient. For some of the chapters, in
particular those devoted to concrete examples, this will not quite suffice, because in order
to fully understand the technical details in the discussion of an example, one will have to
consult the details of the techniques presented in the chapter treating the general theory
corresponding to the example. In this case, the “Essentials” section can help to quickly
find the corresponding theorems and proofs where these techniques are introduced.

The four parts of the book correspond to four levels of complexity of the set of singular
points of piecewise smooth domains: The lowest level corresponds to smooth domains
whose points are either interior points or points on smooth boundaries. The next level
are corner domains in which isolated singular points can appear. In the third part on
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edge domains, singular points are allowed that lie on smooth curves, or more generally,
on smooth submanifolds. In the last part, corner points and edges are both present, and
edges can meet at polyhedral corners.

In each part, a general framework is introduced and analyzed in a sequence of chapters
that correspond to and are determined by the evolution of mathematical ideas. Besides
these, there are sections and chapters discussing examples that serve as illustrations to the
general techniques and results. Some of the examples go beyond the current framework,
showing how the presented ideas can be applied in more general settings.

A delicate question we were faced with from the beginning and which accompanied
us during the whole work on this book was: How to choose the right level of generality?
From observing the existing literature, we see that choosing a level of generality that is
too low will not allow to understand all the ideas necessary for the complete analysis of
important examples or will simply exclude them. Choosing too much generality, on the
other hand, will make the text difficult to read, will lead to the inclusion of a lot of material
that is perhaps not essential, and may make the distance from the general theory to the
concrete examples so large that individual examples require separate constructions that
render the general theory less useful.

There are three categories of objects for which this question has to be answered: Do-
mains, operators, and function spaces. Let us explain the choices we made for this book
and the guidelines leading to these choices:

Our main guideline is twofold: We have a certain number of examples in mind which
we consider essential and which should be covered as completely as possible by the gen-
eral framework, but we want to keep the overall level of generality as low as possible.

a. Domains. Here the examples we have in mind are: Domains with conical points
in any dimension, all piecewise smooth domains in two dimensions, circular and straight
edges, polyhedra in three dimensions.

There are classes of domains which need to be excluded, because their analysis either
does not exist or is too different from any possible general framework: Domains with
outward cusps and some other degeneracies of the tangent structure. We made an effort,
however, to allow inward cusps, cracks, and, for example, two-dimensional curved poly-
gons with angles 7 and 27. Such domains are not locally diffeomorphic to Lipschitz
polygons or Lipschitz cones, so that we need to introduce extensions both of the notion
of local diffeomorphisms by using polar coordinates (“blow up” of corners) and of the
notion of smooth domains to allow double points on the boundary (“unfolded boundary”
of crack domains).

Another class of domains which we exclude here are general smooth edges with vari-
able angles. There exists a literature on these to which we even contributed [24, 25, 26,
27, 28], but we do not include this theory here, simply for reasons of space.

For the class of corner domains of polyhedral type, we restrict the discussion to gen-
uine polyhedra in three dimensions, that is domains with plane faces and straight edges.

b. Operators. The examples we want to cover are the classical boundary value
problems of mathematical physics, in particular Dirichlet, Neumann and Robin problems
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for the Laplace equation and the standard boundary value problems of linear elasticity
theory and electrodynamics.

It turns out that even this modest collection of examples is not completely covered by
the so-called general theory of elliptic boundary value problems available in the literature.
The main reason that led us to define our own class of elliptic boundary value problems
was that we wanted to cover problems given in variational form, and among them, for
instance, the electromagnetic scattering problem described by the vector Helmholtz equa-
tion with the perfect conductor “electric” boundary condition, which means vanishing
tangential component of the field on the boundary.

The standard setting of linear elliptic boundary value problems is the class of Agmon-
Douglis-Nirenberg (ADN) elliptic systems with covering boundary conditions. This class
allows to treat, in addition to the examples mentioned above, other classical examples
like the standard boundary value problems for the Stokes system in fluid dynamics and
various boundary value problems for biharmonic functions. It has, however, two draw-
backs: There is no natural class of problems given in variational form that corresponds to
ADN systems, and it is in its simplest form essentially a local theory. There exist global
formulations involving the notion of vector bundles, but this is a level of abstraction that
we did not want to impose on our intended readership. In the book [94], for example,
which treats elliptic boundary value problems on smooth domains and manifolds, vector
bundles are introduced as a tool for globally formulating ADN elliptic systems, but then
the first definition of the term “elliptic boundary value problem” appears not before page
392. Often in this general theory, the definition of boundary conditions is local in a sense
that will exclude our electromagnetic scattering problem mentioned above. The issue in
a nutshell: For a 3-component vector field, the condition that its tangential component
vanishes on the boundary of a ball in R? corresponds to how many boundary conditions,
2 or 3?7 Answer: 2 locally, but 3 globally, unless you are willing to consider the bound-
ary trace as a section of a vector bundle that can be split into the tangent bundle and the
normal bundle. But then, how do you define variational formulations using these vector
bundles? And what will happen to them near singular boundary points?

Our solution to this problem consists of two choices:

First, we restrict the general discussion in this book to second order systems, elliptic
in the classical sense of Petrovski. This covers many of the standard examples, including
problems in variational form, but it excludes other important examples such the Stokes
system and also higher order operators such as the bilaplacian. We will, however, show
how such examples can be analyzed with a simple extension of the techniques presented
in our general framework. The restriction to second order systems considerably simplifies
the formulation of boundary conditions which are grouped into first order and zero order
conditions in a natural way.

Second, we introduce the notion of projector fields on the boundary that are used in the
definition of the boundary conditions. In our example above, the projection on the tangent
plane is a projector field of rank 2 defined on 3-component vector fields on the boundary.
This notion is very well adapted to variational formulations, where essential boundary
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conditions are often formulated using such projections. It also allows a lot of flexibility
not only for overcoming the topological obstruction we hinted at, but it helps also with
the corner asymptotics, by writing, for example, the operator of the normal derivative
near a conical point not as a differential operator with coefficients that are discontinuous
at the corner, but as the composition of the projection on the normal component with the
gradient which is a differential operator with constant coefficients.

Further choices are made in the definitions of “admissible operators”, where we go be-
yond operators with smooth coefficients in order to include at least the images of operators
with smooth coefficients under diffeomorphisms that are smooth in polar coordinates, but
not necessarily smooth in Cartesian coordinates. Again, in order to keep the presenta-
tion as simple as possible, we do not try to include the most general class of singular
coefficients that could be treated with the same techniques.

c¢. Function spaces. The most visible choice is that we use only Sobolev spaces over
L2 in this book. One reason for this is the motivation by linear problems in variational
form for which the space of initial regularity is H'. Another reason is the motivation by
the aim of proving analytic regularity. For analytic estimates, one has to prove regularity
estimates in all orders of derivation, with constants that depend in a controlled way on the
order. On the other hand, because of Sobolev embedding theorems, the L? space in which
the derivatives are measured does not matter. One obtains the same analytic regularity
results whether one builds on L', L2, or L estimates. A corollary is that one can as
well use the spaces that are most simple to handle, namely the scales of Hilbert Sobolev
spaces.

Another consequence of the motivation by analytic estimates is that we put the em-
phasis on Sobolev regularity of integer order. Fractional Sobolev spaces do appear in our
results, but in general more as an afterthought, and we do not try to treat the most general
possible range for these spaces of fractional regularity.

There is one point where we do insist on more generality than what is often pre-
sented in the literature on corner problems: We treat two classes of weighted Sobolev
spaces, not only the spaces with homogeneous norms introduced by Kontratiev (“K-
weighted spaces”) and the corresponding analytic class Ag, but also spaces with inho-
mogeneous norms (““J-weighted spaces”) which contain in particular the ordinary non-
weighted Sobolev spaces. There is a seemingly innocent difference in the way how we
write the weight index for the scale of J-spaces, compared to the identical scale of W-
spaces as used by Maz’ya and collaborators, but this is crucial for the definition of the
right class B of weighted analytic functions that generalizes the BabuSka-Guo spaces.
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Introduction to Part I

A boundary value problem in a domain {2 is made of an interior partial differential equa-
tion
Lu=f in Q

and, if the boundary of 2 is not empty, of boundary conditions.

We choose to present, in the main course of this book, the situation where the interior
operator L is a linear system of partial differential equations of order 2. The ellipticity
of such a system implies the validity of interior estimates with a gain of two derivatives.
Complementing the interior elliptic equations by “covering” boundary conditions of order
one

Tu=g on 0

or of order zero
Du=h on 00

allows to obtain this regularity shift by 2 on the whole domain, up to the boundary.

The proof of this regularity shift is based on Fourier analysis of model problems with
constant coefficients, on the space R™ or the torus T" for interior estimates, and the half-
space R’} or the periodic half-space T"} for boundary estimates. A Fredholm theory (fi-
nite dimensional kernel and cokernel, Fredholm alternative) is deduced in the framework
of standard Hilbertian Sobolev spaces.

The refined technique of nested open sets combined with Faa di Bruno formulas for
the change of variables allows a Cauchy-type analytic control of the growth of derivatives
when their order tends to infinity.

Plan of Part I

This part is made of five chapters. The exposition of regular elliptic problems, together
with Sobolev and analytic estimates, is organized into three chapters. We develop exam-
ples and extensions in the next two chapters.

Chapter 1: After recalling Sobolev spaces and stating a Faa di Bruno formula for an-
alytic change of variables, we prove refined inferior estimates for elliptic second
order systems. We deduce the Fredholm property for such problems when posed
on smooth manifolds without boundaries. We also deduce the analytic regularity of
their solutions when all data are analytic.

Chapter 2: To take properly the boundary into account, we recall the classical notion
of covering boundary conditions and introduce some generalizations in order to
include cases where global trivialization of the domain or boundary conditions is
impossible. We prove boundary estimates, which allow to extend the Fredholm the-
ory and analytic regularity properties to bounded domains with smooth boundary.
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Chapter 3: We consider boundary value problems defined by a coercive variational for-
mulation. Such problems enter the class of elliptic problems with covering bound-
ary conditions studied in Chapter 2. But their solutions are proved to exist in vari-
ational spaces for which first order derivatives are required to be square integrable,
whereas the classical elliptic regularity starts from the assumption that second or-
der derivatives are square integrable. We prove that variational solutions enjoy the
same local regularity properties in higher Sobolev and analytic norms as those of
general elliptic problems if the data are regular.

Chapter 4: Classical examples: The Laplace operator A, with Dirichlet, Neumann or
Robin boundary conditions; The Lamé elasticity system for isotropic materials and
more general elasticity systems for anisotropic materials, with different boundary
conditions (hard clamped, stress free, etc.; The regularized Maxwell equations with
perfectly or imperfectly conducting boundary conditions; Other examples from
physics (Reissner-Mindlin plate model, piezoelectric system).

Chapter 5: As a natural generalization of elliptic second order systems, we study sec-
ond order transmission problems: The model situation along an interface can be
described as a boundary value problem for a larger system. We prove optimal piece-
wise Sobolev and analytic regularity along smooth interfaces.



Chapter 1

Interior estimates and analytic
hypoellipticity

Introduction

This chapter is devoted to interior a priori estimates and analytic hypoellipticity for lin-
ear elliptic systems of partial differential equations. We want to keep the presentation as
simple as possible, while covering the main applications of interest, and we focus there-
fore on elliptic systems of second order, but we allow any space dimension. We give an
overview of basic techniques and results that for the most part are not new and have even
been known since the late 1950s. When presenting them here, we have several aims in
mind:

a) Chapter | can be read as an introduction to the analysis of elliptic systems, and then
Chapter 2 as an introduction to elliptic boundary value problems. The main results
about a-priori estimates, regularity of the solution and Fredholm properties in Sobolev
spaces that hold for smooth domains constitute the model for analogous, but more
complicated, results valid on non-smooth domains that will be the main subject of
later parts of the book.

b) The results about regularity up to the boundary on smooth domains imply local regu-
larity results near smooth parts of the boundary of non-smooth domains, and these are
necessary ingredients to the overall description of the regularity results on domains
with corners and edges. Some global regularity results on domains with conical sin-
gularities can even be obtained directly by homogeneity arguments from results for
smooth domains.

¢) Similarly, the analyticity up to the boundary near analytic parts of the boundary is a
necessary ingredient in the description of the analytic regularity of solutions in the
presence of corners and edges;

d) The Fourier and localization techniques for constructing parametrices and for obtain-
ing a-priori estimates and Fredholm properties, described here for smooth domains,
will be an essential building block for the analysis on domains with edges.

15



16 CHAPTER 1. INTERIOR ESTIMATES AND ANALYTIC HYPOELLIPTICITY

e) The basic techniques of nested open sets and difference quotients which are introduced
here, are the key techniques for obtaining analytic estimates not only on smooth do-
mains but also on non-smooth domains in later parts of this book.

A priori estimates are bounds for derivatives of a solution by certain norms of the right
hand side (possibly up to lower order derivatives of the solution). A certain uniformity
of such estimates with respect to the order of the derivatives will imply what is called
the analytic hypoellipticity: The solution is analytic if the right hand side is analytic. In
this chapter, we present the principal building blocks of a proof of elliptic regularity and
Fredholm properties of elliptic operators on compact manifolds without boundary. Then
we use the technique of nested open sets to deduce analytic estimates leading to analytic
hypoellipticity.

Plan of Chapter 1

81 Definition of functional spaces (Sobolev spaces and analytic classes). A Faa di
Bruno type formula for the composition by an analytic map.

82 Definition of ellipticity for model and general systems. Local inverse operators
(parametrices). Basic a priori estimates.

83 Higher order a priori estimates. Fredholm theorem in Sobolev spaces.

84 Basic a priori estimates in nested concentric balls, taking the difference of radii into
account.

85 Order-independent estimates in nested concentric balls in the case of an operator
with constant coefficients (estimates are simpler to state and to prove in this case).

86 Order-independent estimates in nested concentric balls in the general case of vari-
able (analytic) coefficients.

87 Analytic regularity of solutions of elliptic problems with analytic coefficients and
data.

Essentials

The subject of the first part of this book is the presentation of classical results on the
regularity of solutions of linear elliptic partial differential equations. Whereas the second
chapter will discuss elliptic boundary value problems, this first chapter develops the re-
sults that do not involve the boundary of the domain. Boundaries are irrelevant for two
classes of results: First, for local estimates and regularity results, where properties of the
solution are obtained on a subdomain {2; compactly contained in {2, under hypotheses
on the given data in the larger domain {25 ; and second, for global results on compact man-
ifolds without boundary. One can pass between global and local results by techniques of
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localization, and local results can be combined to give global results by using finite cov-
erings. Passages in both directions will be used to move forward from simpler to more
general situations.

We present results on both finite regularity and analytic regularity. Regularity is mea-
sured by Sobolev norms, and we use the standard definition of the Sobolev space H*((2)
on a domain 2 in R™ or in a smooth n-dimensional manifold, n > 1. The space A({?)
of analytic functions on a bounded domain {2 is characterized by Cauchy-type estimates
for all Sobolev norms:

1

—|u|, <t forsomec>0andall k € N. (1.2)
RIS

Here instead of the Sobolev semi-norm |u|, , we could take the Sobolev norm [Jul[,

or, in fact, any Sobolev norm of order % based on L? instead of L2, forany 1 < p < oo,
and in view of the Sobolev embedding theorems we would always get the same space of
analytic functions. This is one of the reasons why we will restrict ourselves here to the
simplest case of the Sobolev spaces based on the Hilbert space L2.

Thanks to a Faa-di-Bruno formula, we obtain the finite Cauchy-type estimate (1.22)
for an analytic change of variable g : 0 — €, which we write in the form:

k

1
Slfogl, < " Z g (1.b)

with a constant ¢g which depends on g only. This allows to handle easily localization
arguments.

The main object in this chapter is an N x N second order system L = (L, )1<; /<N
of linear partial differential operators with smooth coefficients. The partial differential
equation Lu = f corresponds to the NV x N system of equations

ZLJJXD /—ZZQ x)O%uy = fj, j=1,...,N, (1.c)

=1]a|<2

with the variable x = (xy,...,2,) in £, the data f = (fy,..., fy) and the unknown
u = (uy,...,uy). Here the coefficients af;(x) are € functions on € and D, =
(=104, ..., —10y,).

The analysis of equation (1.c) begins with the study of a model situation where the
operator L has constant coefficients and thus is translation invariant, and the domain is
also invariant under a group of translations.

As model operators we have the systems L(D,) with constant coefficients ag;. Via
Fourier transformation, the differential operator L(D,) becomes the multlphcatlon oper-
ator by the matrix L(&), the symbol of L. The condition of ellipticity appears naturally
as the condition of invertibility of the symbol LP"(£) of its principal part for all non-zero
values of the Fourier variable &:
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Definition LA Let L = (3, <, a5y 0F) ;. be asecond order system with constant
coefficients. It is called elliptic if the matrix

L7(g) = ( Z @y (ig)a>1§j,j’§zv (1.d)

|af=2

is invertible for all € € R™\ {0}.

This is the classical definition of ellipticity of a system of partial differential operators in
the Petrovski sense.

As a model domain we choose here the n -torus, the compact manifold without bound-
ary T" = (R/27Z)™. We prefer this to the often-used model domain R", because the
latter has a kind of “boundary” at infinity which frequently makes itself felt by effects
foreign to the local/global estimates we are looking for.

On T™ one can, at least formally, solve the partial differential equation with constant
coefficients Lu = f by Fourier series. Unique solvability is then equivalent to the invert-
ibility of the symbol L(p) for integer frequencies p € Z". This property alone does not,
however, imply stability of the solution in terms of Sobolev norms. What is missing is
precisely the ellipticity condition, which can be interpreted as asymptotic invertibility for
frequencies on the “infinite sphere” S"~!.

For the torus T", there is thus a very simple characterization of ellipticity in terms of
invertibility between Sobolev spaces, and it easily leads to a complete regularity theory
for operators with constant coefficients, summarized in the following theorem. Here the

Sobolev spaces H® and analytic classes A are simply the /N-component vector version
of H® and A.

Theorem 1.B Let L be a second order system with constant coefficients on the torus T".

(i) The operator L is an isomorphism from H*(T™) onto L*(T™) if and only if L is
elliptic and in addition L(p) is invertible for any p € Z".

(ii) The system L is elliptic if and only if there exists another second order system é
with constant coefficients that has the same principal part as L and is such that L
defines an isomorphism from H*(T™) onto L*(T").

(iii) If the assumption of (ii) is satisfied, then L is an isomorphism between Hs+2(']l‘”)
and H*(T™) for any order s € R and also from the analytic class A(2) onto itself.

(iv) If L is elliptic, then L is a Fredholm operator of index zero between H**?(T") and
H*(T") for any s € R, and its kernel and cokernel do not depend on s, are in fact
represented by analytic functions. There holds the analytic hypoellipticity in the
form: If u € 2'(T™)" is solution of Lu = f with f € A(T"), then there holds also
uecA(T).

This theorem 1is in a certain sense the ideal form of all elliptic regularity theorems that
will appear later on. In our presentation, it is also a tool for getting local a priori estimates
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that will then lead to local regularity results for systems with non-constant coefficients
and eventually to global regularity results on compact manifolds without boundary.

For a general system L as in (1.c), we consider at any point xo € €2 the model operator
L(x¢; Dy) with coefficients frozen in x,:

L(x0; De) = (Lyjr(x0;Dx)),,, with  Ljy(xo; Dy) = Y afi(x0) 35 -

laf<2

Definition 1.C The system L is said to be elliptic on 2 if for all x, € 2, the frozen
operator L(xq; Dy) is elliptic.

Then the continuous inverse L(Dy)~! from L?(T") to H*(T") associated with any
frozen operator L(xq; Dy) by virtue of the preceding theorem is the essential building
block for the construction of a local parametrix (inverse modulo compact operators) of
L on any open domain €2 in R" that is sufficiently small so that it can be considered as
a subdomain of T™. The construction of the parametrix uses also a dilation argument
exploiting the fact that very close to a point the operator L differs only by a small per-
turbation from its principal part frozen in that point. This is a technique — sometimes
called “blowup” — that will appear repeatedly later on, because we will always consider
geometries where tangent cones exist, so that at least asymptotically the domain is dilation
invariant.

Once a parametrix is constructed, one has local a priori estimates in H?, such as (1.32)

full, g, < Ao(lLully g, + [0l ) (1o

which is valid for all u € HS(B:O) on a sufficiently small ball By centered at x,.
By estimating difference quotients, one can get higher order a priori estimates, and
one can write them in the form used in Theorem 1.3.3:

ol e, < c(lZull, g +lul, o) (1.0

k+2; Q1

This is valid for any bounded domains €2, {25 such that Q, € Qy and any u € HQ(QQ)
satisfying Lu € Hk(Qg). The constant ¢ here may depend on &, 21, {25 and L, but not
on u.

From such local a priori estimates it is easy to obtain global results about finite regu-
larity and Fredholm properties in Sobolev spaces on smooth manifolds with boundary.

In order to get analytic regularity, we use the technique of nested open sets. This
relies on estimates similar to (1.f), but with precise control over the way how the constant
¢ depends on the relative position of the two domains €2; and 2,. The starting point
is again the H* a priori estimate (1.e), from which one can deduce a more precise H”
estimate as in (1.42):

> el < A, 3 o, )

o] <2 lal<1



20 CHAPTER 1. INTERIOR ESTIMATES AND ANALYTIC HYPOELLIPTICITY

Here |-||5 is the L> norm on B, and the Bg_y, (k = 0,1, 2) are three concentric balls of
radius R — kp, so that p denotes the distance between their successive boundaries. The
constant A; here does not depend on R and p, as long as 0 < p < R/2 and R remains
below some sufficiently small threshold R..

By again using difference quotients and carefully estimating commutators between
derivatives and multiplication by the smooth coefficients of the operator L, one obtains
higher order a priori estimates in nested open sets.

— For the constant coefficient case, they are written in the form of estimate (1.43) which
considers again norms on a finite number of concentric balls of successive distance p:

Z p‘“'Hafu”BR,wp < Z Ak+1-18] p2+|5\”afLuHB

loo| <k+2 1BI<k

R—p—|Blp

FAR Y plogull,, . e

o<1

— For the variable coefficient case, the estimates involve a continuous range of concentric
balls. They culminate in estimate (1.46) which can be written in detailed form as

k+2( 56
max max d,u
0<p< sy 9=k 2,0 1% HBR*(’V”)P -

k

AkH(ZA ' max  max ,02+£||35Lu|| (1.h)
0<p< 5ty 1=t — (e 1)p
+ max max Au + u .
s, max ool -+ | HBR)

From these estimates in nested open sets, it is not hard to obtain Cauchy-type estimates
for Sobolev norms on two fixed nested domains 2; CC €25, such as estimate (1.51)

k—2 1
1 1 ,
ja] ulyq, SAkH(ZE |Lu|z;92+2’u|e;ﬂg>’ (1.1)
=0 =0

valid for all £ € N with a constant A depending only on €2, {2, and the coefficients of
L,butnoton & or u.
The final result of this chapter can be summarized as follows.

Theorem 1.D Let L be an elliptic second order N x N system with smooth coefficients.

(i) For any two bounded domains 0y, Qo such that Qy C Qy and any s > 0, if

u € H*(Q) satisfies Lu = £ € H*(y), then u € H***(Q)) and one has the
estimates (1.f) with a constant c independent of u.

(ii) If the coefficients of L are analytic, then one has the more precise estimates (1.1)

for any k € N with a constant A independent of k, and if Lu € A(S)y), then
uc A(Ql)
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(iii) If L is elliptic on a smooth compact manifold ) without boundary, then the above
estimates hold with Q, = Qy = Q, and L is a Fredholm operator between H**? ()
and H*(Q) for any s € R; its kernel and cokernel do not depend on s and are
represented by € functions; if () is analytic and L has analytic coefficients, they
are represented by analytic functions.

1.1 Classical function spaces

In this section we recall the definitions of some classical spaces, namely the Sobolev
spaces and spaces of analytic functions, together with their main properties. We assume
that the reader is familiar with the basic theory of Sobolev spaces, and we refer to the
standard literature [2, 57, 91] for more details. We mainly consider two model domains
for the definition of Sobolev spaces: The non-periodic case R"™ and the periodic case
T™ = (R/27Z)"™, and subdomains of these. We also mention the extension to subdomains
of more general smooth manifolds.

In Lemma 1.1.1 we prove precise estimates for analytic coordinate transformations
which seem to be new in this form.

By n we denote the space dimension, n > 1, and by x = (z1,...,x,) the Cartesian
coordinates in R™ or T".

1.1.a Sobolev spaces

Throughout, we will use only Hilbert Sobolev spaces based on L2. All the material pre-
sented in this section is covered in detail by Chapter 4 of [91].

e Sobolev spaces on R" of any real order s are defined via Fourier transformation: Let

the Fourier transform .% of u be given by

n

(ZFu)() = (27r)”/2/ e ™ Ey(x) dx, € eR" (1.1)

Here x - & = z1& + ... + 2,&, . Then the Sobolev norm of order s € R is defined as

loll, = ([ @16y 0P ag )/ (12

The Sobolev space H*(R™) consists of all tempered distributions for which the norm
(1.2) 1s finite. These spaces are also called Bessel potential spaces. Unless specially
mentioned, we will think of complex-valued functions, but there are examples where all
functions are assumed to be real-valued.
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e Sobolev spaces of integral order on domains of R" are defined in the distributional
sense. We understand by domain an open connected subset, as usual. Since our main
emphasis later on will be on regularity of higher order and analytic regularity, we will
be working chiefly with Sobolev spaces of integral order m € N'! and the related trace
spaces. We will therefore often use the classical definition of these spaces via L? norms
of (distributional) derivatives.

Let Q be a domain in R”. We denote by 4°(€2) the space of continuous functions up
to the boundary of €2 equipped with the L norm, and by > (€2) the space of functions
infinitely differentiable up to the boundary of 2. Finally %;°(2) is the space of smooth
functions with compact support in 2.

We denote by || - ||, the L* norm over € for scalar functions, that is
1/2
lull, / ulo)Px)
For a vector function u = (uy,...,uy), we set

N
9\ 1/2
Jull = (3 )
=1

The Sobolev space of index m on €2, for m € N, is defined as the space H™(£2) of all
functions u € L?(Q) such that all their partial derivatives 9“ of order || less than m
belong to L%(€2). Here o = (ay, . . ., a,) is a multi-index, |a| = a1 + ... + a, its length

and

dlely
e [05] [£70)
U= o ggan ~ Om O

The norm and semi-norm in H™(£2) are denoted by || || , and |- |
and given by

/ /
ol = (D2 ogaly) ™ and ol o= (30 logaly)” )

la]<m laf=m

. Tespectively,

For a vector function u, the corresponding norm is still denoted by || - ||

N 5 \1/2
ull, o= (3 Il )
=1

Thus the notation || - ||, for the L* norm is an alternative to || - |

m;Q°

00
The two norms for functions u defined on R", |[uf| ~via(1.2) and ||u||m;Rn via (1.3)
are equivalent with universal constants not depending on the space dimension. With the
Parseval equality one can easily obtain
2 2m 2

<l < =7 lull, g -

HUIlm Rn

! We use the convention N = {0,1,2,...}.
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Thus the equivalence is not uniform in m, but the growth of the constant is sufficiently
slow so that it will not influence the definition of our analytic spaces (see inequalities

(1.18)).
For m € N, the closure of %5°(€2) in H™(£2) is denoted by Hy*(€2), and H™(£2) is
defined as the dual space of H{*(€2).
If Q2 satisfies some minimal regularity property, namely that (2 is bounded and Lip-
schitz?, or is unbounded and a uniformly Lipschitz epigraph® then
1. The extension by zero of any function belonging to Hj'(2) defines an element of
H™(R™),
2. Functions in H”(2) have extensions in H™(R"). Therefore the space of restric-
tions to €2 of elements of H™(R") coincides with H™((2).
On the other hand, if ) has cracks, or even if €2 is only “smooth in the extended
sense” as defined in Section 2.8, then these two properties do not hold any more.

¢ Sobolev spaces of general real order on domains of R". For a real non-integral s >
0, the space H*(€2) is defined by interpolation [57] between HI*/(Q2) and HII+1(Q), with
[s] the integral part of s. If € is bounded and Lipschitz, or is unbounded and a uniformly
Lipschitz epigraph, then the norm of H*(£2) is equivalent to its Sobolev-Slobodeckii norm
defined as follows

Jull g = (Il +Zraau\ o) (1.4)

lal=

Here for 0 < o < 1, the semi-norm |v|__, is defined by

2
o // [v(x) - +3| dx'dx.
" QxQ X—X‘n 7

NB. For the class of extended smooth domains with double points on the boundary which
we introduce later on in section 2.8, the same equivalence still holds, provided the semi-

norm |v| . is defined by
lo(x) — v ()P
dx'd 1.5
OQ //QXQ X X/ n+2a e ( )

where d(x,x’) denotes the geodesic distance between x and x’ inside 2. For bounded
Lipschitz domains, d(x,x’) is equivalent to |x — x/|.

The space H(€2) is defined as the closure of 65°(€2) in H*((2). We define another
space H*(€2) by Hilbert space interpolation between HZ(Q) and H™(Q) and then
H=#(£2) as the dual space of H*(€2). It is known [57] that the space H*(€2) is contained in
H5(€2), but if Q # R”, it may happen that H#(Q) is strictly smaller than H5(€2): When
Q) is bounded Lipschitz, there holds

2This means that € has a Lipschitz boundary, see [42, Def. 1.2.1.1] for a definition.
3This condition is equivalent to the exterior uniform cone condition, and also to the interior uniform
cone condition, see [42, Chap. 1].
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1. For s ¢ N+ 1, H¥(Q) = H3(Q).
2. For s € N + % the extension by zero of any function belonging to ﬁS(Q) defines
an element of H*(R"), while this is not true for H3(£2). The space Hz () is also

1
denoted by H3,(€2) in [57].

Finally, H~*(€) is defined as the dual space of H*(€2). Here we use Tricbel’s notation
[93, Section 4.8]. If €2 is bounded Lipschitz, we have the identity for all s € R

H*(Q) = {u € H*(R™) | suppu C Q}.

Then the two dual families H*(Q2) and H*(Q) (s € R) are interpolation scales, the former
consisting of spaces of distributions in (2, the latter of distributions in R", for any s € R
without exception.

e Periodic Sobolev spaces on the n-torus T" = (R/27Z)" are defined by the periodic
Fourier transformation (Fourier series). Let

(Fpertr)(p) = U(p) = (27r)_”/2/ e X Py(x)dx, pe€zZ" (1.6)

n

The Sobolev norm of order s € R is defined by

1/2
ull o = ( D+ P la?) (1.7)

pEZ™

and the Sobolev space H*(T") is defined as the Hilbert space of all n-ply 2 -periodic
distributions on R™ for which this norm is finite.

In the periodic case, since T™ has an empty boundary, H™*(T™) is in a natural way
the dual space of H*(T"), for all s € R.

If 2 is a domain in R"™ such that its closure is contained in an open cube of side
length not more than 27, then €) can also be considered in a natural way as a subdomain
of T", and the two definitions of the Sobolev space H*({2), by restriction from R™ and
by restriction from T", are equivalent*. We will often use this identification later on.

e Sobolev spaces on smooth manifolds. One can extend all the above definitions to the
situation where (2 is a bounded subdomain of a smooth manifold M of dimension n with
or without boundary. A canonical example that will play an important role later on is the
case of M being the unit sphere S™ of R""!. Another important case is given by regular
parts of the boundary of a domain in R”.

Sobolev spaces on a smooth compact manifold M without boundary are defined by a
coordinate covering and a corresponding partition of unity: Let U; C M (j =1,...,J)
be a finite family of open sets covering M and ¢; (j =1,...,J) € diffeomorphisms

“Equivalence constants depend on s and also on the size of 2. We will use these equivalences for low
regularities only.
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from U; to the open unit ball B C R"™ — which we can also consider as a subset of T" if
we wish. Let ¢; € €5°(U;) (j=1,...,.J) besuchthat Y ¢; =1 on M.

For u € (M), the functions (t; u) o ¢; ' belong to €;°(B), and one can define
the Sobolev norm

J 1/2
lull o = (DN @sw) 0671, ) (1.8)
j=1

The Sobolev space H*(M) is the completion of (M) under this norm.

We define similarly Sobolev spaces on a smooth compact manifold M with boundary.
In the latter case, some of the diffeomorphisms ¢; act from U/, to the open unit half-ball
By CRY.

If € is a subdomain of a smooth compact manifold M, with or without boundary, the
spaces H™(Q2), Hy*(©2),H*(2), H&(22), H*(Q2), and H*(2) are defined as before, using
local maps.

These definitions are invariant in the sense that the norm defined in (1.8) does, of
course, depend on the choice of the coordinate covering, but that the passage to a differ-
ent covering yields an equivalent norm. The latter is proved by using some basic tools
of the calculus of Sobolev spaces, namely the boundedness of the operators defined by
coordinate transformations and by multiplication with smooth functions.

We note that if we consider the torus T" as a compact manifold without boundary and
define the Sobolev spaces H*(T™) by localizing and transport from the unit ball in R",
we get new definitions, different from but equivalent to the global definitions given above
in (1.7) via the periodic Fourier transformation.

The norm of H*(M) can be equivalently defined by restrictions rather than by cut-off,
that is, when M is without boundary, by

J L2\ 12
lull o = (D (uly,) 06571 5 ) (1.9)
j=1

instead of (1.8). In the case of a manifold with boundary, some of the terms in the right
hand side of (1.9) are replaced with contributions on the half-ball B, instead of the ball
B. The expression (1.9) is more convenient for the definition of analytic classes on ana-
lytic manifolds.

Considering for n > 2 a particular case of smooth manifolds of dimension n — 1,
namely the boundary 0f) of a smooth bounded domain {2 of dimension n, we have
defined now Sobolev spaces of any order on the boundary 0f2. This will be needed when
we consider traces on 0f) of functions defined on €2, see Section 2.1.

e Additional basic properties of Sobolev spaces, see for instance [2, 61, 76, 93].
(i) Poincaré Inequality: For bounded Lipschitz €2 there exists a constant ¢, o:

H“Hm,l;g < ctma ]u\m;ﬂ, Yu € H' (). (1.10)
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More generally, if F is a closed subspace of H™(f2) such that its intersection with the
space P! of polynomials of degree < m — 1 is reduced to {0}, there exists a constant
C=Cg.

full .o <clul o, Vu€E. (1.11)
This is a consequence of the Bramble-Hilbert Theorem [15], which states that the quotient

norm in H™(Q2)/P™~! is bounded by the semi-norm

Vu € H™(Q). (1.12)

< c|u|m

HuHHm(Q)/]P)mfl — ;Q’

Another form of this estimate is given in [69]: if © € H™(2) has zero averages for all its
partial derivatives of order < m — 1, its norm in H™((2) is bounded by its semi-norm.

(ii) Sobolev embedding Theorem: If €} is a bounded Lipschitz domain, then:

Vs >m+ 3,

meN : H*(Q) C ¥™(Q), withcontinuous embedding.  (1.13)

Thus, in particular,
[V HEQ) = 2>(Q). (1.14)

keN

(iii) Rellich compact embedding Theorem: For a bounded Lipschitz’ domain (2,

the embedding H'(Q2) C H*(Q2) is compact if ¢ > s. (1.15)

1.1.b Analytic functions

Besides the Sobolev spaces, our most important classical function space is the class of
analytic functions on {2 which we introduce now. The definition we will mostly use is:

A(Q) = {ue (M HAQ) [Fe> 0k eN: Ju)
keN

k+1
baSC M}, (1.16)

and A(Q2) = A(Q2)". The defining sequence of estimates in (1.16) can be written equiva-
lently — more precisely but a little less conveniently — as

Je; >03cg>0Vk eN: |u|, < b k! (1.17)

k; Q

The class of functions satisfying (1.17) for fixed ¢y and arbitrary c; then forms a linear
subspace of A(2), giving A(2) in a natural way the structure of an inductive limit of
Banach spaces.

Other equivalent sequences of estimates defining the same class A({2) are

Jep > 03¢ >0VkeN: Jlul|,, < cacfh!, (1.18)

and for a bounded Lipschitz domain €2:

3 It is easy to see that the statements (i) and (iii) extend to domains which are a finite union of bounded
Lipschitz domains.
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Jdeg > 03y >0V e N Vx € Q: |0%u(x)] < ¢ clf“ la!. (1.19)

The relations between the constants ¢y, co, c3 and between ¢y and ¢, depend only on the
dimension n and the domain (2.

The equivalence of the uniform estimates (1.19) with (1.17) is a consequence of the
Sobolev embedding (1.13). They imply that the Taylor series of an element u of A((2)
is convergent in any point x, € €2, in the sense that there exists a ball B centered in xg
such that the Taylor series of u at xg,

> = x0)” 9%u(xo),

|
aeN" @

converges on B. Here al = oy!... ! and (x — x0)® = (21 — 201)*" ... (T — Ton)™".

Moreover, its sum coincides with u(x) for any x € © N B, which means that A(Q)
is nothing else than the class of real analytic functions up to the boundary of 2. The
“modulus of analyticity” ¢y or ¢4 in (1.17)-(1.19) gives an estimate for the inverse of the
smallest radius of convergence of the Taylor series.

We will prove a result on the behavior of the above analytic estimates under coordinate
transformations. This will then allow us to extend the definitions of the analytic classes
to the situation where (2 is a subdomain of an analytic manifold M of dimension n
without boundary. We assume that 2 coincides with M (case without boundary) or is an
analytic subdomain of M (case with boundary). The canonical example where M is the
unit sphere S of R™*! is suitable. Other examples that will play role here are boundary
manifolds of smooth domains. Another example of a compact manifold without boundary
is the torus T™ which has the particularity of admitting a global system of coordinates, so
that the analytic classes on T" or its subdomains can be defined by (1.16) directly.

In general, the analytic class A(€2) will be defined locally, by an analytic atlas of coor-
dinate maps on M . The analyticity of M corresponds to the condition that the coordinate
transformations between different local coordinate systems belonging to the atlas are an-
alytic diffeomorphisms between domains in R™. The definition of A(f2) is independent
of the choice of the analytic atlas, owing to the obvious fact that the composition of an
analytic function f by an analytic map g is analytic. One way to show this is by estimat-
ing derivatives of composite maps. For this, we have the following precise quantitative
result, concerning the preservation of analytic-type estimates of finite order:

Lemma 1.1.1 Let Q2 C R" and ¥ C R™, let k € N be fixed, and let g : 2 — €' be of
class €*%(Q) and f : Q' — R of class €* (V).

(i) We assume that there are constants Cy > 0, Cy > 1 such that the components
91, - - -, 9m Of & satisfy the estimates

VaeN' |a| <k VxeQ: [0°%;x)| < ¢,Cal! (1.20)
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Then the composite function F = f o g € €*(Q) satisfies with Cy = (m + 1)CoC}

lal

n . o |ex] 1 163
Va e N, |a| <k, Vx € Q: [0°F(x)| < Cy7 ol ;g %wgl(@ )(g(x))]

(1.21)

(ii) If in addition m = n and g is a diffeomorphism from Q to V', so that the mapping
[ — [ og isabounded linear operator from L*(Q') to L?(Q) whose norm we denote by
Mg, then we have the estimate between Sobolev seminorms with C3 = \/502

k

1 i 1

il Flo < Mg ZEWW . (1.22)
=0

Proof: It is clear that we need to prove (1.21) only for || = k > 1. For this, we first
establish a multi-dimensional version of the formula of FAA DI BRUNO [1, p.823]. We claim
that for |a| = k and y = g(x) we have

V4
O°F Z S B, ) T] (0% 9(%)) - (1.23)
=1

=1 ji,s Je
QAL yeeey O
Here the second sum is extended over all integers ji,...,J, € {1,...,m} and over all
non-zero multiindices a1, ..., ay, € N (not to be mistaken for the components of a) which
satisfy

o+ top=ao.

The coefficients 'Y;L’Z’f...az are non-negative integers which may depend on n, k, ¢, j =

(J1,---+J¢), @1,..., 0y, but are otherwise independent of f, g, 2, Q.

In fact, formula (1.23) can be proved simply by induction on |«|, and the proof remains easy
(and is left to the reader) as long as we do not need explicit expressions for the combinatorial
coefficients V;L(ff . Fortunately, for our purposes we do not need the coefficients explicitly,

but we are going to show the equality

4
Z dooApet Ol = mim+1)F R (1.24)
=1

=1 j1,.., e
QL. O

where the second sum is extended over the same set of indices as in (1.23).

For the proof of (1.24), we use (1.23) for a particular choice of f and g: Let us temporarily
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use the shorthand notation \x\ =", x; for x € R™. Then we set

|
gi(x) = Z W' %P for x near 0,
BeEN?

(y) : o forynearl=(1....1)

= = orynear1 =(1,...,1).

S T TR B
1 1 1
Then F(x) = — m

+ .
m+1—|gx)] m+1 m+11—(m+1)x|
We compute for o, € N*, |a| > 1:

(o717 [e% m [e%
0%9;(0) = lalts By, f(1) = 05 O°F(0) = ——= (m + 1) fa]!.

If we insert this in (1.23), we find (1.24). Since all terms in (1.24) are positive, we can estimate
the sum of the terms with a fixed ¢ also by the right hand side of (1.24).

Coming now back to general f and g satisfying (1.20), we insert the estimate

Ha%gj )| < ciog H !

=1
into (1.24) and obtain
¢
Z 7"7’;157 LQ y]1 szf<y)) H(aaigji(x)) S (m + 1) k' CZ CO £| (67 f7 X)
ol =t
where

M(E, fx) = max x|(0°f)(g(x)] -

This implies with Cy = (m + 1)CyCh:

|0°F( |<k'C’“Z£' (¢, f,x)

hence (1.21).

For the proof of (1.22), we take L? norms in (1.21) and obtain

k k
o 1 1
|0°Flly < KICE Y FIM )l < KOS Mg Y 5l f] -

=0 =0

The extra factor y/n in C3 takes care of the sum over the multiindices a of length k. [J



30 CHAPTER 1. INTERIOR ESTIMATES AND ANALYTIC HYPOELLIPTICITY

1.2 Elliptic operators and basic estimates

In this section we introduce elliptic systems of second order and prove their fundamental
regularizing property: Any solution of a second order elliptic system with an L? right
hand side is locally in H?. Moreover, an elliptic system on a smooth compact manifold
Q without boundary defines a Fredholm® operator from H?*(2) into L*(Q2). Classical
references for the theory of linear elliptic systems are [4, 5, 3, 76, 94].

All the problems we consider have associated model situations with simplified struc-
ture and certain invariance properties. In the case of the analysis of local properties of
elliptic systems on a smooth domain, our model problems have constant coefficients and
can be set on R"™ or on the periodic domain T" = (R/27Z)™. For the introduction of
the basic theory, we follow the approach of [53] and prefer T" to R™ because of the
possibility of constructing model isomorphisms in a simple and explicit way.

1.2.a Model problems with constant coefficients on the torus

We define partial differential operators with constant coefficients and their symbol.

Definition 1.2.1 We denote by D, the row of first order operators (—i0,,, ..., —i0y, ).
For d € N, let P = P(Dy) be a partial differential operator of order d with constant
coefficients on T" :

P(Dy) = Y _ p"og. (1.25)

% The symbol of P is the function P(§) defined for € € R" by:
PE) =Y p (i)~ with &= (&,....&), € =& &
lo|<d
% The principal part P = PP (D,) of P is defined as
PP(Dy) = Y pog.
|a|=d

which means that we only keep the derivatives of maximal order d.

With the discrete Fourier transformation %, (1.6), we have the fundamental formula
(Zoer P(Dy)u) (P) = P(P)(Fperur)(P), VP € Z".

Letnow L = (L;;)1<ij<n be a N x N system of order 2 with constant coefficients.
This means that for each 7 and j we can write

Lij(Dou =Y afyo5u.

ol <2

6 An operator is said to be Fredholm if it has a finite-dimensional kernel and a closed range of finite
codimension.
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The equation Lu = f corresponds to the N x N system of partial differential equations
N
ZLijuj:fia Z:]_,,N
j=1

Let k& € N. As an obvious consequence of the definitions, u € H**%(T") implies Lu €
H"(T") and there holds, with a constant ¢ independent of u:

1l < clu

;T — k42;Tn °

Conversely, if f € H*(T"), then the existence and uniqueness of a solution u € H**%(T")
of the equation
Lu=f in T" (1.26)

is contingent on a special property of L, the ellipticity. We start with the following fun-
damental result.

Proposition 1.2.2 Let L(D,) be a system of order 2 with constant coefficients on T",
and let LP"(Dy) denote its principal part.

(i) Let us assume that the following two-part condition is satisfied:

(a) V¢ € ST LP(€) is invertible

1.27
(b) VpeZ"  L(p) isinvertible. (1.27)

Then for all f € L*(T™), there exists a unique solution u € H*(T") to Lu = f.

(ii) Conversely, if the problem Lu = f is uniquely solvable in H*(T™) for all f ¢
L?(T™), then (1.27) holds.

Proof: (i) We assume (1.27). Since the function & +— LP"(§) is continuous on the
compact set S" ! there exists C; > 0 such that

ve €S [L7(€) M, < Ca

Here || - || . is the norm of the endomorphisms of C". Since the function & +— LP"(§)~" is
homogeneous of degree —2 we deduce from the previous inequality that
() ve e R\ {0}, 17(8) ", < Clél ™

Let us prove that there exists Cj, > 0 such that with {p) = (1 + |p|?)'/? there holds
@ ez, L), <Cilp)

Since L(p) — L (p) = O({p)), we deduce from (1) that for all 7 € C and p # 0

nllpl? < CulL” ()] < Cu(|L(p)n] + C'(p) 1))
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for some positive constant C” independent of p. This estimate yields (2) for (p) large
enough, say (p) > R > 1. The estimation (2) in the bounded set (p) < R is a direct
consequence of (1.27) (b).

Let f € L%(T"). Denoting by f(p) the Fourier coefficient Fpef(p), we set for all p € Z"

a(p) = L(p) 'f(p).

Using (2) together with the fact that f belongs to L*(T™), we find that

> (p)*a(p) < oo

pEZ™

( 27T n/QZu sz

pEZ™

Thus, setting

we obtain a solution u & H2(T") to the problem Lu = f. This solution is clearly unique.

(ii) From the unique solvability in H?(T™) of the equation Lu = f for all f € L*(T") results
the estimate (invoking the closed graph theorem)

u] < CIIf]

H2(Tn) LZ(Tn) *

Using this estimate for the special choice u(x) = ne®x ne CN, we find

Inl(p)> < C|L(p)n|.

We conclude that (1.27) (b) holds, together with the uniform estimates (2). Reversing the
steps of the proof of (i), we find that there exists R’ > 0, C’ > 0 such that:

(3) wp ez, (p) >R, |L"(&)7|, <C

Then (1.27) (a) is a consequence of the density in S~ of the set

p n—
{ﬂ; pez', |p| > R}.
P O

We deduce from Proposition 1.2.2 the following important corollary which is funda-
mental for the definition of ellipticity and also for the construction of parametrices for
elliptic problems.

Corollary 1.2.3 Let L be a system of order 2 with constant coefficients on T", and let
LP" denote its principal part. We assume that it is elliptic, that is L' (&) is invertible for
all & in the unit sphere S"~ — condition (1.27) (a). Then there holds

(i) There exists a system L of order 2 with constant coefficients and the same principal
part as L, and such that L defines an isomorphism from H*(T") to L*(T").

(ii) The system L defines a Fredholm operator from H*(T") onto L*(T™).



§1.2. ELLIPTIC OPERATORS AND BASIC ESTIMATES 33

Proof: (i) With L = (1 ... 1) € R", we set, cf. [53, Rem. 2.1.1];

).

Then E(p) = LP(p + %) Forall p € Z", p + 5 1'is not zero. Therefore the ellipticity
condition, which implies that LP"(§) is invertible for all £ # 0, yields condition (1.27) (b)
for L. Proposition 1.2.2 gives the invertibility of L.

(ii) Since LP" = L, and T" is compact, the difference L — L is compact from H?(T")
into L?(T™). Thus (ii) is a consequence of (i). O

l\’)h—‘l

L(Dy) = L” (D +

Remark 1.2.4 If L is elliptic and homogeneous of order 2, that is L = LP", then the
condition (1.27) (b) is never satisfied, because L(0) = 0. The kernel and cokernel consist
of constants u € CV. A

Remark 1.2.5 The simple case n = 1 is included in the results of this chapter. In this
case, we have a second order system of ordinary differential equations, and the ellipticity
condition (1.27) (a) is equivalent to the invertibility of the matrix multiplying the second
derivative. JAN

1.2.b Local a priori estimates for problems with smooth coefficients

Let €2 be a open setin R™ or in T". By x we denote Cartesian coordinates.

Definition 1.2.6 Let P = P(x;Dy) be a partial differential operator of order d with
smooth coefficients on Q:

P(x;Dy) = Y p*(x) 85, p* € €= (Q). (1.28)
|o|<d
* Its principal part is PP(x; Dx) = >_, _4 p*(x) 0%
x Let xo € Q. The principal part of the operator P frozen at x, is the partial
differential operator P®"(xq; Dy), homogeneous with constant coefficients:

PP (x0; D Z p*(x0) 0.
|oe|=d

x The principal symbol of P is the function (x,§) — PP (x; &) defined for x € Q
and £ € R" by the symbol in & of its principal part:

PP(x;€) = ) p(x with €= (£1,...,6,).
|a|=d
Let L = (Lyj),_; .y bea N x N system of order 2 with smooth coefficients in Q2:
Lij(Du =Y af(x)0gu, af € €>(Q), i,je{l,...,n} (1.29)
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If Q is bounded, then it is clear that the operator L is continuous from H*"?(Q) to
H"*(Q) for any k& € N. The converse estimate, namely of u by f globally in €2, is much
more difficult, and even impossible if {2 has a non-empty boundary. Nevertheless, if €2,
and ), are subdomains of € such that the closure €; is included in Q5 (which implies
that the distance between 0€); and OS2, is positive), and if L is elliptic, then it is possible,
knowing a priori a solution u of the equation Lu = f on {2, to give an estimate of the
Sobolev norms of u over the smaller domain €2; by the norms of f over {2, and the H!
norm of u over )5.

The property of ellipticity is defined by means of the principal part frozen in each
point, and for the latter it coincides with the notion of ellipticity introduced in Corollary
1.2.3.

Definition 1.2.7 Let L(x;Dy) bea N x N system of second order operators as in (1.29).
* Its principal part L™ is the system (L)), with LY (x; Dy) = >, _, afj(x) 0.
% Its principal part frozen at x is the system LP"(xq; Dy) with constant coefficients
LP"(x0; Dy) = (LE(x0;Dy))  with L (x0;Dy) = Y _ afi(xo) 05"
|a|=2
% The principal symbol of L is the matrix valued function

QxR" 3 (x,&) = L7 (x;€) = (L (x;€)) € Ly

% Let xo € Q. The system L is called elliptic at x if
VE €St LP(xo; &) is invertible. (1.30)

x The system L is called elliptic on ) if it is elliptic at x, for all x, € Q.

Example 1.2.8 (i) The simplest example of a scalar elliptic operator (i.e. with N = 1)
is the Laplace operator A = 97 + ...+ 92. Its symbol is — (& + ... + &%) = —|€]°.

(ii) A standard example of elliptic system with N = n is the Lamé system which can
be written as pAl, + (A + ©)V div, where A and p are real numbers, I, is the identity
matrix of dimension n, V is the gradient operator and div is the divergence, its adjoint
operator. For isotropic linear elasticity, A and p are positive, and L is elliptic. More
generally, L is elliptic for any couple (\, p) with o # 0 and X\ # —2p, see [63]. A

We will obtain the Fredholm theory for elliptic systems with variable coefficients, by
considering them as perturbations of the constant coefficient case. Using Corollary 1.2.3,
we first prove the existence of “local parametrices”, a kind of approximate two-sided
inverses. For this, the continuity of coefficients is sufficient.

Proposition 1.2.9 Let L be a second order system with €° coefficients, elliptic at xg.
There exists a ball By, centered at X, and an operator €, continuous from L*(B,,) into
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H?(B,,) such that for any ', ¢" € C€°(By,) with V"' = ':

Ly" & V'f ='fF+ Kf, VfeL*B,), (1.31a)
V&' Lu = 'u+ K'u, Yuc H*(B,,), (1.31b)

where K : L*(By,) — L*(By,) and K' : H*(B,,) — H*(B,,) are compact operators. In
fact, K is continuous from L*(B,,) to H'(By,), and K' from H'(B,,) to H*(B,,).

Proof:  As will be used in next chapters, let us denote by L, the principal part of L frozen
at Xp:

on (DX) = Lpl’(xo; DX)

Since L is elliptic at Xo, the system L, = satisfies the assumptions of Corollary 1.2.3. Therefore
there exists an operator L with constant coefficients on T™ which has the same principal part
as L at xq and is invertible from H?*(T") onto L*(T"). We choose R, € (0,7) so that
Br, (xg), the ball of center Xy and radius R, can be considered as a subset of T". We then
have the estimate for all R, 0 < R < R,

(1) | LP"u — u”o Br(xo) s jﬁgl)i ’a%(x) — 4 <XO)’ HUH2 Br(xo)

|x—x0|<R

Here the constant ¢ does not depend on R. Choose ¢ € 65°(B1(0)) with values in [0, 1]
and such that 1) =1 on B;/5(0). From (1) we deduce

Xp
)(Lpru — LXOU)HO;Tn < ci;;n@fi2 |a5(x) — ag(xo)] Hu”2;T" ’
[x—xo|<R

@ (>

Since we have assumed that the coefficients of L are continuous, this estimate implies that

3) e

for some non-decreasing function v > 0, which tends to 0 as R — 0 and is independent of
. We now choose R = Ry small enough so that

_XO r
) (L0 = Lyw) o < 9B ull,

4) HRIET <L

L(L2(Tn),H%(T"))

We define the operator £ on T" by

(5) e=L+o(Z22) (07 - L),

0

From (3)-(5) we deduce that £ is invertible from H?(T") onto L*(T"). We set

(6) By, = Bry/2(xo)-
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By construction we have £P'(x; Dy) = LP"(x; Dy) for all x € B,,, hence

(7) (L — £)|B is an operator of order 1.
X0

Let Py be the operator of extension by zero from B,, into T", continuous from L*(B,,)

into L%(T™). We define our operator &,, for f € L*(By,) by
Ef = (£7'Bof) \BXO € H?(B,,).

Thus

(8) L& V' =y'f, Vf € L*(B,,) and &, £¢'u=1'u, Yu € H*(B,,).

From (6)-(8) we can deduce (1.31a)-(1.31b). Indeed from (8), we have
LE W' =y'f+ (L — L)&'F,
and therefore with the commutator [L, V"] = L) — "L

LW/Qfxo Wf = ¢/,L€X0¢/f + [Lv ¢N} exow/f
_ W’Wf + w//(L . 2) szow/f + [L, w//] @xOWf
= ¢/f + ¢/,<L - 2) exod)/f + [L7 ¢//] QXOw,f'

This shows (1.31a) with

(9) K = ¢"(L — £)@0/'f + [L,0")€,u'F.

The operator K is continuous from L*(By,) to H'(B,,), because both 1"(L — £) and

[L, "] are differential operators of order one.

The identity (1.31b) is proved in a similar manner: From (8) we have

CoV'Lu = & Lu+ & ¢ Llu
= €L u+ & (L — L)'u+ & [¢, Llu
Pu+ & (L — L)Y'u+ & (¢, Llu.

This shows (1.31b) with

(10) K'u="€ (L — &)'u+ "¢, Lu.

O

Proposition 1.2.9 allows us to prove the basic local estimate which we are going to use
as a starting point for the proof of elliptic regularity (the gain of two orders of derivation)

and of analytic hypoellipticity.

Corollary 1.2.10 Let L be a N x N system of second order partial differential operators
with smooth coefficients on ). We assume that L is elliptic at xq € §). Then there exists
a ball By centered at xy and a constant Ay > 0 such that for all u € Hg(B;O) there
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holds

ull, .. < Ao(|Lull, ., + |u (1.32)

2; B;, 0; By, LBy, )
Proof:  Let B} be a ball with center xq strictly smaller than the ball B,, found in Propo-
sition 1.2.9. We choose the cut-off functions 7' and )" as in that Proposition and such that
Y =1 on By . The relation (1.31b) together with the continuity of &, implies for any

u € Hj(B;,) the estimate

lu+ K'ull,, ,. < c||Lull

2; By, 0; B,

Using the continuity of K’ from H'(B,,) to H?(B,,), we obtain estimate (1.32). O

Remark 1.2.11 The converse statement also holds: If the system satisfies the estimate
(1.32), then L is elliptic at xq, see Theorem 3.2.4 of [53]. A

1.2.c Problems with smooth coefficients on a compact manifold

Let M be a smooth n-dimensional manifold. This means that there is an “atlas” of
coordinate maps, that is a covering of M by open sets {/; and associated bijections ¢;
from U; to the open unit ball B C R" such that the coordinate transformations

g0, il VU — & (U NU)

are ¢*° diffeomorphisms between open subsets of B. A function v on M is of class
¢ if all its “expressions in local coordinates” ¢u := u o qb;l are ¢ functions on B.
Similarly one can introduce the notion of manifolds of class €** for k¥ > 2 by requiring
that the coordinate transformations are of regularity €.

A differential operator with smooth coefficients on M can be defined as an operator
mapping (M) to €°°(M) such that all its expressions in local coordinates are dif-
ferential operators with smooth coefficients on M . In local coordinates, one can then
define the notions of principal part, principal part frozen at a point and principal symbol
as in Definition 1.2.7. The objects so defined will at first depend on the choice of local
coordinates. Although it is possible to define underlying invariant differential-geometric
objects, we will not make the effort to do so, because the main concept of ellipticity and
the main results, such as regularity, will nevertheless be independent of the choice of local
coordinates.

For the case of the notion of ellipticity at a point, it is easy to see that the principal
symbols of two different expressions in local coordinates of the same differential operator
are related by a similarity transformation, so that they are simultaneously invertible or
not. The following definition therefore makes sense.

Definition 1.2.12 Let L be an N x N system of partial differential operators of order 2
with smooth coefficients on the smooth manifold M .
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* L is said to be elliptic at the point x € M if for any local coordinate map ¢; :
U; — B with x € U;, the representation of L in local coordinates ¢%L(¢5)~" is
elliptic at the point ¢;(x) € B.

* L is said to be elliptic on a subset §2 of M if it is elliptic at any point x € ().

By transport via local coordinate maps, the local parametrix construction of Proposi-
tion 1.2.9 and the local a priori estimate (1.32) of Corollary 1.2.10 remain valid if € is
an open subset of a smooth manifold M. The only change in the formulation of these
two propositions is in the interpretation of the term “ball”. The “ball” B, centered at
Xo € 2 C M now has to be understood as the image under gbj_l of aball B C R"
centered at ¢,(xo).

Proposition 1.2.9 now implies the Fredholm property for elliptic systems of order 2
in the case of a manifold without boundary. For basic facts about Fredholm operators, see
[41, 94].

Theorem 1.2.13 Let §2 be a smooth compact manifold without boundary. Let L be a

N x N system of second order operators with smooth coefficients, elliptic over (). Then
L defines a Fredholm operator from H*(Q) to L*(Q).

Proof: = We extract a finite covering {Bx : x € X} of € from the covering by all balls
By, %o € €1, provided by Proposition 1.2.9. Choosing an atlas on the manifold €2, we can
assume that every ball B, for x € X is contained in one coordinate domain and can therefore
be considered as a subset of R™. Let 1}, be a smooth partition of unity on ) subordinate
to the covering {By : x € X'}. Let 1)) be a smooth cut-off function such that 1,1, =
and with support contained in B, Then we set

E =Y /€.

xeX

X!

The operator E is continuous from L?(2) into H*(Q) and is a global parametrix of L,
which means that

LE =1+ K, K compact in L*(2), FEL =1+ K', K’ compact in H*(Q).

From this two identities, we see that FE is both a left and a right regularizer for L. Therefore,
by Atkinson's well-known theorem in [8], see also [64, Ch. 1], we find that L is Fredholm. [J

If 2 has a boundary (which is our main subject of interest), we will need estimates up
to the boundary. As we will explain in the next chapter, the existence of such estimates is
ensured by complementing the system L by a set of N “covering” boundary conditions
on Jf). Then similar estimates as (1.32) hold up to the boundary 0f in a neighborhood
of any point x, where 02 is sufficiently smooth.
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1.3 Interior regularity of solutions in Sobolev spaces

1.3.a Model elliptic systems on the torus

We start with the situation of model systems on T": For elliptic systems in the periodic
case, it is rather easy to prove a result on Sobolev and analytic regularity, which prefigures
what we will find later on in many different, more complicated, situations. We have here
in a nutshell the statements that will be labelled “regularity theorem”, “shift theorem”,
and “analytic hypoellipticity”.

Although it addresses a rather particular situation, we choose to present the proof
because of its simplicity. We start with finite regularity in Sobolev spaces and note that

we get uniform estimates in Sobolev norms.

Theorem 1.3.1 Let L be a system of order 2 with constant coefficients on T". Let u €
P'(T™)N be such that Lu = f with f € H*(T™) for a real number s.

(i) We suppose that (1.27) (a) & (b) hold. Then u € H*™*(T"), and there exists a
constant C'y, independent of s and f such that we have the estimates

lull, sy e < Co Ul (133)

s+2;Tn

(ii) We suppose that (1.27) (a) holds. Then u € H***(T"), and there exist two con-
stants C1, and M, independent of s and f such that we have the following a priori
estimates for all { < s + 2:

[Jull < CL(lfll, p + M lu] (1.34)

s+2; T — ;T )

Using the estimates (1.34) for all s € N and with ¢ = 0, we obtain immediately the
“analytic shift theorem” for elliptic systems with constant coefficients on the torus.

Corollary 1.3.2 Let L be an elliptic system of order 2 with constant coefficients on T",
that is condition (1.27) (a) holds. Let u € 2'(T™)N be such that Lu = f with f in the
analytic class A(T™). Then u belongs to the same analytic class.

Proof of Theorem 1.3.1: (i) When conditions (1.27) (a) & (b) hold, the estimate (1.33)
is a consequence of the expression (1.7) of the norm in H*(T™) by Fourier coefficients and of
the uniform bound on the inverse of the symbol

(1) IZ(P) I, < Culp) ™7,

valid for all p € Z" as shown in the proof of Proposition 1.2.2. Then (1.33) holds with
CL = Gy.

(ii) If condition (1.27) (a) holds, we have shown in the same proof that there exists 12 such
that (1) is still valid for (p) > R. Thus we use (1) to bound the Fourier coefficients tu(p)
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of u for (p) > R. For (p) < R, we simply write

(P)*a(p)| < RE24p)ap),

which proves the estimate (1.34) with M = R. U

1.3.b General elliptic systems

Letnow L bea N x N general system of second order operators with smooth coefficients,
elliptic over (2. Elliptic regularity theorems (also called shift theorems) give answers to
the following questions

(i) If © is compact without boundary and if u € H*(Q) satisfies Lu € H"(Q) with
k > 0, does u belong to H*™2(Q)?

(ii) The localized version of (i): For any subdomains €2, 2, such that Q; C Q, C Q
and any u € H?*(Q,) such that Lu € H*(€),), does u belong to H*"2(£2;)?

(iii) If © is compact without boundary and if u € H?*(Q2) satisfies Lu € A(Q), does u
belong to the analytic class A(£2)?

(iv) The localized version of (iii): For €;, Q5 such that Q; € Qy C Q and u € HQ(QQ)
such that Lu € A(£2,), does u belong to A(2;)?

The answer is “Yes” to the four questions, and the whole subsequent part of Chapter 1 is
devoted to the proof of this.

Answers to questions (i) and (ii) can be given by two different approaches:

— Combining Corollary 1.2.3 with Theorem 1.3.1, we can construct local parametrices
from H*(B,) into H**?(B,), like in Proposition 1.2.9.

- Relying on the basic H*-L? estimates provided by Corollary 1.2.10, one can iteratively
apply a priori estimates to derivatives of u, at any order.

In this section, we are going to prove interior regularity estimates in Sobolev spaces,
giving a positive answer to questions (i) and (ii), using the method of local parametri-
ces. In contrast, concerning questions (iii) and (iv), the iterative approach allows a better
control of constants with respect to the derivatives order %, which is necessary to prove
regularity in analytic classes. This will be done in the remaining sections of this chapter.

The main result on finite Sobolev regularity follows, first in integer order Sobolev
spaces, then in positive real order Sobolev spaces.

Theorem 1.3.3 Let k be a positive integer. Let ) be a domain in R™ or, more generally,
in a €**2 manifold of dimension n. Let L be a N x N system of second order operators
elliptic on ). We assume that the coefficients of L belong to €*(Q2).

(i) For any bounded subdomains Q, Qo such that Q1 C Qy C Q, if u € HZ(QQ)
satisfies Lu € H*(Qy), then u belongs to H*"(Q,) with the estimate

ol pe, < cllZull g, + Il o)

k‘+2; 1 —

where the positive constant ¢ depends on k, $)y, )y and L, but not on u.
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(ii) We assume now that ) is a compact manifold without boundary. If u € H*(Q)
satisfies Lu € H*(Q), then u belongs to H*™2(Q) with the estimate

Iull, oo < c(llZull, o + llull, o).

In addition, L defines a Fredholm operator from H**2(Q) to H*(Q), denoted by
Ly.. The kernel and the cokernel of Ly, do not depend on k.

Before proving this theorem, we deduce the following corollary which states the ex-
tension to non-integral Sobolev exponents.

Corollary 1.3.4 Under the conditions of Theorem 1.3.3, let s be real, 0 < s < k.

(i) For 4, Qy as above, if u € H*(Q,) satisfies Lu € H*(€,), then u belongs to
H*"2(Q)) with the estimate

[Jull < c([[Lull g, + [lul (1.35)

54+2;Q1 — i Q2 1;92)'
(ii) If Q is a compact manifold without boundary and u € H?*(Q) satisfies Lu €
H*(Q), then u belongs to H*"(Q) with the estimate
lull,,, o < clZul g+ ul, ). (136)
In addition, L defines a Fredholm operator Ly : H*"*(Q) — H*(Q). The kernel
and the cokernel of L4 do not depend on s.

Proof: Let ¢ be the integral part of s. From (ii) of Theorem 1.3.3, L, and Ly, are
Fredholm, and have the same kernels and cokernels. By the fundamental theorem of Hilbert
space interpolation, we deduce that L, is also Fredholm, with the same kernels and cokernels.
This proves (ii) for all s € [0, k] and we deduce (i) by localization. U

The proof of Theorem 1.3.3 relies on refined properties of local parametrices &,
along the lines of Proposition 1.2.9. Let us prove these first.

Proposition 1.3.5 Let k be a positive integer. Let L be a second order system with €*
coefficients, elliptic at x. There exist a ball By, centered at X, and an operator &, (the
local parametrix) enjoying the same properties as in Proposition 1.2.9, with, moreover:

x &, is continuous from HE(B,,) into H*2(B,,),

% The compact operators K and K’ satisfy the following continuity properties: K is
continuous from H*(By,) to H*(B,,), and K’ from H**'(B,,) to H"(B,,).

Proof: = We start from the same operator £ on T" defined by equation (5) in the proof of

Proposition 1.2.9:
X — Xp

e=L+o(Z22) (07 - L),

0
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From its construction, £ is an isomorphism from H?(T") onto L?(T™). Then we have to
apply a difference quotient argument to deduce that £ is also an isomorphism from H**2(T")
onto H¥(T") (see Lemma 1.3.6 below).

Next, we consider the operator of extension by zero from By, into T" as a continuous operator
B from HE(B,,) into H*(T™). We define now our operator &, for f € Hi(B,,) by

Ef = (£7'Puf) |, € H2(By,).

The end of the proof relies on the same arguments as in the case £k = 0, considered in
Proposition 1.2.9. ([l

Lemma 1.3.6 We assume that L is a N x N second order system with €* coefficients
on the torus T™ which is an isomorphism from H?(T") onto L*(T"). Then L defines also
an isomorphism from H**?(T") onto H*(T").

Proof: It is clearly enough to prove that for any f € H*(T"), the solution u € H*(T")
of the equation Lu = f, belongs to H*"(T") .

Let k = 1 and let us prove that u belongs to H*(T"). Let j € {1,...,n}. For h€ T, we
introduce the difference quotient A”(v) in the direction of x; of a function v € L*(T") as

v(x + he;) — v(x)
- :

Here e; is the unit vector in the direction of ;. There hold the implications

h . n
Aj(v). T 5 x +——

O,v € L*(T") = A"(v) bounded in L*(T") as h — 0,

; ; X (1.37)
Aj(v) boundedin L5(T") as h —0 = J,veL(T").

Since u belongs to H*(T™), by linearity A’(u) belongs to H?(T"). From the estimate

vl < ClILV| e

we deduce the uniform estimate in h € T:

(1) > llogatw)lly, < CILAY (W], -

|a|=2

[0}

But, denoting by Aj_hL the second order operator with coefficients Aj_h(aij), we have

(2) ILAT ()], < [|A7(Lu)

—h

[

Since the coefficients of L are €', those of Aj_hL are bounded with respect to h. Therefore

(3) (AT L)u,.,, < Clul

T 2;Tn *

Since, moreover, Lu belongs to Hl(T”), we obtain, owing to (1.37), that the right hand
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side of (1) is uniformly bounded for h € T. Therefore, by (1.37) again, we obtain that
9y,08u € LA(T") for j =1,...,n. Whence u € H*(T"). The proof proceeds in a similar
way for k > 2. 0

Proof of Theorem 1.3.3: (i) Let us assume that k¥ = 1 and take u € H?*() such
that Lu € H'(Q). Let xo € Q1. Using Proposition 1.2.9, we choose the ball By, small
enough so that it is contained in a domain €2, CC (2. Let By the ball with center x¢ and
radius half of By,. Then we take the cut-off functions ¢ and " so that ¥/ =1 on B} .
Relation (1.31b) together with the continuity of &, : H}(Byx,) — H*(By,) (Proposition
1.3.5) implies that 9’ (u 4 K'u) belongs to H?(B,,) with the estimate

lu+ Kl . < CllLu],

3; B3,
Using the continuity of K’ : H*(B,,) — H?(B,), we deduce

lully 5. < C(ILull, 5+ lul

3355, 2; Bxg )
We extract from the balls B}, xo € €1, a finite covering of ;, and find that u € H*({2;)
with the estimate

(1) lull,, o, < C(ILull,,q, + [lul

1; 8% 2;Q’2)'

Since 2}, CC 2y, we prove in the same way

@ lull, o, < CUI Ll 0, + lull,, )

From (1) and (2) we deduce the estimate

) lull, o, < C(ILul, o, + lull,o,)-
The general case £ > 2 follows by induction since the above arguments show that the result
for k — 1 and Proposition 1.3.5 imply the result for k.

(ii) The regularity and estimate are obvious consequences of (i). The Fredholm property
is a consequence of the regularity and of the Fredholm property from H?*(Q) into L*(Q)
(Theorem 1.2.13). U

1.4 Basic nested a priori estimates

We present now estimates in some “weighted” semi-norms, in our way towards analytic
estimates. We start with a more local situation. We fix a point in ) and suppose that it
coincides with the origin 0 of R". Let By be the ball of center 0 and radius R. If L
is elliptic at 0, then according to Corollary 1.2.10, there exists a positive radius R, such
that the interior estimate (1.32) is valid for all u € H2(Bg,).
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To proceed further, we can forget the definition of ellipticity and take one consequence
of ellipticity, namely the interior H? estimate (1.32), as a starting point: For all u €

H(Bk.):
> lorul, < AO<HLUHBR* + 3 orall, ) (1.38)

o] <2 o<1

where the positive constant Ay does not depend on u. As a matter of fact, estimate (1.38)
is the unique foundation of the local estimates of higher order on which we will base the
proofs of analytic regularity. For this reason, (1.38) will be our sole hypothesis for the
following statements (lemmas and propositions 1.4.1 to 1.6.3). It is true that (1.38) holds
if and only if L is elliptic at 0, but from a technical point of view it is interesting to notice
that everything can be deduced from a single estimate (and from the control of derivatives
of the coefficients of L in the case of variable coefficients).

Without much difficulty one can deduce from (1.38) some a priori estimates of the
H"™2 norm of u by the H* norm of Lu, but without control of the constants with respect
to k. Let us explain this first. For 0 < R' < R < R,, let ¢ € ¢5°(Bg) be a cut-off
function such that ¢ = 1 on Bg . Let u € H*(Bg,). Then ¢u belongs to H2(Bg, ). The
estimate (1.38) applied to ¢u gives

> loull, < colR, R) (HLuH + 3 ol ) (1.39)

o] <2 o<1

We may apply the above estimate to any 9°u, |3| < k, instead of u and find

> l0vul, < al® R 0oLl + > 9%l ).

| <k-+2 lal<k lal <k-+1

Iterating and composing similar estimates for k£, k—1, ..., 1 associated with intermediate
radii we find eventually

S 0l , < G R (Y oLl + Y ol ).

|| <k4-2 |a| <k la|<1

The analytic estimates needed for answering questions (7ii) and (iv) require controlling
the behavior of the constant ¢} (R, R') with respectto R', R and k. In fact, in the end we
would only need to know its behavior with respect to &, but in order to get there, we have
to use intermediate radii, and this requires a precise control of the blow up of ¢, (R, R') for
R’ near R. This will be done by means of a special family of cut-off functions y g , which
we introduce now. Let x be a smooth function in €>°(R) such that y = 1 on (—o0,0)
and x = 0 on [1,400). Let R and p be suchthat 0 < R < R, and 0 < p < R, and
define the cut-off function

x| — R+
Xrp: Xr— X <HTP) (1.40)
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which equals 1 in Br_, and 0 outside Br. We note the following important bound on
the derivatives of g,

3D >0, VR (0,R.], Vpe (0,R), Va, |a| <2, [0%r,| < Dp7™.  (1.41)

Using these cut-off functions, we first prove a more precise version of the a priori
estimates (1.39), where the distance p := R — R’ between Bp and the boundary of
Bp acts as a parameter. It turns out that it is natural to consider seminorms of the form

|| 1] A
P[0 ull

Br—|alp

Lemma 1.4.1 Let L be a N x N second order system with €°(Q) coefficients. We
assume that estimate (1.38) holds for all u € H3(Bg,). Let u be any function in H*(Bg)
with R < R, and let p € (0, %) We have

la] || Ao 2 la| || 9o
|§<:2p jovull, <A (lul,, +|§I<:1p loull, ). (142

where the positive constant Ay is independent of R and p.

Proof:  Applying estimate (1.38) to the function X g ,u and using the bounds (1.41) for
the derivatives of xg , we find that

S llorull,, < A(Izull, + > p 0%l + el ).

laf=2 laf=1

Multiplying by p* and applying this estimate for R — p instead of I, we obtain

PP Nl < Ai)(pQIILUHBH + Aol A+l )

|af=2 |laf=1

Adding 37, <, Pla‘Haa”HBR,W on both sides, we deduce (1.42). O

1.5 Nested a priori estimates for constant coefficients

Since the constant coefficient case allows much simpler proofs, we begin with this case,
leaving the variable coefficient case for a second step in the next section.

With the parameter dependent local interior estimate (1.42) we are ready to prove
estimates for all derivatives.

Proposition 1.5.1 We assume that L is a N x N second order system with constant
coefficients and that estimate (1.38) holds for all u € H2(Bg,). There exists a constant
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/BRp

W Br_s,

BRpr

Figure 1.1: Nested neighborhoods for interior estimates (balls and rectangles)

A > 1 such that for all R € (0, R.], for all p € (0, kf2] and for all k € N with
u € H*"2(Bg) there holds

> oluly, < 3 AT

R—p—|Blp
oo <k+2 181<k

+ Akt Zp\alnaauHBR_l . (1.43)

o<1

Proof:  Let 3 be any multi-index of length |3] = k. We use estimate (1.42) with 9”u
instead of u and with R — |3|p instead of R, which gives

lal || 9 9B 2 &) lal || B
> Ao ], e, = A1 (p 10 U)HBH%;LZ pfjo"o "HBR,‘B,,J,,M)'
|a]<2 la]<1
Since L has constant coefficients, it commutes with 9°, thus L(0°u) = 9” Lu, which gives
lal || 9o+8 < ( 2|1 95 lal || 9o+8 >
|Z<2p [0 ull,, < A(p10Lul,, |§<:1p 0"l )

Multiplying both sides by pl?l and summing over all 3 such that |3| = k, we obtain in
particular

el | Hor 248111 98
> lerul,, <A A0,

jal=k+2 =
jal | g ) 1.44
O e, ). a4

|oo|=F,k+1

where the constant A; is still the same as in (1.42) (therefore independent of k£ > 0). The
proof of (1.43) now follows by an induction argument over k: For k = 0, (1.43) holds with
any A > A; by (1.42), and (1.44) allows to go from k — 1 to k as soonas A > A; + 1.
l
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Note. This class of arguments is known as the nested open set technique, by reference to
the nested balls Br D Br_, D ... D Br_(14+2),, see Fig. 1.1.

Remark 1.5.2 If convenient, we can choose other “standard” domains than balls. An
example are boxes of the form, see Fig. 1.1,

bj—aj

Br = (a1,b1) X ... X (an,b,), with R= min

In this situation, a corresponding suitable definition for the nested domains Br_, is

Br_, = (a1 4+ p,by — p) X ... X (ay, + p,b, — p).

Estimates (1.43) are still valid for such domains because the construction of a generic
cut-off function xp , with the same properties is possible: Translating coordinates, we
may suppose that a; = —b; and, instead of (1.40), we take

If polar or spherical coordinates are applicable, it is also possible to use domains which
are “rectangular” in these coordinates provided the origin of such coordinates does not
belong to the closure of the largest domain under consideration, see later, Ch.2.

The only essential feature of such a sequence of domains is the possibility of being asso-
ciated with cut-off functions x g , such that the bound (1.41) holds. A

1.6 Nested a priori estimates for variable coefficients
If the coefficients ag; in (1.29) are no longer constant, then the commutators
[L,0°):=L0” —9°L and [L,AM:=LA" - AL

of L with 9” and A? are no more zero. Nevertheless, their orders are strictly less than
the sum of the orders of the operators involved: The order of [L, °] is at most |3|+1 and
(L, A?] tends to a second order operator as h — 0. Using these simple arguments, it is
easy to extend Lemma 1.3.6 to the variable coefficient case, in contrast with Proposition
1.5.1 which does not immediately carry over in its current form.

We will have to estimate commutator norms of the form

PP a(x)0P0%u — 9% (a(x)0%u)|

Y
Br—p-|81p

where (3 is an arbitrary multiindex, « satisfies |o| < 2, and p is any positive number

such that p < 2(\5—}\12)' In order to prepare the introduction of the weighted semi-norms
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on u which allow to bound quantities like above, we start by investigating bounds for
typical terms

. R
N = p|la(x)0%0%u — 8ﬁ(a(x)aau)”BR,(b,l>p with b:=|a| +|F| and p < %’

where the coefficient a satisfies the analytic estimates
Vy e N, |07a] < MPH5|! on Bp.

Here M is a positive constant independent of ~.

Commutator estimate:  We use the Leibniz formula

Gl
0M(adu) =Y  ———— 070 "0
Tt N(B—)!

together with the combinatorial inequality

B ol
NE =) = M8 = 1!

and find, since the contribution of v = 0 is absent from N:

!
N < p Z Mlvlﬂﬁ ||aﬁ 70%ul|
1<y], v<p

|8l

ST DD D A N TP

|
g= 1|,7| g, 7<p3 |ﬁ| ) ‘5| \5 VFo ‘

Br_(b—1)p

Br_(b-1)p

By induction on n, we check that ZI =g = < (g+ 1)""*. This bound implies that

b—|a
_ b—|al)
N < pb + 1) 1Mg+1(— ax (129
=7 g:zl<g ) (b — ol —g)! |<5I\nbX | UHBR—(b—l)p
(b~ Jal)!
< b _ n—17 rb—d+1\Y — |&])* 5
<p d;al(b d+1)""'M a—lal wax |l

A contribution for d = 0 appears only if |o| = 0. We denote it by Ny. We have

No = p°(b+ 1) MO [|ul|

Br—(v-1)p
We denote the remaining part N — Ny of N by ;. We can see that (because % <1)

b—1
bl
Ny <" (b—d+ 1Mt 7l 10%ul|

= ‘ Br_(b—1)p
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Let us study IV first. A derivative 9%u of length d should be associated with p?. We write:

S

-1
N (b—d+1)n 1pb de d+1
1

7l (p maxHa uH o 1),,)'

Y
Il

We process the factorial terms d! and b! with the Stirling formula, which we use in the form

m™e~"™m\/m

e (1.45)

ds,s', VmeN: 0<s<

We see that (1.45) implies that there exists a universal constant cg such that

=

-1

- b b
Ny <cgy (b—d+ 1)t phmdpgbmdrled= ”\/; < (p maX\Ié"SUHBRf(HP)-

.
Il
—

Let us now take advantage of the fact that p < 2—12. We find:

o

-1

Ni<es ) (b—d+1)"" 1M<R2i4> % (g)d (pdﬂélli{; l°ully, )

it
)

A priori, the factor (%)d hampers the estimate. The way to absorb this factor is to couple it
with pd inside the seminorm expression. The reason for this possibility is the “small” domain
of integration Br_(;—1), for the seminorm (instead of Br_g,): As a consequence, for each
value of d we may introduce the new distance pj := (b—1)p/d. Then Br_(—1), = Br_ap,

and the above inequality becomes

o

-1

Ny <cg) (b—d+1)"" IM(}Z](Y) b (ﬁ)%(ﬂé)d?ayla‘WHBR p )

1 |= —dgy

T

Noting that

b \¢ b b
<m> Se and —Sagb—d‘i‘l for 1§d§b—1,

we simplify the above estimate into

b-1 RM "Nd )
Ny < eseM S0 —d+ 1" () () max [0%ull, ).
d=1

Concerning Ny, simpler calculations give

n RM ’
NO S CSM(b+1) ( 2e > HUHBRf(bfl)p‘

O

Keeping trace of p/; in the bound of NV, is technically complicated, but not necessary.
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Instead we introduce the following weighted seminorms of Sobolev-Morrey type, and in
this way, we have proved Lemma 1.6.2 hereafter.

Notation 1.6.1 (i) We set [[ul] , = [lull, _andfor (€N, (>0

01190
U '= max max p ||0°u .
1, = mas, max 10l
ii) We set for ¢ € N: 2 = ma max p*||0° .
(ii) Py UfHE;BR o< p<2(}§11) T ‘_X p ” fHBRf(éJrl)p
Here p? does not denote a real number, but is a symbolic notation. JAN

Lemma 1.6.2 (Commutator estimate) There exists a universal constant cy such that
the following holds: Let R > 0 and let a be an analytic function satisfying |07a| <
MYy on By forall v € N, Let o and (3 be any multiindices and b = |a| + | 3.
Then for all p € (0, 3] there holds

b—1

RM\ bv—d
Plla(xd’du — (@ wll, <MY (b—d+1)" (2—6) [1ul] s, -

d=0

We are now ready to prove the statement corresponding to Proposition 1.5.1 in the
variable coefficient case.

Proposition 1.6.3 We assume that L is a N x N second order system with analytic
coefficients in By, and that estimate (1.38) holds for all u € H3(Bg,). There exists a
constant A > 1 such that for all R € (0, R,] and for all k € N with u € H*"(Bp)
there holds

k 1
(Ul i, < DA DI LU, + A ], (146)
£=0 =0
Proof: Let p € (0, 2(k—}—2+2)) We can apply Lemma 1.4.1, therefore estimate (1.42) holds.

In the variable coefficient case, we obtain now, instead of (1.44):

< A1<maX P98 L

o) g
max_p°l|o°u] o

la|=k+2 Br-lalp

+ max p?M9|[L, 0%ul| max o%ull, ). (147

|8|1=k Br—p-181p |a|=F,k+

where A} = Ajc(n), where ¢(n) > 0 depends only on the space dimension n. We apply
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Lemma 1.6.2 for |3| = k and |a| < 2 (thus b < k 4 2) and obtain

R\ k+2-b
=) UL %l

PNL Pl < (5

Br_(b-1)p

b—1
RM b4
SCOMZ(b_d+1)n<2_e> U“Hd;BR
d=0
k+1
< Z(KR)k+l_d Uqu;BR
d=0

with positive constants ¢; and K, independent of 3 and R for R < R,. Taking the max
over p in (1.47) gives

k+1 k+1

[lul] 0., < A1 <p§ [Zull, 5, + > [lul] 4 p,, + > (KR Uqu;BR)

d=k d=0
k
< A2 (pi [|LUH;€;BR + [|U|L€+1;BR + Z(KR)k_d |:|u|]d;BR>‘ (148)
d=0

Let us prove (1.46) by induction over k. It holds for k = 0 if we choose A > Ay. We
then assume that (1.46) holds for 0,...,k — 1. In the right hand side of (1.48), we use the
estimate of Uqu.BR provided by the induction hypothesis and obtain

1

k-1
UquJrQ;BR < A (szLqu;BR + ZAk_K P ULUHZ;BR + A" Z [|“He;BR
=0

=0
k d—2 1
+Z(KR)k—d {ZAd_l_eszL“He;BR +Ad—lz U””e;BR})'
d=0 (=0 =0

The remaining task is to gather the coefficients in front of p2 “LUHZ-BR and UUHZ-BR and

finally, find sufficient conditions on A so that the above inequality yields (1.46) for d = k+2.

(i) For pf“LuHZ_BR: With £ =k or k — 1, it suffices that A > Ay. With £ < k — 2, the
coefficient divided by A*+1=¢ is equal to

Ay (Afl n dzj;Q(KR>ded1eA(k+1£)> _ % <1 LAl dzl;:r2 (%)k_d)_ (1.49)

We look for conditions on A so that the above expression is less than 1. For this it suffices,
for example, to require that 2K R < A, 1 < A and 34, < A.

(ii) For Uu]]E.BR with £ = 0 or 1, we find that the coefficient divided by A**1 is here given
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by
k
A, (A—l X Z(KR)k—dAd—l—éA—(k—i-l—Z))
d=0
which is less than 1 under the same conditions on A. This ends the proof. [

Remark 1.6.4 Let k be fixed. If the coefficients of L are in €*(Bp,) only, there still

exists M such that [97a| < M"*|~|! for all ~, |y| < k and for all coefficients a = af;

of L. The estimate (1.46) is then still valid up to this value of k only. JAN

Remark 1.6.5 Let the dimension n be fixed. The constant A in estimate (1.46) continu-
ously depends on R,, on the constant A, in (1.38) and on the analyticity modulus of the
coefficients of L on Bp, i.e., the least constant M such that

Va, o] <2, Vi,j=1,...,N, Yy eN", |07af| < MN*y[l on Bp,. (1.50)

Thus A can be chosen uniformly for any family (L7), of elliptic operators such that R,
and Ay can be taken independently on 7, and such that the analyticity moduli M7™ of the
coefficients of L" are uniformly bounded in 7. A

1.7 Interior analytic regularity

With the help of Proposition 1.6.3, we have now all material at hands to prove the interior
analytic regularity of solutions (the analytic hypoellipticity of elliptic operators).

Theorem 1.7.1 Let ) be a domain in R™ or, more generally, in an analytic manifold of
dimension n. Let L be a N x N system of second order partial differential operators
with analytic coefficients, elliptic on Q2. The analytic class on ) is denoted by A(QQ), cf.
(1.16).

(i) For any bounded subdomains 0y, Q such that Qy C Qs C S, there exists a
constant A such that for all k > 2 and u € H*(Qy) such that Lu € H*2(Qy)
there holds the a priori estimate

k—2 1

1 k+1 1

o, €4 (ZE ]Lu]&QQjLZ]u\&QQ). (1.51)
/=0 =0

If u € H*(Qy) satisfies Lu € A(Q), then u belongs to A(£)).

(ii) We assume now that Q) is a compact manifold without boundary. If u € H*(Q)
satisfies Lu € A($2), then u belongs to A((Q2).
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Proof:  The key point is the proof of the analytic estimate (1.51). Let {2 be a domain
in an analytic manifold M and ©; C Qs C Q. For each point Xo in §; there exists a
neighborhood Us(xg) of X contained in (23, a ball By, in R™ and an analytic map ¢ from
Us(xo) onto Bg, . The equation Lu = f in Us(X,) becomes

[u/ﬁ:finBR* with ﬁogb:uandfogb:f.

The operator L has analytic coefficients in the ball By, . By Corollary 1.2.10, estimate (1.38)
holds for L in a neighborhood of 0. Then Proposition 1.6.3 gives that there exist positive
numbers Ry and A so that the following estimates hold for all R < Rj and all £ € N,

k>2,
1

Vs, < ZA’“ — |Lu|] +A’“Z [lal],. p, - (1.52)

(=0
As a consequence of the deflnltlons, we have the inequalities:

( n—1)/2 s RANFE o
(k+1)"=v/ “qu;BR = <ﬁ> |u|k;BR/2

RA\2+H L
) L

2 Yo
pellLal], 5 < (2—5 v B (1.53)

With the help of Stirling's formula, we deduce from (1.52) and the inequalities (1.53) that,
with a new constant A independent of k and R < Ry, we have:

x>

-2 RE 1
Ak—t 7 Ak -
LD S AT S
/=0

L

Rk:

I
o

Note that A and Ry still depend on the center point XO in Q1. We fix R = R(xq) <
min{ Ry, R.} and denote by U;(xo) the pull-back ¢ '(Bgxy)/2). Combining the above
estimate with estimate (1.22) for the analytic change of variables, we obtain

1

1 k+1
H |u|k ;UL (x0) — A <Z g' [ ; Uz (x0) + Z |u|€;1/{2(x0) ) (154)

Here A,, is a positive number independent of k£ and u. Extracting from the set of all open
sets Ui (xo), Xo € Q4 a finite covering of the compact set €, we conclude the proof of
(1.51).

The remaining parts of Theorem 1.7.1 are now obvious. 0
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Chapter 2

Estimates up to the boundary

Introduction

In this chapter, we continue the discussion of elliptic problems on smooth domains by in-
troducing and studying elliptic boundary value problems on domains with smooth bound-
aries. As in the previous chapter, we consider second order N x N systems of linear
partial differential equations, and we complement them by boundary conditions given by
systems of linear partial differential equations of order zero and one.

This is again classical material, which we present in such a way that the results and
techniques introduced here can be used — both by applying directly the results where
they are applicable and by modeling more complicated techniques on these simpler ones
— in later parts of the book treating domains with non-smooth boundaries. We prove
the standard main results on local and global a priori estimates and regularity up to the
boundary to any order in Sobolev spaces and in spaces of analytic functions. The local
versions of these results are valid also near smooth parts of the boundary of non-smooth
domains.

Whereas the results presented in this chapter can be considered standard, we put the
emphasis on three more technical aspects of the analysis of elliptic boundary value prob-
lems:

a) We describe in detail the relation between a boundary value problem with variable co-
efficients set on a domain with smooth boundary and its associated “tangent” model
problem with constant coefficients set on a half-space. Later on, on domains with
conical points or edges, we will have to consider several such tangent model prob-
lems set on certain model domains invariant under certain symmetry groups. These
model problems allow at least partial algebraization via the Fourier transformation
corresponding to the symmetries, thereby giving rise to “symbols”, simpler operators
whose invertibility is the key to ellipticity.

We have seen this technique in a nutshell in the first chapter, where the associated tan-
gent problem was the system with constant coefficients corresponding to the principal
part frozen in a point, acting on the whole space R" or the periodic space T", and
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b)

the associated symbol was the principal symbol of the system, an operator of multi-
plication by a matrix function, obtained by Fourier transformation on R" or T". In
the present chapter, the associated tangent problem is a boundary value problem with
constant coefficients on the periodic half-space T’ which can be algebraized partially
by tangential Fourier transformation, resulting in a family of boundary value prob-
lems for systems of ordinary differential equations on the half-axis R ;. We use the
invertibility of this family as our definition of ellipticity, leaving aside the well-known
discussion of the solutions of these boundary value problems on R, which can lead
to a completely algebraic formulation of the Shapiro-Lopatinski ellipticity condition.

We propose a specific framework for the global formulation of boundary conditions.
Whereas ellipticity is a local condition, to be satisfied in every interior and boundary
point of a domain, applications may provide boundary conditions in a global formula-
tion which does not fit into the purely local definition of elliptic boundary conditions
often found in textbooks. An important class of such elliptic problems are problems
in variational form, which we will discuss in detail in Chapter 3. There one has to take
the essential and the natural boundary conditions together to constitute a set of bound-
ary conditions that might satisfy an ellipticity condition. Now it may happen that due
to the non-trivial topology of the boundary, the number of equations required to write
these conditions in a smooth form exceeds the number of conditions admissible for an
elliptic boundary value problem.

Let us look at a very simple example for this phenomenon (this is discussed in more
detail in Chapter 4): The equations of linear elasticity for the displacement of an
elastic material filling a ball in R? and satisfying “non-sliding” boundary conditions.
These conditions are expressed by the vanishing of the tangential component of the
displacement (essential b.c.) and the normal component of the traction (natural b.c.)
on the boundary. Now for this situation of a second order 3 x 3 system, the number
of partial differential equations on the boundary defining the boundary conditions has
to be 3, before one can even discuss whether ellipticity conditions are satisfied or not.
In our case of a sphere, however, the conditions just described cannot be formulated
globally by 3 equations with smooth non-vanishing coefficients; one needs 4 at least.
Locally, it is possible to introduce coordinates such that the vanishing of the tangential
component can be described by 2 equations; globally it is not.

Our proposed solution for this dilemma is to write the boundary differential operators
as the product of systems of differential operators and of projection-valued functions,
one system each for the operators of order zero and for those of order one. The to-
tal number of components may thus exceed the number /N allowed for an elliptic
boundary value problem, but we require that the sum of the ranks of the two pro-
jection operators is equal to that number N. In our simple example, the projection
operators would be the operators of projection onto the tangential and onto the normal
components of a vector, thus reducing the total number of components from 4 (or 6
or even 12 for some other quite natural formulations of the same conditions) to the
required dimension N = 3. The introduction of these projection operators allows us
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to subsume the elliptic boundary value problems in variational form under the general
theory of elliptic boundary value problems.

¢) We give a complete proof of the analytic regularity up to the boundary for elliptic
boundary value problems with analytic coefficients near analytic parts of the bound-
ary. We present the nested open set technique and Morrey’s weighted norm estimates
in complete detail and in a form suitable for generalization to the case of non-smooth
points on the boundary in later chapters.

Like in the previous chapter, we start with functional analysis (trace spaces of the
Sobolev spaces), before introducing elliptic boundary conditions and the technique of
parametrices at boundary points, which together with the nested open set method allows
us to prove local estimates valid up to the boundary. Then we use a bootstrapping method
to get higher order local a priori estimates in their “analytic” version, first in the constant
coefficient case, where the understanding of the main arguments is easier, and then in the
variable coefficient case, concluding with the proof of Fredholm properties and analytic
hypoellipticity.

Since we use the method of local parametrices, our approach for obtaining higher
order regularity is founded on similar tools as the calculus of boundary pseudodifferential
operators which is also often used to prove regularity of elliptic boundary value problems
in the literature [18, 90, 94, 91]. With this technique, it is also possible to obtain results
on analytic regularity [92].

Nevertheless, in view of the generalizations to non-smooth domains, we prefer to build
on the more classical approach to higher regularity ([4, 5]) and its generalization to the
analytic framework ([70, 59]).

Plan of Chapter 2

81 Trace spaces of Sobolev spaces. The model for a domain and its boundary: The
periodic half-space.

82 Definition of elliptic boundary value problems for model and general systems: The
covering condition and the global writing of boundary conditions with fields of
projection operators. Local parametrices. Basic a priori estimates.

83 Higher order regularity of solutions up to the boundary. Fredholm theorem in
Sobolev spaces.

84 Basic a priori estimates up to the boundary in nested concentric half-balls, taking
the difference of radii into account.

85 Order-independent estimates in nested concentric half-balls in the case of an oper-
ator with constant coefficients.

86 Order-independent estimates in nested concentric half-balls in the general case of
variable (analytic) coefficients.

87 Analytic regularity up to the boundary for solutions of elliptic boundary value prob-
lems with analytic coefficients and analytic data.
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88 Extension of the notion of smooth domain, using geodesic completions and ex-
tended boundaries — to handle double boundary points.

Essentials

The regularity results obtained in the previous chapter hold only in the interior of a do-
main and thence globally on manifolds without boundary; on a domain with boundary
they cannot be true if the considered subdomains touch the boundary. The reason is that
the solutions of even homogeneous elliptic equations with constant coefficients can grow
arbitrarily fast towards the boundary. Therefore there cannot hold any global control of
the solution and its derivatives solely by the right hand side of an elliptic partial differen-
tial equation. Now some of the irregular behavior of the solution near the boundary will
already be eliminated by the choice of function spaces in which we look for solutions,
typically Sobolev spaces H'(2) or H?(2), but in order to gain uniqueness of solutions or
even Fredholm properties of the problem, or estimates of Sobolev norms up to the bound-
ary of the solution in terms of the right hand sides, one has to impose further conditions
on the boundary behavior of the solutions.

Such boundary conditions are typically given in the form of partial differential equa-
tions to be satisfied on the boundary, and they are defined by differential operators that will
be required to fulfill an ellipticity condition with respect to the second order elliptic sys-
tem, the covering condition, also called complementing condition or Shapiro-Lopatinski
condition.

The first parts of this chapter present the standard definitions of Sobolev spaces on
domains and their trace spaces on the boundary. Then we define and discuss ellipticity
conditions on the model domain T” = T"~' x R, the periodic half-space of dimension
n > 2, before introducing the central notion of an elliptic boundary system near a smooth
boundary point of a domain or globally on a smooth bounded domain. On the basis of
this definition, one can then use techniques very similar to those applied in the previous
chapter and obtain a priori estimates, estimates for higher derivatives, and finally analytic
estimates for the solution of an elliptic boundary value problem in terms of the right hand
sides in the domain and on the boundary.

We continue to consider second order N x N systems of linear partial differential
operators on domains €2 in R” or in manifolds of dimension n. To exclude degeneracies,
we treat only the case of dimension n > 2. Then the boundary 02 is a smooth manifold
of dimension n — 1, and we have the notion of Sobolev spaces on such a manifold as
defined in the previous chapter in Section 1.1.a, see (1.4) and (1.8). For functions in the
Sobolev space H*(€2), we will typically have to consider the space of traces of order 0
and 1, namely the Sobolev spaces H*~2 (92) and H*~2(9%2), respectively.

An important special case are Sobolev spaces on the periodic half-space. Functions u
on T” can be expressed in terms of their tangential Fourier coefficients a(p’), p’ € Z"*
which are functions of the normal variable ¢ on the half-axis R, . A useful observation
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expressing the isotropy of the Sobolev norms is the norm equivalence for s > 0
1
~ (114 2 2s5—1 . 2 2
el = (1O, + >0 P D), ) (2.)
p'eZn=1\{0}
with the notation (§,v)(t) = v(;) for p > 0.

As a first step towards the definition and investigation of elliptic boundary value prob-
lems on general smooth domains, we consider suitable model problems, namely boundary
value problems with constant coefficients on the periodic half-space T’} with boundary
I', of the following form

Lju = fj in Ti, ]:1,7N
Tyu = g on [’ k=1,...,N; (2.b)
Dyu = hy on [, k=1,..., Np.

Here L;, T}, and D), are linear partial differential operators with constant coefficients of

order 2, 1 and 0, respectively. We will often write the system (2.b) in more condensed
form as

Lu = f in T7,
Tru = g on I' (2.0)
Dru h on I

oreven as {L,Cr}u = {f,b}. Here Cr = (1, Dr) stands for all boundary operators,
and this notation includes the operation of restriction to the boundary.

By periodic Fourier transformation in T"!, the boundary value problem (2.b) be-
comes a sequence of boundary value problems for a system of ordinary differential equa-
tions on the half-axis R, for the Fourier coefficients u(p’) of u. If we write ¢ — U(?)
for such a Fourier coefficient, we obtain with the notation of the previous chapter for the
symbols of the differential operators:

L(p/7Dt)U = F in R+

T.(p',D,)U Gy int=0, k=1,...,N; (2.d)
DkU = Hk int:O, kzl,...,NO

Together with these problems for any finite frequency p’ € Z"~!, we have to consider the
corresponding limit frequencies &' on the “sphere at infinity” S"~2, namely the systems
with the principal parts of the differential operators

L DH)U = F  in R,

TP (¢, D;)U G, int=0 k=1,...,N; (2.€)
DkU = Hk int:0, ]{Z:L...,NO

This latter system now takes the role of a symbol of the boundary value problem and is
used to define ellipticity.
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Definition 2.A In the case of a boundary value system with constant coefficients (L, Cr),
let the second order N x N system L be elliptic. The boundary operator Ct is said to
complement or cover the operator L, and the corresponding boundary value problem is
called elliptic, if for any £ € R"™1\ O the boundary value problem (2.e) admits, for
F = 0 and for any (G, H) € CM*o | a unique solution U € L*(R,).

The solutions of the homogeneous differential equation LP"U = 0 on the half-axis are
polynomials times exponential functions that, due to the ellipticity of L, either grow or
decay exponentially at infinity. The condition U € L*(R..) in the definition can therefore
be replaced by the condition that U vanishes at 400, or equivalently by the condition that
U belongs to any Sobolev space on the half-axis or even that it is a tempered distribution.

Another remark is that this definition of ellipticity necessarily requires that the number
N; + Ny of boundary conditions equals N .

Ellipticity can again be characterized as invertibility modulo lower order terms on H?,
see Proposition 2.2.10 and Corollary 2.2.13:

Theorem 2.B Let L be a second order elliptic N x N system with constant coefficients
and let Ct be a first order constant coefficient N X N system of boundary operators. Let
the target space corresponding to HQ(Ti) be defined as

RH2(T") = L2(T? )™ x Hz(T)™ x H3(I')™,

(i) The operator {L,Cr} defines an isomorphism between HQ(']T’}F) and RH2(T1) if
and only if the following is satisfied: The half-axis boundary value problems (2.d)
forany p' € Z"' and (2.e) for any & € S"? admit a unique solution in L*(R.)
for F = 0 and for every (G,H) € C¥, and the complete symbol L(p',T) is
invertible for all p' € Z"! and T € R.

(i) The boundary operator Cr covers L if and only if there exists another system
{L C’p} that has the same principal part as {L,Cr} and defines an isomorphism
between H*(T) and RH*(T™).

Due to the unboundedness of T7}, there is no global Fredholm theorem. The corre-
sponding operator between Sobolev spaces on T} and its boundary will not have finite-
dimensional kernel or cokernel, not will its range be closed, in general.

For bounded domains, such Fredholm properties hold, however, and one gets there by
using Theorem 2.B for the construction of local parametrices. Localization now requires
the study of half-balls in the half-space R} which can also be considered as subsets of
the periodic half-space T} . Smooth parts of the boundary 9€) of a domain €2 in R"
are characterized by the existence, for each boundary point xg, of a diffeomorphism ¢y,
between a neighborhood U of xy in R"™ and a ball By centered at the origin, such that
Pxo(X0) = 0, U N € is mapped to the half-ball Vz = Br N R’} and the boundary part
U N 0N to the flat boundary part B}, of Vi.
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Thus, contrary to the situation in the previous chapter, we need to introduce nonlinear
coordinate transformations in order to flatten the boundary locally, even if our domain is
in R™ and not part of a general manifold. This means that one needs a theory of boundary
value problems with variable coefficients even if one only wants to treat examples of
partial differential operators with constant coefficients. The coordinate transformation ¢y,
changes a boundary value system {L, Cr} given in a neighborhood of x, € I' C 052 into
another one given on the half-ball V with boundary conditions on BY;. The principal part
of the latter, with coefficients frozen at the origin, is the “tangent” object whose symbol
plays the role of principal symbol of the original boundary value problem in the boundary
point xo. This procedure leads, in a first step, to the proper definition of ellipticity of a
boundary value problem

Lu = f in €,
Tu = g on 012, (2.f)
Du = h on 0.

The associated boundary value problem with constant coefficients on the periodic half-
space is
L,u = f in T7 ,
r.,u = g on I, 2.2)
D,u = h on I'.

The “tangent” operators {L, ,T, ,D, } areobtained from {L, T, D} either, as described
above, by substituting the coordinate transformation ¢y, , then freezing the coefficients in
0 and taking the principal part, or, what is equivalent, by taking first the principal part in
Xo and then using the chain rule to transform the partial derivatives:

{Lyo(Da), Ty (D), Dy } = {27 (x03 T D), T¥ (05 T Dy), D(xo)}-

=X0

Here J is the Jacobi matrix of ¢y, in X.

Definition 2.C The boundary operators C' = (T', D) are said to cover the system L in
the boundary point x,, and the boundary value problem (2.f) is called elliptic at x,, if the
tangent boundary value problem (2.g) is elliptic in the sense of Definition 2.A.

It is not hard to see that this definition of ellipticity is independent of the local diffeo-
morphism ¢y, chosen to flatten the boundary.

Now this definition is suitable for local descriptions of elliptic boundary value prob-
lems, and it is sufficient for proving local a priori estimates, finite regularity and analytic
regularity results, and indeed the corresponding global results will be proved by using
localization techniques that reduce them ultimately to the form just given.

But in order to describe the global form of the class of boundary value problems we
are analyzing here, we have to introduce two generalizations. Both have to do with the
non-trivial topology of the boundary 0f2.
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For the first generalization, we allow that the boundary 0€) has several components,
called “sides” 02, s € ., with different boundary operators given on different sides.
This is a notation that will be essential in later chapters where boundary value problems on
polygons or mixed boundary value problems are treated. But even for smooth domains,
it would be too restrictive to require the same structure for the boundary operators on
different connected components of the boundary. Written with this situation in mind, the
boundary value problem (2.f) now takes the more detailed form

Lu = f in Q,
Tsu = g on 0,2, sec.¥, (2.h)
Dsu = hy on 0,2, se€.¥,

The second generalization concerns the number of boundary conditions. As explained in
the Introduction, it is made necessary by the fact that quite a few important standard ellip-
tic boundary value problems cannot be written globally with just N boundary operators.
Ellipticity, of course, requires that at least locally there must exist coordinate systems
such that there are N boundary conditions for our second order N x N system. But the
transformation leading to this form may transform not only the independent variables, but
also the components of the vector functions. Just as the flattening of the boundary has
to be done locally in coordinate patches covering the boundary, the selection of N lin-
early independent boundary conditions among the N>N globally given conditions can
be done only locally. In order to describe the global structure which has the right local
behavior, we assume that our boundary operators have the form

C'=(T,D), with T=I"T and D=TI°D. (2.0)

Here 7' and D are N; x N and Ny x N systems of partial differential operators of order
1 and 0, respectively, and HT and I1P are two smooth functions on 9 with values in
the projection operators on C and on C™°, respectively.

The integers N 1 and ]\70 are smooth functions on 92, hence constant on each bound-
ary component 95Q2: N; = Nl(s) on 052, s € .. The ranks N; and N, of the projector
fields I17 and IIP are piecewise constant on 92, too, by continuity. To emphasize the
dependency of the structure of the projectors on s € .¥, we write also 17, TT2.

Any smooth projection-valued function can locally be diagonalized by a matrix-valued
function that has the same order of smoothness (see Lemma 2.2.25). This means for our
boundary operators (2.1) that after a local smooth transformation of the vector compo-
nents, there remain only N; + N, boundary conditions for which the Definition 2.C of
ellipticity in a point can then be applied, — in particular the ellipticity implies that

Ny + Ny = N.

It can be seen that this notion of ellipticity does not depend on the choice of diagonal-
ization of the projector fields, nor on the projector fields and operators T and D chosen
to write the factorization (2.i), but depends only on the boundary operators C' = (7', D)
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themselves. For the precise details of this global definition of elliptic boundary value
problems, see Subsection 2.2.c.

There is one point that is facilitated by the introduction of the projector fields I1” and
1P, namely the description of suitable right hand sides in the boundary value problem.
The correct space of possible right hand sides (f, g, h) for regularity order k is

RH"(Q) := H* 2N x || (HST HE=2 (0,0)™©) x HEHk—%(aSQ)No<s>)
sc.

To fix the ideas, consider a simple example similar to the one discussed in the introduction,
where this definition may mean that h is a tangential vector field of regularity H =z ona
boundary component 0s¢) and g is a normal field of regularity H =2, whereas on another
component Jy {2 g is tangential and h is normal.

It is clear that for a smooth bounded domain and operators with sufficiently smooth
coefficients with the structure just described (“admissible systems”), the operator (L, C')
is bounded from H*(Q) to RH*(€2). It is one of the main results of this chapter that under
our definition of ellipticity it is also a Fredholm operator between these spaces.

The techniques which we present for proving local and global a priori estimates, finite
order and analytic regularity results and Fredholm properties, are extensions of those used
in the previous chapter for the boundary-less situation.

The construction of local and then global parametrices gives H? estimates up to the
boundary, and higher order tangential regularity and the corresponding estimates can then
be obtained by using finite differences in tangential direction for the local problem trans-
formed to the half-space. Estimates for higher order derivatives in normal direction use
the fact that the boundary is non-characteristic for the elliptic operator L, and therefore
the second derivative in normal direction of u can be expressed by Lu and by derivatives
with lower normal order of u, see (2.53).

Analytic estimates are obtained by the nested open set technique, now using concen-
tric half-balls instead of concentric balls. This technique is basically the same as for the
interior estimates in the previous chapter, only much more complicated because of the
need for anisotropic norm estimates where the number of derivatives in the normal and
tangential directions vary independently.

The main results of this chapter can be summarized in the following theorem.

Theorem 2.D Let ) be a bounded domain in R™ and k > 2 an integer. We assume
the following local regular configuration (see also Figure 2.3, page 92): With U, and U,
open sets in R™ such that U, C Uy, we set

Ql :LﬁﬂQ, QQ :Z/IQHQ and PQ = 892069

and assume that Ty is a €% submanifold of 9. Let {L, T, D} be an elliptic boundary
value system on Qy U Ty with coefficients of class €% 2(Qy UTy) for L, €* (1) for
T, and €*(1y) for D.
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(i) There is a constant ¢ such that for any f € H*%(Q,), g ¢ HY~2 2(I'y), h €
H+—2 (T'), and any solution u € H*(Qy) of the boundary value problem

Lu = f in €
Tu = g on I’y (249)
Du = h on I'y

there holds u € H*(Q,), and there is an estimate

[l g, < ¢ (16, g, + 8l gy + Iy + g, ) @K

(ii) If Ty is an analytic manifold and the coefficients of {L,T, D} are analytic, then
there is a constant A independent of k such that there holds a more precise a priori
estimate

k—2

1
Sl < ALST (6] gl Dl ) + D, b @D
£=0

(iii) If the hypotheses are satisfied globally for )y = Qs = Q) and 'y = 052, then the
system {L,T, D} defines a Fredholm operator from H*(Q) to RH*(Q).

(iv) If, in addition to the assumptions of (iii), the boundary 0S) and the coefficients of
the system are analytic and f € A(Q)), g,,hs € A(0Q2) for all s € .7, then any
solution u € H*(Q) belongs to A().

The elliptic regularity results described by this theorem are valid not only for bounded
subdomains {2 of R™ with smooth boundaries, but in a natural way also for bounded
subdomains of smooth manifolds and therefore also for compact smooth manifolds with
boundary. This extended class allows to cover a special class of subdomains of R" that do
not satisfy one of the main conditions of smooth domains in R", namely that the domain
lies “locally on one side of its boundary”.

This seemingly natural condition is satisfied not only for smooth domains, but even
for large classes of non-smooth domains, such as Lipschitz domains or domains with
continuous boundary. However, in view of examples that we will want to study later on,
such as domains with cracks or inward cusps, we need to consider also domains with
multiple boundary points.

Some of these domains {2 with multiple boundary points can be included in the class
of smooth domains for which the standard elliptic regularity results hold, by defining
the notion of unfolded boundary 0,). This definition is based on the completion Q of
the domain with respect to the metric of its intrinsic geodesic distance. We call {2 an
extended smooth domain if its geodesic completion O isa compact smooth manifold
with boundary. As a subdomain of this manifold, {2 then will lie locally on one side of its
(unfolded) boundary, even if it does not have this property when considered as subdomain
of R™. Details of this construction and examples are discussed in Section 2.8.
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2.1 'Trace spaces

2.1.a Traces on the boundary of a domain

We recall some well-known facts about the restriction of functions to the boundary, see
[76, 57, 42]. Let 2 be a domain in R™ or in a smooth manifold M of dimension n.
In this chapter we assume that n > 2, in order to avoid degenerate boundaries. Let €2
have a smooth boundary 0f2, which means that for each x, € 0f2, there exists a smooth
(&> or analytic) local map ¢ which transforms a neighborhood i/ of xy in M into
a ball B centered in 0 in R™, and so that ¢(9Q2 NU) is the set {(x',0) € B} with
X' = (z1,...,25-1),and (2 NU) is the set {(x',x,,) € B, x, > 0}.

The restriction 7, : u — ulsn to O2 makes sense for any u € €*°(€2). Moreover
7, can be extended to H™(2) for any m > 1, and, in fact, to H*(Q2) for any s > 1/2.
The image of the space H™(2) by 7, can be characterized: This is the Sobolev space
H™~2(99) as introduced in Section 1.1.a. It is called the trace space of H™(), and Y

the trace operator. The corresponding norm is denoted by || - || . ..
3

The trace operator is continuous from H™({2) onto Hm—2 (02) and has a continuous
right inverse (“lifting”) from Hm*%(ﬁﬁ) into H™(2). This property still holds with m
replaced by any real number s > 3.

More generally, one can consider traces of normal derivatives. The outer normal unit
field (tangent to M) to the boundary of () defines a smooth field, denoted by n. The
trace of the kth derivative with respect to this vector field, v, : u — OFulsq defines a
continuous operator from H*(Q) onto H*"*~2(99)) for all real s > k — 5. Moreover, the
collection of trace operators

Ao = () P HA(Q) — HP72(09) x ... x HF3(90) 2.1)

is bounded and onto, and there exists a continuous simultaneous lifting of the first £ + 1
traces.

These facts extend to the local situation, when §2 is any domain, and I' C 0f) is a
regular part of the boundary of Q. Then the k + 1-trace operator % on T is bounded
and onto,

B H(Q) — H 2 (1) x ... x H R 2 (1) 2.2)

and has a continuous right inverse.

In the degenerate case of dimension n = 1, in this situation we still have the existence
of restrictions of the corresponding derivatives at the boundary points, due to the Sobolev
embedding theorem (1.13).

2.1.b Sobolev spaces on the periodic half-space

The standard model for a domain and its boundary is R} = R"~* x R, with boundary
R"~!, but, like in Chapter 1, we will often prefer a periodic model, that is the periodic
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half-space T" ,
T! ={x=x,t): xeT"' t>0}

with its boundary,
={x=(x,0: xeT 'L

Note that now, for convenience, we denote the coordinate normal to the boundary by ¢
instead of x,,.

The Sobolev spaces on T’} are defined by (1.3) for non-negative integer exponents
m, and by (1.4)-(1.5) for positive non-integer exponents s. There holds for all s > 0

HE(T7) = LT HY(Ry)) N HA (T L2(R,), (2.3)

with equivalence of norms'.
For u € L*(T"), let its partial periodic Fourier transform (.7, u)(p’,t) be defined
as:

per

(F u)(p,t) = (277)_("_1)/2/ P y(x ) dx, peZ" L teR,. (24)
Tn 1

Owing to (2.3), this allows a simple characterization of Sobolev spaces on T7} : With the
partial Fourier coefficients u(p’) defined as

a(p)(t) = (Fpeu)(p',1), P €L,

there holds the equivalence of norms, for any s > 0, cf. (1.7):

~ ~ N2 1128 2 ! 2 1/2
lull gy = {32 (IO, + PP, )} 2.5)

p/ezn—l

This is the reason for the introduction of the parameter-dependent H® semi-norms and
norms on R : For any real s > 0, we set for any p > 0

1/2
sk: .
s]R+p {Zp k]R+} if s €N

12 (2.6)
2 2 .
8R+p {Zp )|U|k;R++|U|s;R+} 1f$€N7
and
s 2 1/2 .
ol e, = { s, ifs €N
i @)

2 ) 1/2 )
I ||SR+p {Z|U|5;R+;p+|v|s;ﬂh;p} if s ¢ N.

'Equivalence constants depend on s, but are polynomially bounded with respect to s.
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2

We can see that if m € N, the norm HUan'R+'p coincides with Y ;" pQ(m_k)Hka,M.

We also notice the equivalences, uniform in p > 0,
2

s;iRysp
in consequence of which (2.5) can be written as

- 2 1/2
L S (IC T/ (2.9)

plezn—l

~ 2 2s ~ 2 2\s
o] =l g, T M0l g, = 0l g, + @+ 7 0] (2.8)

s R4 0;,R+ ’

The following lemma is the prototype of many similar ones, and the corner stone for
homogeneity arguments.

Lemma 2.1.1 Let p > 0. Let u belong to H*(R) for a fixed real number s > 0. Let §),
be the transformation $), : u — $),u where

t
(9,u)(t) = u(;). (2.10)
Then $),u belongs to H*(R.) and there holds
Y
[95ull e =l - 2.11)

This identity (2.11) and the equivalence (2.9) directly yield the equivalence (2.a):

1

~ N 2 112s—1 NVYNIL: 2 .
lull g, = (12O, + > PP I9wa®)ll,, ) (2.8)

p'eZm~1\{0}

Remark 2.1.2 This representation allows also a simple proof of the continuity of the trace
mapping on the periodic half-space T’} and an explicit construction of a trace lifting. If
one wishes, one can then extend these constructions and estimates, by using local coordi-
nates and partitions of unity, from T’} to any bounded domain with a smooth boundary.
We will not present this complete proof here, since these results can easily be found in
standard literature on Sobolev spaces. But we show the construction for the case of the pe-
riodic half-space here, because a similar, more complicated, construction will be needed
for traces on infinite cones.

In the one-dimensional setting, one has the obvious “trace estimate”
[u(0)] < C ||u||s;R+ forallu € H(Ry), s > 3.
With (2.a), this gives for v € H*(T"}) and h(x') = u(x’,0) the continuity of the trace
mapping, where we use h(p’) = u(p’,0) = H)pu(p’)(0):
2 ~ |7 s—1|7
1Py s = [RO) + > PPTRE)P
prezn—1\{0}

2

~ 2 S— -~ ~Y 2
<Oy, + D PP ae),, ) = lull,, -

prezn—1\{0}
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For the construction of a trace lifting, we choose a function & € H*(R,) satisfying
®(0) =1, and for h € Hs_%(']I‘”*l) we define u on T”; by its Fourier coefficients

a(0)(t) = (t) h(0) and a(p')(t) = B(t|p']) h(p) forp’ #0. (2.12)

~

Then h is the boundary trace of u, and 9 ju(p’)(t) = ®(t) h(p’), which by (2.a) im-
mediately gives the continuity of the trace lifting, namely the norm equivalence, valid for
any s > %:

[l

S;Ti = H(I)||S;R+ ||h||57%;Tn—1 ' A

2.2 Complementing boundary conditions

Our model problems for interior points of the domain have constant coefficients and are
set on the torus T", see §1.2. For regular boundary points, our model domain is the
“periodic half-space” T" ! x R,.

2.2.a Model problems on the periodic half-space

Ellipticity is a property that is defined pointwise, and with respect to the principal part
of the operator, see (1.27) (a). This was the situation for the partial differential operator
in the interior of the domain, and it will be the same here for the operator with boundary
conditions.

Thus, in a first step, we introduce the “model boundary value problems”, for which
we define the fundamental notion of covering boundary condition. Our model boundary
value problems are set on the periodic half-space T} = T""! x R, and its boundary
['=T"! x {0}, and can be written as

{ Lu = f in T7 (2.13)

Cru = b on [

Here L is a second order NV x N system L with constant coefficients, i.e. the equation
Lu = f corresponds to the system:

N N
D LiyMuy =Y afyFup=f, j=1....N,
j'=1 j'=1|a|<2

and Cr is a system of boundary conditions on I' written in partial differential form.
We assume that L is elliptic, which means that it satisfies condition (1.27) (a):

vE € S™t LP(€) is invertible,

where LP"(§) = (Z|a|:2 ag;: (ié)a)jj, is its principal part.
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On the periodic half-space T’ , the totally homogeneous partial differential equation
LPu=0

admits many solutions. This is quite different from the case of the torus T", where we
have seen, cf. Remark 1.2.4, that for an elliptic system the only solutions of the totally
homogeneous problem are constants. On T'! there exist for any p’ € Z"! exponential
solutions of the form

T" > (X, t) > u(x,t) = P ey,
where 7 € C and 7 € C are such that
det LP"(p’,7) =0 and LP"(p',7)n=0.

Stability of solutions on T} can be achieved only if we exclude from the outset all such
exponential solutions with Im 7 < 0 which would grow exponentially for ¢ — 4o00. The
other ones will be controlled by boundary conditions at t = 0, whose number should
therefore correspond to the dimension of the space of such solutions with Im 7 > 0, the
existence of real 7 being excluded by the ellipticity of LP".

Note that the assumption n > 2 is essential here: In dimension n = 1 we would have
a finite-dimensional solution space (polynomials of degree 1) of the equation LP'u = 0
and there is no obvious need for boundary conditions.

For n > 2, we can determine the form of solutions of the homogeneous equation
LP'u = 0 with the help of the partial periodic Fourier transformation .7/ . We write t
for the last coordinate x,, and LP" = LP"(D,, D;), with Dy = (—i0,,..., —i0,_1) and
D, = —i0,, and then there holds for all p’ € Z" ! and t > 0

ﬁéer(Lp'(Dx/, Dt)(u))(p’,t) = LP"(p',Dy)(F.u)(p,t). (2.14)

per

We recall that, according to the convention of definition of symbols,

LP(p/,Dy) = ( > ag, z"a‘(p’)a’Dfn) with o = (o, ay).

1<j,j'<N
=2 <53i'<

Thus the equation LP'u = 0 is equivalent to the family of ordinary differential systems
on R, :
L7(p', D)),

per

u(p,t)=0, t>0, Vp'eT" "

We introduce the following spaces of solutions:

Notation 2.2.1 Let L be an elliptic NV x N system with constant coefficients.
(i) For & € R"1, let M[LP"; ¢'] denote the space of solutions U = U(¢) of the system

(¢, DH)U) =0 in R,.
Likewise, M[L; £'] is the space of solutions of L(¢', D,)U(t) = 0.
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(ii) Let MM [LP; ¢'] and 9 [L; €] denote the subspaces of IM[LP"; ¢’ and M[L; ¢']
of stable solutions, that is, solutions U such that U(t) — 0 as t — oco. A

Since the system L has constant coefficients, the theory of systems of ordinary dif-
ferential equations with constant coefficients gives us the structure of the spaces 9[L; £']
and M, [L; ¢'].

Lemma 2.2.2 Let L be an elliptic N X N system with constant coefficients. Then, for
all ¢ ¢ R 1,

P
IM[LP"; ¢'] = span {U(t) = the”tnp : 7 € C such that det LP"(¢',7) =0,

=0 Nos- -, Mp € CY sol. of a linear system}.

The dimension of MM[LP"; '] is 2N. In particular, if the equation det LP"(¢',7) = 0 has
2N distinct roots, the space M[LP"; €] is generated by the functions ¢'"'n for each root
T and for the solutions m € CN \ {0} of the linear system LP"(¢',7)n = 0.

Since L is elliptic, the roots 7 of det LP"(¢',7) = 0 for & # 0 are never real. The
function €™ is exponentially decreasing as ¢ — oo if and only if Im 7 > 0. Thus

b
M, [LP"; €] = span {U(t) =3ty € ML ¢ Im7 > 0}. (2.15)

p=0

Again, our general assumption n > 2 is essential here: For n = 1, the only root would
be 7 = 0, and the definition of the space 91, would not make sense.

If the dimension 7 is at least 3, as a consequence of the ellipticity, the continuity of
roots with respect to £ # 0, and the topological fact that R"~! \ {0} is connected, the
number of roots with positive imaginary part is exactly NV, see [85]. For the case when
n = 2, the general use is to introduce the notion of proper ellipticity:

Definition 2.2.3 Let L. be a N x N second order system L with constant coefficients.

x L is called properly elliptic if it is elliptic and if for each £ # 0, the equation
det LP"(¢',7) = 0 has N roots with positive imaginary part.

In order to complement an elliptic system L, the boundary conditions on I' have to
be in one-to-one correspondence with exponentially decreasing solutions of the equation
LP (¢, Dy)u = 0. Thus, at least, we should have N boundary conditions, which motivates
the following definition.

Definition 2.2.4 Let L be a N x N system of order 2 on T’} with constant coefficients.
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% An associated set of boundary operators on I' = OT" is a set Cr of N scalar
operators C}, of order 0 or 1 with constant coefficients, composed with the trace

CFZWFO(Ch---,ON)
After a possible rearrangement, there exists 0 < N; < N so that C',...,Cy, are
of order 1 and Cy,41,...,Cx are of order 0.

* We alternatively denote by T}, the operators of order 1 and by D), the operators of
order 0, and set

TF:’)/[‘O(Tl,...,TNl), DF:’}/FO(Dl,...,DNO), N0—|—N1:N.

The operators Ty, and D), can be written as

N
Tiu = Z Z tkj Lu; and  Dyu = Z djjuj.

7=1 |a|<1 j=1

x The principal part C{" of Cr = (T, Dr) is defined as C{" = (1}, DY) where

N
TPu=> Y t3;0fu; and D} = Dy.

j=I |a]=1

Remark 2.2.5 The extreme cases Ny = 0, Ny = N and Ny = N, N; = 0 are explicitly
allowed here, corresponding to the absence of Dy or 1T, respectively. If Ny = N and the
operators [); are linearly independent, then the corresponding boundary value problem is

the Dirichlet problem. Homogeneous Dirichlet conditions can equivalently be written as
u=0onl. A

Here follows the fundamental notion of covering boundary conditions.

Definition 2.2.6 Let L be an elliptic N x N second order system with constant coeffi-
cientson T . Let Cr = {C4,...,Cn} be asetof N boundary operators on I". In accor-
dance with Definition 2.2.4, by C'(¢',D;) we denote its partially Fourier-transformed
principal part, that is

Cr (¢, D)U =T (€', Dy)U ZZt €)ooy, if 1< k<N

j=I |a|=1
and C]sr(sl,Dt) = Dk+1—N1 Ile +1 S k S N.

% The set Cr is said to cover (or complement) L on T if for each & # 0 in R}
the operator

Cr(€) = ML g] — c
U — {CY(€,Dy)U,...,CY (& DYV}, _,

is an isomorphism.

(2.16)
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Remark 2.2.7 Let L be anelliptic N x N second order system with constant coefficients.

(i) In the book [53], the definition of the covering condition for a set Cr of N bound-
ary operators is that C' (&) is injective for all non-zero &'. This apparently weaker
condition implies that L is properly elliptic when n = 2 (see [53, Lemma 2.2.3]),
and is equivalent to ours.

(ii) If instead of requiring in the very definition of Ct that Ny + N; = N, we leave
the number Ny + N; of boundary conditions as a parameter, and define a relaxed
covering condition with the image space C**™ instead of CV in (2.16), then the
condition Ny+ N; = N becomes a consequence of this relaxed covering condition:
The relaxed covering condition implies that

No + Ny = dim M, [LP": ¢'] = dim M, [LP": —¢].

But since LP" is homogeneous of degree 2, M, [LP"; —¢'] is isomorphic to the
space MM _[LP"; ¢'] of growing solutions. As a consequence of the ellipticity of L,

dim M, [LP"; &) + dim M _[LP"; ¢ = 2N |

and Ny + Ny = N follows, as well as the proper ellipticity of L. A

Particular Case 2.2.8 The Dirichlet conditions Dy = (Dy,..., Dy) with independent
Dy, cover many elliptic operators, but not all of them:

(i) If the system L is strongly elliptic (see Definition 3.2.2 in Chapter 3), then it is
always covered by its N Dirichlet conditions.

(ii) If L is elliptic only, without being strongly elliptic, it may happen that it is not
covered by the N Dirichlet conditions: An example is given by the system L =
curl curl +V div in dimension n = 3, and, more generally by the Lamé system
(cf. Example 1.2.8 (7)) with A = —3pu, [63]. A

Particular Case 2.2.9 A situation where the covering condition can be given more ex-
plicitly, is when L is properly elliptic and such that for all £ # 0 in R""!, the equa-
tion det LP'(¢',7) = 0 has N distinct roots with positive imaginary part, 7,(¢'), ¢ =
1,...,N. Let ,(¢) € CV be non-zero solutions of the equation

LY (& (&) me(€) = 0.

The space M, [LP"; €] of exponentially decreasing solutions has the basis €€y, (¢),
¢=1,...,N. Since

CY (€. D) (e n) |,y = CR (& 7e) m

we see that the operator (2.16) is an isomorphism if and only if

det (CY'(€m(€)ml€)) _ _#0.

1<k <N
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For the general case of roots with higher multiplicity, there exist in the literature many
conditions in algebraic form which express the covering condition given in Def.2.2.6
which is also known as Shapiro-Lopatinski condition [76, 94]. A

Combined with the interior ellipticity condition (LP"(£) invertible for all £ € S 1),
the covering condition is the counterpart for boundary value problems of the interior el-
lipticity condition alone for problems without boundary: We have the analogue of Propo-
sition 1.2.2 for boundary value problems with constant coefficients in the periodic half-
space,

Lu = f in T%
Tku = (g on F, k= 1,...,N1 (217)
Dyu = Iy on I') k=1,...,N,.

Proposition 2.2.10 Let L be a N x N system of order 2 with constant coefficients on
T%, let Cr = {T1,...,Tn,, D1, ..., Dn,} be aset of Ng+ N1 = N boundary operators
with constant coefficients on T' = OT";, and let LP", C}' denote their principal parts. Let
us denote by RH*(T") the target space corresponding to H*(T"), i.e.

RH2(T") = LX(T%)N x Hz ()M x H2 ()™, (2.18)
(i) Let us assume

Ve € S LPY(E) is invertible,
@) { Vg e SV, O (¢) is an isomorphism
(2.19)
®) { vp' € 2", Vr € R, L(p',T) is invertible,
vp' € 72", Cr(p') is an isomorphism.

Here CY'(¢') is defined in (2.16) and Cr(p’) is defined similarly, that is:

Cr(p'): M [Lip] — ¢t
U — {Cl(p/7Dt)U7"'7CN(p,7Dt)U}|t:0'

Then for all (f,g,h) € RH*(T7%), there exists a unique u € H*(T?) solution of the
model boundary value problem (2.17). In other words, the operator A := {L,Cr}
defines an isomorphism from H*(T") onto RH?*(T™).

(ii) Conversely, if the problem (2.17) is uniquely solvable in HQ(']I”}F) forall (f,g,h) €
RH?(T7), then (2.19) holds.

Remark 2.2.11 This nice characterization of isomorphic boundary value problems with
constant coefficients on the periodic half-space comes from [53, Th.2.2.1]. Its principle is
similar to that of Proposition 1.2.2 for the case without boundary: Condition (a) involves
principal symbols on the unit spheres S*! and S"~2, and is the very definition of the
ellipticity with covering conditions, whereas condition (b) reproduces similar conditions
for the whole symbols, required on the discrete lattice Z"~!. A
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Proof: (i) Step 1. We assume that (2.19) (b) holds. Let p’ € Z"! be fixed. Let us
prove that the boundary value problem on R™

L(p,D)U = F in R,
(1) Tk(p’,Dt)U = Gk in t:O, k’Zl,...,Nl
Di(p,D)U = H, int=0, k=1,...,Ny

induces an isomorphism U — (F, G, H) from H*(R,) onto L*(R;) x CV.

Let U € H*(RR,) associated with the right hand side (0,0,0). Thus U belongs to 90t [L; p']
and Cr(p’)U = 0. The condition that C(p’) is an isomorphism yields that U = 0.

Let F € L*(R,) and let Fy be its extension by 0 on R_. Since by assumption L(p’,7) is
invertible for all 7 € R, we can define Uy by the Fourier formula

FUo(1) = L(p/, ) L.FFy(7).

Condition (2.19) (b) gives that the principal part LP"(p’, 7) is also invertible for any 7 # 0,
and we deduce as in the proof of Proposition 1.2.2 that || L(p’,7) ||, is bounded by C(7)~2
for a positive constant C'. Therefore we obtain that U, belongs to Hg(R).

Subtracting Uy from U in problem (1), we are left to solve problem (1) with F = 0. The
latter problem has a solution in 90U, [L; p’] by the assumption that Cr(p’) is an isomorphism.

Step 2. We assume that (2.19) (a) holds. The same proof yields that for all £ € S""? the
boundary value problem on R*

LP(¢' ' D)H)U = F in Ry
(2) e, DHU = Gy int=0, k=1,....N;
DY(¢,D)H)U = H, int=0, k=1,...,No.

induces an isomorphism U +— (F,G,H) from H*(R,) onto L*(R,) x CV. Since all
operators depend continuously on &, there exists a constant C' > 0 such that for all & €
S"=2, for all U € H*(R,), and F, G} and H}, given by (2):

N1 No
3) 1Yl e, < C(IF g, + DICAEDD [Hi).

Let us denote by APV(EI) the operator of problem (2). We use now an homogeneity argument
to deduce from (3) uniform estimates for all & € R"~!\ {0}. Let p > 0 and recall that §),
is the transformation U(t) — U(%). For a right-hand side (F, G, H), we define the suitable
scaling operator &, by

(4) QjP(F’ G,H) = (p72ﬁpFa pilGa H).



§2.2. COMPLEMENTING BOUNDARY CONDITIONS 75

Then there holds for all £ € R"! and p > 0

(5) AP (¢ = 6;1 o Apr(%,> ©9,.

Let & € R", ¢ #£ 0 and set p = [£']. Let (F,G,H) = AP (¢ )U. We use (3) with
% € S"2 together with relation (5) and find

N1 NO
© 1M, = (I, + 207G+ D AT

With the help of Lemma 2.1.1, we deduce from (6) after multiplying by p3/2

N1 No
1 3
(1) Wl + o0, + 22Ul < C(IF .+ D0 PR GH + D by,
k=1 k=1

Let p' € Z" ! and p = |p/|. Let A(p’) denote the operator of problem (1). We set
(F',G',H) = A(p’)U — AP"(p’)U. We find that H' = 0 and the estimate for F’, G’

Ny
Q Pl + 301G < AU, + A1V, )

We deduce from (7) and (8) that for |p’| large enough, the a priori estimate (7) also holds for
(F,G,H) = A(p")U (with C replaced by 2C'). Since A(p’) is invertible for all p’ (step 1)
and since there are uniform estimates in any bounded region in p’, we finally find that there
exists a constant Cy > 0 such that for all p’ € Z"7!, for all U € H*(R,)

Ul ., + PRI, < Ca(IE@, DU

0; R4

+ (1+ 93| T (p, DU + (1 + 9/} DrU ),

with the obvious notation Tt = {73,...,Tn,} and Dr ={D1,...,Dn_n, }.

Step 3. Combining the last estimate with the characterizations (1.7) and (2.5) of the Sobolev
spaces on T" ! and T"} , we find the estimate

lully g, < Ca(lLully g, + 10l oy + 1Dl ).

together with the existence of a solution.

(ii) See the proof of Theorem 2.2.1 of [53]. O

Definition 2.2.12 The model boundary value problem
{ Lu = f in T7%

2.20
Cru = b on I ( )
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is called elliptic it L is elliptic and covered by Cr, see Definition 2.2.6.

We see that the ellipticity is simply the condition (2.19) (a) on the principal part
(LP",CY"). Like in the situation without boundary (Corollary 1.2.3) this condition im-
plies the existence of an invertible model problem with the same principal part:

Corollary 2.2.13 Let L be a N x N system of order 2 with constant coefficients on T"} ,
and Cr = (Tr, Dr) a set of N boundary conditions on I' = OT",.. We assume that the
boundary value problem (2.20) is elliptic. Then there exists a N X N system L of order 2
with constant coefficients and a set Cr of N boundary conditions with the same principal
part as L and Cr, respectively, and such that

A :={L,Cr} isanisomorphism from H?*(T") onto RH*(T").
Proof: = We set, compare with [53, Rem. 2.2.3]:
L(D,) = L (Dy +1,D,) and Cr(De,Dy) = C¥(Dy +1,D,),

Tis the (n— 1)-tuple (1,...,1).

where, now, 05

Then L(p,7) = LP(p' + 3, 7) and Cr(p',Dy) = CP(p' + 1, D).

2
Forall p’ € Z" 1, p’ —|—% is not zero. Therefore condition (2.19) (a) for A = (L, Cr) yields
condition (2.19) (b) for A = {L,Cr}. Proposition 2.2.10 gives the invertibility of A. [

Note that, unlike in the situation without boundary, the original elliptic system (L, Cr)
will not be a Fredholm operator from H*(T") to RH*(T" ), in general. The reason is that
T" is unbounded and H'(T7) is not compactly embedded in L*(T").

2.2.b Local a priori estimates for problems with smooth coefficients

Basically, an elliptic boundary system on a domain with smooth boundary is defined by
the fact that in each point, after choosing suitable local coordinates, freezing coefficients,
and taking the principal part, it looks like the periodic half-space case considered in the
preceding section.

In this subsection, we study local systems as obtained in “suitable coordinates”, that
is, we consider domains, systems and boundary operators as follows:

(i) € is abounded domain in R”, I is a bounded domain in the hyperplane {x,, = 0}.
We assume that I' C 8(2, see Figure 2.1.

(ii)) L = (L;;) is asecond order N x N system with smooth coefficients on QuUT.

(iii) Cy = (T¢, Dy) is a set of N boundary operators with smooth coefficients on r.
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z, =0

r
Figure 2.1: Local configurations (2, ") and (Vy,, BY,).

The “local” boundary value problem then writes,
Lu f in
Cqu = b on

Notation 2.2.14 Let B be a ball centered on the hyperplane z,, =0, let V = BN {z, >
0} and B’ = 0V N {z,, = 0}. Let k > 0 be an integer.

*~  We set

—c o<

(2.21)

H:(V, B = {uc H*(V), 0u=0on dV\B, 0<(<k—1}.
Here 0, is the radial derivative on the spherical part 0V \ B’ of 9V - thus, it
coincides with the normal derivative.

* For the natural spaces containing the right hand sides in our boundary value operator
A = {L,Cy}, we introduce a shorthand notation:

RH*2(V, B') = H* (V)Y x H¥ 2 (B)M x HEF2(B) ™.

One can think of the symbol R as a functor depending on the differential operators
L and Cj via their orders, cf. also (2.18). A

On the model of Proposition 1.2.9, we have the existence of local parametrices near
boundary points where ellipticity and covering conditions are satisfied:

Proposition 2.2.15 Let Q) and T C 0 be as above. Let xo € I'. We assume
a) L is a second order N x N system with €° coefficients on QuT,

b) Cy = (T, Dy) is a set of N boundary operators, where Ty and Dy. have €' and
€? coefficients on r respectively,
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¢) The model boundary value problem

{ LP"(xp; Dy)u = f in T7
CY(x0;Dx)u = b on T,
obtained by freezing the coefficients of L and Cy at xo and taking the principal
parts, is elliptic, cf. Definition 2.2.12.
Then there exist, cf. Figure 2.1,
* aball By, of center xq defining Vy, = By, N{x, > 0} and By, = 0V, N{z, = 0}
x an operator €, continuous from RH?*(Vy,, By,) into H*(Vy,),

such that for any ', " € 65°(Bx,) with "' =':

{L,C:}" €, v a=¢'q+ Kq, Vq=(f,g h) e RH*(Vy,BY,) (2.22a)
V' W {L,Crlu='u+ K'u, VueH(V,) (2.22b)

where K and K' are continuous operators
K : RH*(Vy,, By,) — RH*(Vy,, By,) and K': H'(V,) — H*(Vy,),
and moreover K' is compact from H*(V,,) into itself.

Proof: Let AP denote the principal part of the boundary value system A = {L,C:},
and

A, = {L" (xo; Dx), C}"(Xo; Dy)}

be this same principal part with coefficients frozen at the point Xq. Since, by assumption,
condition (2.19) (a) is satisfied for the boundary value system A, , we can apply Corollary
2.2.13: We have an isomorphism A = (L, (') from HQ(TZLF) onto RH2(Tﬁ) on the periodic
half-space, such that AP" = A,,. Now we use a perturbation argument to link A to A.

For more versatility, we modify the argument used in the proof of Proposition 1.2.9. We still

define the smooth cut-off function ¢ on the same way: 1) = 0 outside the ball B;(0) and
=1 on 31/2(0). For R > 0, we set

(1) Ar(y;Dy) == A(Dy) + ¥(y) (A" (xo + Ry; Dy) — A, (Dy)), y€ T

We check that the regularity assumptions on the coefficients of L, Ty and Dy imply that the
norm of 1(y) (AP (xo + Ry; Dy) — A, (Dy)) as an operator from H*(T") into RH*(T7),

tends to 0 as R — 0. Thus we can choose R = R small enough so that Ag,(y;Dy) is an
isomorphism from H2(T1) onto RHQ(TZ).

For this value of Ry, we consider the change of variables y — x = Xy + Rpy and set

(2) (Hu)(y) =u(x), x€xo+ RoTY, and &(f,g h) = (R} Hf, Ry Hg, Hh).
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Then the operator 2l defined as
(3) A=6""oAr, 09

is an isomorphism from H?(xg + RoT") onto RH?*(x + RyT™). Moreover, setting By, =
Bpry/2(Xo), we find that, by construction, 2AP"(x; Dy) = AP"(x;Dy) for all x € By,. We
define &, like in the proof of Proposition 1.2.9:

~ 3
2

For q€&RHZ(V,BL) = L2(Vy,) x H (B,) x H*(B,,)  we set
(4) Qixoq = (m_lmOQ) ’on S H2<Vx0)7

with the extension operator o, continuous from RHG(Vy,, BL ) into RH*(xg + RoT™).

X0 ~'xg
The rest of the proof is a consequence of formulas

(5) Kq = W’(A - 9’[) @XO@WQ + [A7 ¢//] Qfxqu
and
(6) K'u=¢"€ (A — )P u+ "€ [Y, Alu.

O

Like in Corollary 1.2.10 for interior elliptic estimates, the existence of parametrices
allows to prove local a priori estimates up to the boundary.

Corollary 2.2.16 Let Q, T and xo € T be as in Proposition 2.2.15. Let the system L
and the boundary operators Cy = {T1,...,Tn,,D1,...,Dy,} satisfy the assumptions
of Proposition 2.2.15. Then there exists a ball By centered at xg, defining the half-ball
Vy and the n— 1 ball B}, as in Notation 2.2.14, and a constant Ay > 0 such that for all
u € HX(V: | BY) there holds

X0’ X0

N1 NO
Il < Ao (1Bl + 3Tl + 3 N0l gy + il ). 229
J= J=

2.2.c Elliptic boundary systems in smooth domains

Our boundary value problems will be written in the following condensed general form

Lu = f in €,
Tu = g on 0f2,
Du = h on 0f).

with a second order N x N system L and suitable boundary systems 7" and D of or-
der 1 and 0, respectively. Until now we have defined the ellipticity property for model
boundary value problems (2.20) on the periodic half-space. We have seen that a boundary
value problem with constant coefficients on the periodic half-space enjoys invertibility
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Figure 2.2: Local diffeomorphism ¢y, : Uy, — Vg U Bj.

properties if its principal part is elliptic, and that local boundary value problems (2.21)
have a parametrix around a boundary point x, = (X, 0) if their principal part frozen at
X 1is elliptic.

For the general case of a smooth domain, besides the ellipticity at each interior point,
we “only” have to require the ellipticity property at each boundary point x, for an asso-
ciated boundary value problem

L,u = f in T7 ,

r,u =g on I,

D,u = h on I'.
where the system L, and the boundary operators (I, , D, ) are obtained by applying a
change of variables, freezing the coefficients and taking the principal part. In our case,
“suitable coordinates” have to fulfill two requirements: They map a neighborhood of the
given boundary point to a neighborhood of the origin of the half-space, and they allow to
trivialize the system of boundary conditions so that they take the form considered in the
previous subsections, as introduced in Definition 2.2.4.

While the first task is classical and is performed by the use of a diffeomorphism ¢y,
the second one will be done by a change of basis in the boundary data, in relation with
the new, global, definition which we adopt for sets of boundary operators on a smooth
boundary.

Let €2 be a domain in R™. We specify some classical notions and notations. This will
also serve as a model for singular domains such as corner domains, edge domains, etc...

Definition & Notation 2.2.17 Let ) be domain in R™ with boundary 0€). Let x, € 0f2.
The boundary of €2 is called smooth in x if there exists
x a neighborhood Uy, of xo in 2,
* anumber R > (0 defining the ball By centered at 0 with radius R, the half-ball
Vr = BN {z, >0} and By = 0Vp N {x, = 0},
* a smooth local diffeomorphism ¢, which sends bijectively Uy, onto Vz U B and
Uy, N OS) onto BY,, and so that ¢x,(xg) = 0, see Figure 2.2.
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Remark 2.2.18 If we require that

(V) (%0) = L, (2.24)

we have to admit more general half-balls Vy of the form Vi = Bg N {x(x) > 0} and
with B, = 0Vr N {p(x) = 0} where ¢ is a suitable non-zero linear form. Then (2.24) is
not a restriction. A

Definition 2.2.19 Let ) be an open set in R" with boundary 0f2.

* It 02 is smooth in all of its points X,, the domain  is called smooth. By smooth
we usually understand ¢’*°, but one can also define the class of ¢* domains for
k > 2, by requiring that the local maps ¢y, are of regularity €*.

* If for all x, € OS2, the local map ¢y, is analytic, €} is called analytic.

The connected components of 0S) are called the sides of <) and denoted by 0,2,
with a finite set of indices s € ..

2.2.c (i) Admissible systems of boundary operators

Let L bea N x N second order system with smooth coefficients on 2. Let x, € 0. The
principal part LP"(xq; Dy) frozen at x, is well defined, cf. Definition 1.2.7. We assume
that 02 is smooth in x,. The diffeomorphism ¢,, transforms L into a similar system
which we denote by Ly, (X; D) in the new coordinates x = (x',¢). We denote by L,, its
principal part frozen at O: y

Ly, (Ds) = (L, )*(0; Dy).
Note that we have

Ly, (Dx) = LP(xo; J ' Dx), (2.25)

=xg

with the Jacobian matrix J = (Vy¢x,)(Xo). Since J is invertible, it is clear that the
system L is elliptic at x, if and only if EXO is elliptic at O.

We have now to associate with each point x, of the boundary a set C' = (7', D) of N
boundary operators such that its principal part C, frozen at O in the local coordinates x
will satisfy the covering condition with respect to L, .

The most common use in the literature is to suppose that there exists a global ex-
pression of the boundary operators C' = (T, D) with a ¥ dependency on x € 0f).
However this representation cannot apply to the classical example of perfect conductor
electric boundary conditions in the Maxwell system in R? if the domain 2 is homeomor-
phic to a ball: In this case 7' represents one operator (the divergence) which is global, and
D is the tangential trace, which cannot be globally described by two smooth vector fields
on the surface of a sphere. Nevertheless, the tangential trace can be correctly described
with the help of a function II° with values in the projection operators of R®: For this
particular situation we can take II°u = n x (u x n), with the outer unit normal field n
on 0f). By contrast, the normal trace can be described by a scalar operator Du = u - n,
but also, by a projection operator I1°u = (u - n) n.
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Likewise, we gain generality by the introduction of fields of projection operators to
define the first order boundary operators 7': Now, we have to compose a larger first
order system T with a field of projection operators II7. An example is given by the
normal derivative 0, for scalar problems (N = 1): We can set Tu = O,u, but we can
also set Tu = 17T where T = V and II"g = (g - n)n. For smooth domains, the
two representations are equivalent to each other, but as we will see later on, they induce
distinct functional analyses in n-dimensional cones for n > 3.

Definition & Notation 2.2.20 Let €2 be a smooth domain, with 0.}, s € .¥, its sides.
Let N be a positive integer. We call admissible system of boundary operators of size
N and denote by C' = (T, D) the structure given, for each s € ., by

* two non-negative integers Ny = Ni(s) < N, and Ny = N — Ny,
* two integers N, = Nl(s) > N, and N, = No(s) > Ny,

x two smooth functions 11 and T1? defined on 95§ with values in the set of projec-
tion operators

I/ 003 x— T (x) € P(CNI), with rank N,
P 9,05 x — 1IP(x) € P(C™), with rank N,
Here P(FE) is the set of projection operators E — E.

(2.26)

* two systems of partial differential operators, T, and D depending smoothly on

x € 0502,
Ty(x) oforder 1 and of size Ny x N, Vx € 8,Q 2.27)
Dg(x) of order 0 and of size Ny x N, V¥x € 9 '
which then define C' = (CS)Se » by
Cs = (Ty,Ds), with T,=TITT, and Ds=TIP D;. (2.28)

Remark 2.2.21 It is no restriction to assume that ]\70 < N, the number of components
of u, and N; < n N, the number of all first order derivatives of the components of u. A

There are two generic particular cases of the previous definitions: The constant coef-
ficient or local cases on one hand, the boundary value problems in variational form on the
other hand.

Particular Case 2.2.22 The constant coefficient case (cf. §2.2.a) and the local framework
studied in §2.2.b enter trivially in the previous framework with

Ny =Ny, No=N,, " =1y, P =1y, T=T, D =D,

where 7" and D are the N; x N and Nyx N systems identified with the sets (77, - - , T, )
and (Dy,---, Dy,), respectively. A
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Particular Case 2.2.23 For a boundary value problem in variational form (associated
with a sesquilinear form of order 1), there exists a canonical N x N system B of order
1 on the boundary (the conormal system). Admissible systems of boundary operators are
given by

D=TI® and T=0"B, with II" =1y — P,

Here ]\70 = Nl =N, D= Iy and T = B. This is investigated with more details in the
next chapter. A

Example 2.2.24 There are several reasonable choices for the pairs (projection operator,
PDE system) determining the boundary operators (2.28).

(i) For the Neumann operator 0,, associated with the Laplacian, the most standard way is
to consider it as a scalar operator, i.e. with Ny =1and T = T. Another possibility is to
set

Ny =n with II"g = (g-n)n, Vg € R", and T=V.

(ii) For the three-dimensional elasticity system, more possibilities are natural for boundary
conditions on the displacement u and the traction t.

* For the normal component of u, as before, we may choose the scalar formulation
Du = u - n, or the vector formulation Du = IIPD, with II1Pv = (v-n)n and
D = I. For the tangential component of u, a two-dimension trivialization (i.e.,
with NO = 2) can be used for certain boundaries, for example a torus. But, in
general, one should use Ny = 3 with IPv = v — (v-n)n and D =1;.

* Concerning the traction, we have more possibilities. Let 0 = o(u) be the stress
tensor, a symmetric 3 x 3 matrix. The traction is t = ¢ n, and its normal component

can be represented as T'u = I17Tu in three different ways
— With the trivial representation 7u =t - n,
— With the projector IT” : t — (t - n) n in R? of rank 1, and with Tu = t,

— With the projector 11" : ¢ — (n ® n) o (n ® n) in the space R**? (i.e., with
N; = 9) of rank 1, and with Tu = ¢. Here n ® n is the matrix nn', of
coefficients n;ny.

The tangential components of the traction can be represented in different ways,
too. For instance, the representation with N; = 9 uses the projection operator
nN":0— (I —(n®@n))o (n@n). A

In general, one can think of II7 and IIP as Nl X Nl and No X ]\70 matrix valued
©>°(0s82) functions satisfying
Vx €0, and M7 (x)*=T11"(x), I°(x)*=1"(x),

respectively. As the example of the projection on the tangential component on the bound-
ary of a ball in R? shows, there exists, in general, no global smooth selection of a basis
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of the image or of the kernel of these projectors. In particular, there is no smooth matrix
function diagonalizing IT° or I17 globally, and we will therefore by no choice of coordi-
nates whatsoever be able to write our system C' globally in components of the form

C=A{Ty,...,Tn,,D1,...,Dn,} . (2.29)
While this is not possible globally, in general, it is possible to do it locally, however.

Lemma 2.2.25 Let x — 1I(x) be a continuous function with values in the projection
operators on C™ for some integer m. Then to any X, there exists an integer m < M, a
neighborhood U of xo and a continuous function M with values in the invertible linear
operators on C™ such that

VxelU :  MX)II(xX)M((x)™" =n,,

where T, is the projection on the first m components in C™,
If I1 is € or analytic, then M can be chosen €>° or analytic, too.

Proof: In xo, II(xo) is diagonalizable with eigenvalues 0 and 1: There is an invertible
My such that MyII(xo)My "' = 7,,. Denoting by I the identity on C™, we set

M(x) = M, <H(XO)H(X) + (L — TI(%0))(Ip — H(x))) .

We have for all x:
M (x)II(x) = MoIl(xo)II(x) = 7, M (x) .

Since M (x¢) = M is invertible, M(x) is invertible for X in a neighborhood U of xo. [

Remark 2.2.26 Note that the Lemma remains valid if we replace everywhere CNo by
R™ . For the question of the existence of a global diagonalization, however, the real and
the complex situations are not equivalent. The simplest example that shows this is related
to the Mobius strip, a non-trivial two-dimensional real bundle on the unit circle which is
trivial over the complex numbers. In our language of projection-valued functions, this is

the function
1 /1+4+cosf  sinf )

H(Q):E( sin 0 1 —cosé

defined on T' = {(cosf,sinf) € R* | 0 < § < 27}. It is not hard to see that the
complex-valued matrix function

0

COoS 5 sin £

) 2
M) = '
— sin g CcoSs g

is continuous and invertible on I" and diagonalizes I1(#), and also that there is no real-
valued matrix function with these properties. A
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2.2.c (ii) Admissible boundary value systems

Definition & Notation 2.2.27 Let () be a smooth domaig with sides 0,Q), s € .. We
call admissible [boundary value] system of order 2 on €2 the data of

a) A second order N x N system L with smooth coefficients on Q,
b) An admissible system C' = (T, D) of boundary operators of size N on 0f).
We denote such a system by
A={L,T,D}, with T = (Ty)scr, D= (Ds)scr.
The boundary value problem associated with the admissible system A is written as
Lu = f in €},
Tsu = g on 0), se.7, (2.30)
Dsu = hq on 0, se./,

where we specify the dependency of the boundary conditions on the connected compo-
nents 0s§) of 0€). We may also write it in condensed form

Lu = f in €,
Tu = g on 0f), (2.31)
Du = h on 0f).

With our extended definition for admissible systems of boundary operators, we still
have to explain the associated spaces for the right hand sides (f, g, h), where g stands for
(8,)sc.» and h for (hy)ses: If the solution u is in H*(Q)Y := H*(Q), we have

feH 2N, g eH30,0)MC, hyeH 2 (o). (232

Using the structure (2.28) of the boundary operators (7, Ds), however, we see that g (x)
belongs to the range of TI] (x) and hg(x) to the range of T12(x) for all x € 9,Q2. For this
reason we introduce the following target spaces:

Notation 2.2.28 Let & > 2.
* We denote by RH’“(Q) the product of spaces
RHE(02) i= HE2(@)Y x TT (I HE 3 (0,0)™ @ x TIPHE3(3,0)™))
se€.s

The norm in the space RH*(Q) is defined in the natural way:

2 2 2 2
H(f7g7 h)HRHk(Q) = ||fHk,2;Q + ||g”k,%’ag + ||h||k,%739

where the norms of g = (g;)se.» and h = (hy)sc» mean the following

2 2
Hng_é;QQ = Z ”gSHk_ﬁ;ng? ’th_l a0 Z HhSHk 1 100 (233)
? ses ? se€s



86 CHAPTER 2. ESTIMATES UP TO THE BOUNDARY

* The local version of this definition is, for any open set U/ :

RH*(U, 09 mu) =

H=2@0™ x TT (ITH3@.2nu)™© < TIPH 3 0,0 nu) ™).

se.
A

Particular Case 2.2.29 If the system of boundary operators is written in the classical
form of a global PDE system with the same boundary conditions on all sides of €2, we
can have the following simplifications:

(i) In the Dirichlet case, we can choose N;(s) = 0, Ny(s) = N, and the projection
operators are trivial: TI] = 0, TI? = Ty, which gives

RH*(Q) := HF2(Q)N x HF—2(00)N
(ii) In the Neumann case, on can similarly choose trivial projectors and obtain
RH*(Q) := HF2(Q)N x HF—2(90)N.
(iii) More generally, the topologically trivial situation corresponds to
RH(Q) := HF2(Q)N x HF=2(90)M x HF~2(9Q)No

This illustrates how the representation of boundary operators influences the expression of
the spaces for the right hand sides. A

2.2.c (i) Ellipticity

We will now introduce the notion of ellipticity for an admissible system A consisting
of an interior operator L and of systems (T, Ds) of boundary operators on each side
0s§) of ). This notion can be viewed as an ellipticity “up to the boundary”. It requires
the ellipticity on the whole domain € as introduced in Definition 1.2.7 and the covering
condition on each point of the boundary according to Definition 2.2.6.

We start with the ellipticity of a system {L, 7, D} at a boundary point X, . In fact, this
is a condition on an associated system {LXO, T,,.D, } of homogeneous operators with
constant coefficients, which we qualify as “tangent” to {L, T, D}, because its definition
is based on the diffeomorphism ¢y, allowing a local identification of the “manifold” with
boundary (2, 92) with its tangent space (R}, R""1).

Definition 2.2.30 Let A = {L,T, D} be an admissible system of order 2 on the smooth
domain 2. Let xo € 0€). Let Jy, be the Jacobian matrix of the variable change ¢y, : X —
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x = (X, t) at xo. The model system A, = {L, ,T, ,D, } tangentto A = {L,T,D}
at the point x, is defined as follows

L,(Dx) = LP(x;J, D), (2.34)
T,,(Dx) = 7 M7 (x0) TP (x0; J¢, Dx), (2.35)
D, = mnMP(x0) D(xp), (2.36)

with invertible matrices M (xo) and MP(xq) trivializing TI7 (x,) and 1P (x,), respec-
tively, cf. Lemma 2.2.25.

The ellipticity of the boundary value problem on 2

Lu = f in €,
Tu = g on 0f2,
Du = h on 0,

at the boundary point x, is defined as the ellipticity of its tangent model boundary value
problem on the periodic half-space

L,u = f in T7 ,
T u =g on OI',

_XO

D,u = h on JI'.
Coming back to Definition 2.2.6, this means the following.

Definition 2.2.31 Let A = {L,T, D} be an admissible system of order 2 on the smooth
domain . Let xo € 02. The system A = {L,T,D} is called elliptic at x, if the
following two conditions are satisfied

a) The tangent interior operator L, at xq is elliptic
VEER" £€#0, L, (&) isinvertible. (2.37)

=5)
b) The system of tangent boundary operators C, = (T, ,D, ) covers L, ,

—X0?
Ve e R € #0,
C,, (&) is an isomorphism from M, [L, ,¢&'] onto CV.

==X0

(2.38)

Remark 2.2.32 Like interior ellipticity, the ellipticity at a boundary point is independent
of particular definitions:

(i) The definition is independent of the choice of the diffeomorphism ¢y, .

(ii) The definition is independent of the choice of local diagonalizations of the projec-
tors I1P and II7 and even independent of the choice of these projectors, that is of
the splitting of C' in (2.28). It only depends on the system A = {L,T, D}. A
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Proof of (i):  Let us consider two suitable diffeomorphisms ¢} and ¢ , corresponding to
local coordinates X! = (x}, 1) and x* = (x), t5), respectively. Then there exist an invertible
(n—1) x (n—1) real matrix A”, a non-zero real number «, and a 1 X (n — 1) real matrix

Al such that
A" 0\ (Dy) _ (Dy
A;L « Dt1 o Dt2 '
Let L'(Dy1) and L*(Dy2) be the associated tangent operators. The transformation
{t = U@®)} — {t — exp(i(4],,€))U(at) }
induces an isomorphism from 9, [L? &'] onto M [L*, A”(£")]. The equivalence between
CH(&) : M [L', €] — CV is an isomorphism V&' # 0

and

C*(¢) My [L% ¢ — CY is an isomorphism V&' # 0

is now clear. O

The global versions of the definition of ellipticity are the following:
Definition 2.2.33 Let A = {L,T, D} be an admissible system of order 2 on the smooth
domain ().
x The system A = {L, T, D} is said to be elliptic on Q if
a) For all interior points xq € (2, the interior operator L is elliptic at x,
b) For all boundary points x, € 0S2, the system A is elliptic at xg.

x Let U be open in R™. The system A = {L, T, D} is said to be elliptic on U N if

a) For all interior points x, € U M €1, the interior operator L is elliptic at X,

b) For all boundary points xq € U N OS2, the system A is elliptic at X .

x If the system A = {L, T, D} is elliptic on ), the problem (2.30) is said to be an
elliptic boundary value problem.

Remark 2.2.34 If the system A = {L,T, D} is elliptic at a point X, then there exists a
ball B, centered at x, such that A is elliptic on B, N (). A

Remark 2.2.35 If () is a smooth domain inside a smooth manifold A/ of dimension n,
then we call a system A = {L,T, D} defined on (2 elliptic on ) if
a) For all interior points xq € €2, the “tangent” interior operator L,  is elliptic,

b) For all boundary points x, € 02, the system A is elliptic at xg. A
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Before concluding this section with the fundamental Fredholm theorem for elliptic
boundary value problems, we introduce localized operators.

Definition & Notation 2.2.36 Let A = {L,T, D} be an admissible boundary value sys-
tem of order 2 on ). Let xy be a point in the boundary 0S). Using the local diffeo-
morphism ¢y, (Def. 2.2.17) and the local trivialization of projection operators (Lemma
2.2.25), we define the localized versions f)xo, TXO and on of L, T and D, respectively,
as follows:

x Let ¢}, be the change of variables associated with ¢y, :
(P%u) (%) = uo g, (x).
* Then the localized version IU/XO is the pull-back of L by ¢, :
Ly =0 Lo(d;,) ™
= Let the neighborhood Uy, be chosen small enough so that there exist non-singular

Ny x Ny and Ny x N, matrix valued smooth functions x MT(x) and x
MP(x) trivializing the projection operators 117 (x) and I1° (x) for all x € Uy, N O

MTX)IIT(x)MT(x)"' =7y, and MP(x)IP(x)MP(x)™ =7y, (2.39)
where 7y, is the projection on the first N; components in C"/, j =0, 1.

% Let Ty, and Dy, be the pull-backs of T and D by ¢y, . Then we define the localized
versions Cy, = (Ty,, Dx,) as

) . . -
Toy =7, MT T, and Dy, =my,MP Dy,

Note that for the principal parts there holds
Ly, = (Lx,)”(0), Ty, = (T)"(0), Dy, = Dyy(0). (2.40)

) X0

Particular Case 2.2.37 If the system of boundary operators is written in the classical
form of a PDE system with trivial projection operators, we simply have

T =} 0T o(¢s)" and Dy =¢; 0oDo(d)",

X0 X

that is, Txo and on are the pull-backs of 7" and D. A

With notations 2.2.36 at hands, it is now easy to state the relation between local and
localized versions of the boundary value problem (2.31), cf. Figure 2.2:

Lemma & Notation 2.2.38 Ler A = {L,T, D} be an admissible system of order 2 on
the smooth domain 2. Let x, € 0S). Then the local boundary value problem in Uy, :

Lu = f in Uy, ,

Tu = g on 0 NUy, , (2.41)
Du = h on 0QNU,.
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is equivalent to its localized version on the half-ball Vg

.Z/XOlvl = ié in VR7
T,u = § on B, (2.42)
Doui = h on Bj.

Here, for u € H*(Uy,) and (f, g, h) € RH*(U,,, 00 NUy,):
d=uog,, f=fog.!, g=(MTglogy', h=(MPh)og.l.
We denote by ., and Qy, the transformations
Uy cu—u and 9 :{f,g h} — {f g h},
so that the equivalence between (2.41) and (2.42) can be written in condensed form as

{L7T7 DHL{XO - Q;ol © {I’X07TX07DX0}Oﬂxo-

The boundary conditions in (2.42) can be equivalently written as the system of N
independent equations

TXQ,]{?
DXQ,]{?

where T}, 1, and Dy, j are the rows of T, and Dy, , respectively.

o
I

gn on Bl k=1,..., N
he on By, k=1, Ny,

o
I

Theorem 2.2.39 Let A = {L,T, D} be an admissible system of order 2 on the smooth
bounded domain ) with sides (0s{))sc.». We assume that A is elliptic on ). Then it
defines a Fredholm operator u — (f, g, h) from H*(Q) to RH?*(Q) with, cf. Notation
2.2.28,

RH2(Q) = L)Y x [ ( 5(0,0)% O x HQH%(aSQ)f%(s)) .

s€.

Proof: In the same way as in Theorem 1.2.13, the Fredholm property for elliptic operators
on smooth domains will be deduced from the existence of a regularizer (or “global parametrix” )
i.e. a continuous operator E : RH?*(Q2) — H?*(Q) such that

(1) AE =1+ K, K compact in RH*(Q), EA =1+ K’, K’ compact in H*((Q).
Let us construct E. We cover £ with

a) Balls By,, xo € €2, for which there exists a parametrix &, of the interior operator L
(Proposition 1.2.9),
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b) Neighborhoods U, , Xo € OS2, for which there exists a parametrix &, of the localized
operator {Ly,, Tx,s Dx, } on Vx, = ¢x, (This uses Notation 2.2.17 and Lemma 2.2.38
for the localization, and Proposition 2.2.15 for the parametrix).

We cover  with a finite subset X of these By, and Uy, , we choose a corresponding partition
of unity (¢5)xex and ¥y € €5°(Bx) with ¥y, = 1);,. Then we set

a) E, (f,.g,h)=¢&,f if xo€Q,
b) E, (f.g h) = & '€ Q, (f, g h), if xo € 9, and using Notation 2.2.38.

Finally we set

E =) B,
xeX
and have obtained our regularizer, thanks to the properties of the local parametrices. [

Remark 2.2.40 The generalization of the theory of elliptic boundary value problems to
smooth manifolds with boundary is natural: There we use local diffeomorphisms ¢y,
inside the domain too, as indicated in Remark 2.2.35. Thus for elliptic problems on
smooth bounded manifolds with boundary, there holds the same Fredholm result as in
Theorem 2.2.39. A

2.3 Regularity of solutions up to the boundary

In this section, we obtain higher order Sobolev regularity results by analyzing the mapping
properties of the parametrix constructed above in Proposition 2.2.15.

To provide optimal local and global regularity results, we first need to introduce a local
version of admissible boundary value systems (compare Definition 2.2.27) with finite
regularity.

Definition 2.3.1 Let £ > 2 be an integer. Let {2 be a domain in R™ or, more generally,
in a €% manifold M of dimension n. Let (0;Q)sc.» be the connected components of
0Q. Let T' be a ¢* subdomain of the boundary of 2. The boundary value system
A={L,T,D}, with T = (Ty)ser and D = (Ds)sc.», is said to be admissible of class
€% on QUT if

a) The interior system L isa N X N system of second order operators with coefficients
af; € €F(QUT),

b) For each s such that 9sQ N T # (), the boundary operators T of order 1 and Ds of
order 0 have the form (cf. Definition 2.2.20)

T,=1]T,, D,=1P D,

where the projector field 1] and the system T, have 1 N 8sQ) coefficients,
whereas 12 and D have €*(I' N 0,Q) coefficients.
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Iy

Figure 2.3: Local configurations (£2;,T'1) and (Q9,1).

If T coincides with 92, A = {L, T, D} is said to be admissible of class ¢* on ().

Theorem 2.3.2 Let k > 2 be an integer. Let ) be a domain in R™ or, more generally, in
a €* manifold M of dimension n. Let (0;Q)sc» be the connected components of OS).
Let T be a €% subdomain of the boundary of Q. Let A = {L, T, D} be an admissible
system of class €% on QUT, as defined above. We assume that the system A = {L,T, D}
is elliptic on QQ U I (cf. Definition 2.2.31). Then we have the following local and global
regularity results and a priori estimates:

(i) Let Uy and U, be bounded subdomains of M with Uy C Uy, and let 0 = Uy N Q
and Qg = Uy NQ. We assume that Ty := 0Q, MO is a subset of T'. If u € H*(Qy)
is a solution of

Lu = f n QQ
Tu = g on I'y (2.43)
Du = h on I'y

and if (f, g, h) belong to the space of local right hand sides RH*(Qy,T5), ¢f. No-
tation 2.2.28, then u € Hk(Ql), and there is an estimate

lullg, < ¢ (IF, gg, = Nl s, + 00, o+ Dl ):

(ii) We assume moreover that ) is bounded and I' = 0S). Then the operator A is
Fredholm from H*(Q) into RH*(Q), cf. Notation 2.2.28. Moreover, if the right
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hand side (f,g, h) belongs to RH*(Q), then any solution u € H*(Q) of

Lu = f in 2
Tu = g on 09, (2.44)
Du = h on 0f),

belongs to H* (Q) with the estimate

lullyg < ¢ (161 e+ 1811, s o0+ Il s e+ lull, g ):

Like in Chapter 1 for interior estimates, we state the extension of Theorem 2.3.2 to
non-integral Sobolev exponents as a Corollary:

Corollary 2.3.3 Under the conditions of Theorem 2.3.2, let s be real, 2 < s < k.

(i) For 0, Qy as above, if u € H?(Qy) satisfies Au € RH*(Qy,Ty) (with obvious
extension of Notation 2.2.28), then u belongs to H*(Q) with the estimate

< o[ Au] +ull ) (2.45)

lollye

(ii) Assume that Q) is bounded and T' = 9S). If u € H*(Q) satisfies Au € RH*(Q),
then u belongs to H*(Q)) with the estimate

o < clllAu]

RH*(Q,T)

+ ||ul| (2.46)

RH*(Q) H! Q))

In addition, A defines a Fredholm operator Ag : H*(Q2) — RH*(Q2). The kernel
and the cokernel of Ay do not depend on s.

Like for interior Sobolev estimates (Theorem 1.3.3) the proof of Theorem 2.3.2 relies
on refined properties of local parametrices &,,, along the lines of Proposition 2.2.15.

Proposition 2.3.4 Let k > 2 be an integer. Let us assume that the hypotheses of Propo-
sition 2.2.15 are satisfied, and that, moreover, the system A = (L, C}) is admissible of
class €% on QUT. Then there exists a ball By, centered at x, and an operator & (the
local parametrix) enjoying the same properties as in Proposition 2.2.15, with the extra
continuity properties:

* &, is continuous from RH*(Vy,, B)) into H*(Vy,),

* The operator K is continuous from RH*(Vy,, B, ) to RH* "' (V. B, ), and K'

from H* 1 (V) to H*(V,,).

Proof: In opposition with the proof of Proposition 1.3.5, for which we proved the regu-
larizing properties of the parametrix by a differential quotient technique, we choose here to
present a different proof, well prepared with the help of the new perturbation argument prov-
ing Proposition 2.2.15: The statement of this latter proposition can simply be generalized to
higher regularity indices, relying on a similar generalization of Proposition 2.2.10. 0
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2.4 Basic nested a priori estimates

As a preparation for analytic a priori estimates, we come back to a local situation as
studied in §2.2.b: We consider a N x N second order system with smooth coefficients in a
neighborhood of 0, and a set of NV boundary operators C' = {71, ..., Tn,,D1,...,Dn,}
with smooth coefficients in a neighborhood of O in the hyperplane z,, = 0.

If we assume that L is elliptic at 0 and C' covers L at 0, according to Corollary 2.2.16
there exists a radius R, > 0 and a constant Ay > 0 such that for all u € H(Vx., B ):

N1 NO
lullyy, < Ao(lLullyy, + 1Tl +> 1Dl +lul,y, ). @47

=1 j=1
Here, for R > 0, Vg = {x € R} ; |x| < R} and By = 0V N {z,, = 0}.

Remark 2.4.1 In the following, we will often replace the norms of the right hand sides
on the boundary Zﬁ\f:ll | Tjull 12 and Zj\f:ol | Djull, 12 by the shorthand vector notations

| Tul] 12 and | Dul|, e This will not lead to confusion with the vector-valued Sobolev
norms of the boundary terms 7'u and Du where the operators 7" and D have the non-
diagonalized form (2.28), because these norms before and after diagonalization are equiv-
alent. A

Our first nested open set estimate is the analogue, with boundary terms, of Lemma
1.4.1. Like in Ch.1, we take now estimate (2.47) as our starting point, rather than elliptic-
ity assumptions on L and the boundary operators 7" and D.

Lemma 2.4.2 Let L be a N x N second order system with smooth coefficients. Let
C ={n,...,Tn,,D1,...,Dn,} be boundary operators with smooth coefficients. We
assume that estimate (2.47) holds for any u € H3(Vg,, B%.). Let R < R,. Then any
function u € H*(V) satisfies for any p € (0, R/2)

lad )| e < ( 2 : :
Z p Ha u||VR—\oz|p - Al P HLuHVR—p + p2HTUH%;B;~Z—p + p2HDUH%;B;%—P

|| <2

£l ) @4s)

lo|<1

where the positive constant Ay is independent of u, R and p.

Proof:  We apply estimate (2.47) to the function x g ,u, where X , is the cut-off function
defined in (1.40). As a consequence of the estimates (1.41) for the derivatives of xr,, we
note that the operator of multiplication by X, has an operator norm in the Sobolev space
H%é bounded by Cp~* for any s € [0,2] (in fact for any s > 0, but with a constant C'
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depending on a bound for s). This follows directly from the Leibniz rule if s is an integer,
and we used this argument in Ch.1. For non-integral s it follows by interpolation.

We have Dj(xgr,u) = Xxr,Dju on B, but for the operators of order one T there is a
non-trivial commutator: T;(xg,u) = Xr,,7;u+ [T}, Xr,pJu. We find then

No

lullyy, < Ao(IZullgy, + L Xaolullyy, + D IxmsDiully
j=1

N1 Nl
2 gLl + DTl + Ixrul,,, )
J= J=

As a result of the continuity of the trace operator o : H(R'}) — Hz (R™1), the boundary
term [|[7}, Xr,plull 1, can be estimated by a domain term :
3:Bk

I3 xmolull s, < collTxmlul,y,

Both expressions [L, xr,Ju and [T}, xr,Ju are seen to be composed of terms 9% g, 0°u
with |a] <1, |a+ (] < 2. The estimate of HUHZ~VR continues as
VR—p

HUHQ;VR,p S A6<||LUH0;VR + HXR»PDUH%;BJR + ||XR7PTUH%;B%/

£ 195w, 0ul,,

o <1 [B|<2—|e

(1.41) " 3 1
< A5(I1Lulyy,, + 2 1Dully , +pH|Tul,

+ 3 p 0"l o 2l )

lal=1

From this it is easy to deduce (2.48) with the same arguments we used before for (1.42). [J

2.5 Nested a priori estimates for constant coefficients

For estimating higher order derivatives, we can begin by using the same arguments as in
the proof of Proposition 1.5.1, if L and the boundary operators D; and 7} have constant
coefficients, but in a first step only for the estimate of almost tangential derivatives of u,
i. e. partial derivatives of the form 9°9%u with 3 = (',0) and || < 2. The operator
O” is thus tangential on the boundary Bj,. This class of derivatives can equivalently be
written 0% with a = (¢, a,,) and «,, < 2. In other words, we are going to prove a series
of anisotropic estimates, where the number of normal derivatives has a possibly smaller
bound than the total number of derivatives. For this purpose, we introduce the following
notation:
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Notation 2.5.1 For k,m € N, let the anisotropic seminorm |u| Ly 0€ defined as
|u| = max HaauHu.
|a|=F
anp<m

k,m;U

Note that for m > k, |ul
tion 1.1 (1.3).
On the boundary, we use the seminorms

k. 1S €quivalent to the seminorm |u| ki 88 defined in sec-

= max ||0%u||

|u|k,5;u’ lal=k s;uU’

Note that these are different from both the norm and the usual seminorm in H***(1/"), but
this distinction is of no importance for the further applications. A

The proof of the following proposition is based on the estimate (2.47) and its conse-
quence Lemma 2.4.2 only, without any further need of ellipticity and covering conditions.

Proposition 2.5.2 Let L and the boundary operators D;, T; have constant coefficients.
We assume that estimate (2.47) holds for any u € Hg(VR*, BY.). Then there exists a
constant A > 1 such that for all R € (0, R,), for any u € H*(Vy), all k € N and all
p € (0, 2] there holds

)
k
k2 kt1—t (042
P |u|k’+2,2;VR,<k+2>p S ZA <p |Lu|£70;VR7(2+1)p
£=0
043 0+
+ 02| Tu +p 2| Du >
a |£’%;B;2—(€+l)p N |€’%;Bg%—(€+1)n
k+1
+ ARt Z P‘OK'HaauHVRqa\p . (249)
laf<1

In particular, if the right hand side is finite, the left hand side is also finite (tangential
regularity of the solution up to the boundary).

Proof:  All the arguments leading to Proposition 1.5.1 and Lemma 1.3.6 (the nested open
set technique and the difference quotients) can be reproduced with the tangential derivatives
0%, i.e. with 8, = 0. The reason for this is that such tangential derivatives commute not
only with the operator L, but also with the boundary operators D; and T}. O

A new argument has to be employed to obtain an estimate for the remaining derivatives
of u: This is the fact that the boundary x,, = 0 is non-characteristic for L, i. e.

LPr(&) = — Z Z My&p€,,  where the N x N matrix M,, is invertible >.  (2.50)

p=1 g=1
2 In the notation of Def. 1.2.7, the entries of M,,,, are the agg"“’o’

1<, j<N.
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Figure 2.4: Nested neighborhoods (balls and half-balls)

Proposition 2.5.3 Let L and the boundary operators D;, T; have constant coefficients.
We assume that estimate (2.47) holds for any u € Hy(Vr,, By.) and that (2.50) holds®.
Then there exist two constants* A, B > 1 such that for all k,m € N with m < k, for all
R € (0,R.], forall p € (0,2;] and for all u € H*(Vy) there holds

’ k+2
k m
k+2 k+1—¢ m+1—v (42
u <Y 4 <§ B Lu
P | |k+27m+2?VR—(k+2)p - P | |£7V;VR7(Z+1)/J
/=0 v=0
m41 0+3 m+1 0+
+ BTl + B3 Dl )
2P R_(0+1)p 2P R_(e+1)p
k+1 pm+1 la] || 9o
+ ASLBL N ol L @51)

o<1
In particular; if Lu belongs to H*(Vy), then u belongs to H*2(V_,) for any p > 0.

Proof: Let k be fixed. We prove (2.51) by induction over m from 0 to k. For m = 0,
(2.51) is a direct consequence of (2.49) as soon as B > 1. Let us assume that (2.51) holds
for m — 1, that is

m—1

k
k+2 k+1—¢ m—v {42
u < E A E B Lu
p I Ik+27m+17VRf(k+2)p - p I |£7V;
£=0

VR—(e4+1)p
v=0

3 m 1
+Bmp£+2|Tu|gl.B/ +B pe+2|Du|g 3.
127

R—(£+1)p 757331—(“1),7 >
k+1 om la] || 9o
+ AFIB™ Y o ull,, . (252)

lp
o] <1

and let us prove it for m. Condition (2.50) implies that we have the following identity, with

3 In fact, it is possible to prove that (2.50) is a consequence of estimate (2.47), because estimate (2.47)
implies the interior ellipticity of the constant coefficient system L, which, itself, implies (2.50).
4 The constant A can be chosen as the same as in Proposition 2.5.2.
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N X N matrices N¢:
O2u= M, 'Lu+ Y N°9u. (2.53)

o] <2
an<l

As a consequence, there exists a positive constant By such that for all R > 0 and all
u € H*(Vz) (here no boundary condition is needed):

< By(|Lu] + |u (2.54)

Iu|2,2;VR 0,0; Vp 2,1;VR)'

Applying (2.54) in Vi_(42), for omoPu with 3 = (4,0) and |B| = k — m, we obtain

< Bo(ILUI

|u|k+27m+2§VR—(k+2)p - k’, m; VR*(k+2)p + Iu|k+2,m+1;VR7(k+2)p )

Here again, the commutation of 8;”85 with L was used. We multiply the last inequality by
k+2 oL . :
p" T2 and employ (2.52) for the estimation of |u|k+2’m+1;VR7(k+2)p. The result is (2.51) if

B was chosen such that B > Bj. 0

Remark 2.5.4 As already mentioned in Remark 1.5.2, we can choose other domains than
balls. For example:
b.
VR = (—bl, bl) X ... X (—bnfl, bn71> X (O,bn), with R = min -

1<j<n 2

and a suitable definition for the nested domains Vp_, is
Viep = (=bi+p,b1 —p) x ... x (=by_1 + p, b1 — p) x (0,b,, — p).

Estimates (2.51) are still valid for such domains. Again, it is also possible to use rectan-
gular domains in polar or spherical coordinates. A

2.6 Nested a priori estimates for variable coefficients

We will now generalize the higher order estimates to the case of operators L, D; and
T; with variable coefficients. We still consider the local model geometric situation of a
half-ball V centered at 0, with active boundary B, C R,

2.6.a Homogeneous boundary conditions

In order not to overly complicate the presentation, we consider first the case of vanish-
ing boundary terms. In the next paragraph we will then prove the complete estimates
including the boundary terms.

Like for interior estimates, we need to estimate commutators. Again, weighted semi-
norms centered at 0 appear natural, but now anisotropic semi-norms have to be consid-
ered. We use the model of Notation 1.6.1, and define with Notation 2.5.1:
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Notation 2.6.1 (i) We set |[|ul] = |lull,, andfor k€N, k>0,

0,0; Vg
. k
“u”k,m;VR T maxﬂ P |u|k7m§VR—kp )
— 2k
(ii) We set for k € N: pz[|f”k,m;VR = max 2+k|f|,€7m.VR ety AN
<ps 2(k+1) T

For the estimate of commutator terms, we need a straightforward extension of Lemma
1.6.2, the proof of which is similar to the very detailed proof of Lemma 1.6.2 given above
and is left to the reader:

Lemma 2.6.2 Let a be an analytic function satisfying |07a| < M +~|! on By, for all
v € N". Let a and 0 be multiindices such that |a|+ 10| < 2, and let [ be any multiindex.
We set

b=|a|+ 8]+ 0] and m = a, + 0, + Bn.

Let R, p be positive numbers, R < R, and p < < . There exists a constant c, indepen-
dent of R, p, b and m, such that

p’118° (a(x)0°0%u) — 9°0° (a(x)0%u) ||

VR—(b-1)p
b—1
RM
<ad (b-d+1) (5 ) [lul] oy (2:55)
d=0

The first result is an estimate of almost tangential derivatives, cf. Prop. 2.5.2.

Proposition 2.6.3 Let L and the boundary operators T, D; have analytic coefficients.
We assume that estimate (2.47) holds for any u € HZ(Vx, Bf.). Let u be any function
in H*(Vz) with R < R.. We assume that

CZ}U|B§%:0, j:17...,N1 and DjU|B;%:O, j:]., NO N — N1
Then there exists a constant A > 1 independent of u such that for all k € N and for all
R € (0, R.] there holds

k 1

[lul] 15 0p, < < Skt 2 |LuHZ7O;VR+Ak+1Z [ul], .y, - (2.56)
£=0 =0

Proof: By induction over k. We know that estimate (2.47) implies (2.48). And estimate
(2.48) clearly implies (2.56) for k = 0.
We suppose that (2.56) is proven for all K < k — 1, i.e. we have forall d, 2 < d < k+1:

1

d—
[lull g v, < Z AT ’L“Hdﬂ,o;VRJrAdle [ul] v - (2.57)
=0 =0
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Let 5 = (/',0) be a tangential multi-index of length k. Since now the boundary operators
do not commute with 3%, we cannot apply directly (2.48) to 9”u. Instead, we use the nested
open set technique like in the proof of Lemma 2.4.2, starting by applying the estimate (2.47)
to the function X p_(k+2)p,p 0%u. Let us abbreviate XR—(k+2)p,p DY X and R — (k+1)p by
R'. Noting that Dju =0, [D;,x] =0 and T;u =0 on B}, we obtain

No
0%l < ALl 4L APl + S IND, Pl

Jj=1

s (I, 0%ully 4+ 105000y + 1300l ) )

j=1

No
A {iLotul,, 4 LAl + S IND;. 0,
j=1

Ny
3 (I, 0%l + 1T 0l + Ix0Pul ) b
j=1
(2.58)

Here we have used, as in the proof of Lemma 2.4.2, the continuity of the trace operator from
1 3
H'(R") into H2(R™"!) and from H*(R"}) into H2(R"'). Recalling (1.41), we deduce

1
0%l < AL 10 Lull, L0l + S 0%l

N s =0 (2.59)
1590 ST AN 9 DY R A TN
j=1 ¢=0 j=1 ¢=0

We multiply this estimate by pk+2 and bound the three commutator terms: Lemma 2.6.2
used successively with b =k 4+ 1, k and £ — 1, and with m = 2 yields

No 2 Ny 1
k+2 & k+¢ a8 k+-2¢ 6
p L, 0 ]uIIVR,+ZZp 1105, 0%ull,,,  + ZZ 1175, 0% ull,,,

j=1 =0 j=1 t=

2
<o), (KR)’“+2 T ] v
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with positive constants ¢y and K, independent of u, R and (3. Thus we have obtained

k+2)1 58 n} k+2) 98 k+0)| 28
P29 u||2;VR_p<A{ |0°Lull,., +Zp 0%l
=0
2 k+1 V4
P 3 KR ], b 260)
/=0 d=0

Taking the max over p € (0 finally gives the analogue of the interior estimate (1.48):

i]
? k42

k
UquJrZQ vy < A2 ('O*ULqu,O;VR + [lul] k1,2 T Z (KR)" ‘quﬂ;VR)' (2.61)
d=0

From the inequalities (2.57) and (2.61) one deduces (2.56) for k as in the concluding argu-
ments of the proof of Proposition 1.6.3. 0

If the boundary B, is non-characteristic for L, we are now able to bound any deriva-
tive of u, and obtain the final “analytic” a priori estimates:

Proposition 2.6.4 Let L and the boundary operators T, D; have analytic coefficients.
We assume that (2.47) holds for any u € H3(Vz., BY.) and that (2.50) holds for the
principal symbol LP (x; §) of L forall x € B}, . Then there exist two constants A, B > 1
such that for all k,m € N with m < k, for all R € (0, R.], and for all u € H2(VR)
satisfying the boundary conditions T;u = 0 and D;u = 0 on BY, there holds

k min{¢{,m}

[|u”k+2,m+2;VR Z Z k+1_£Bm+1_VpiULU”&WVR

=0 v=0
+ AMIBHN lu]], .y, (262)

<1

Proof:  We prove (2.62) by induction over k and m for (k,m) € N? with m < k. For
m = 0 and any k, (2.62) is a direct consequence of (2.56) as soon as B > 1. Let us
fix (k,m) and let us assume that (2.62) holds for any (k, ) satisfying either k = k and
p<m-—1,or k<k—1and g <min{x,m}:

K

I
UUHKJJ,;HJ;VR < Z ZAHPZBHPV P ULU”E,V; ve T AxHprt Z U”Hz,e;VR'

=0 v=0 <1
(2.63)
By assumption, condition (2.50) for LP"(x; &) is valid for all x € BJ. This implies the
following variable-coefficient version of (2.53)

Opu= M, ! (x)Lu+ > N*(x)0"u, (2.64)
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where the matrices M1 and N have smooth coefficients. Therefore estimate (2.54) still
holds. Applying (2.54) in Vir_(r12), to Om0%u with 3 = (#,0) and |8] = k — m, we
obtain

< BO{|Lu|

u + ju
I Ik+27m+2;VR7(k+2)p - k,m; VR (k+2)p I Ik+27m+1;VR7(k+2)p

m 6
1L Nl oy, }
We multiply the above inequality by pk+2, use Lemma 2.6.2 to bound the commutator and
take the max over p:

[|qu+2,m+2;VR < Bo{piULqu,m;VR + [|u|]k+2,m+1;VR
k1
F e Y (KR ully i nagove |-

d=0
< Bl Il + KR (KRl o, + ], )

k—1
+ UUH k+2,m+1; Vg + e Z(KR)IC_H [|u|:| k42, min{m,k}+2; VR}'
xk=0

By the induction hypothesis, we can use (2.63) with (k, 1) = (k,m—1) for the estimation of

and with (k, min{m,x}), k =k —1,...,0, for [|ul]

[|U|] k+2,m+1; Vg k42, min{m,x}+2; Vg’

We finally obtain (2.62), provided that A and B are such that

k+1

ARG YIS

J=1

For this we can choose any A and B such that B > 2By, A > 2K RBycs. [l

2.6.b Inhomogeneous boundary conditions

The procedure followed in the previous paragraph can be applied in the same way even
if no homogeneous boundary conditions are satisfied. In this section, we will state the
corresponding results and indicate how the proofs have to be modified to cover the general
case.

We start by introducing weighted seminorms on the boundary in analogy to Notation
2.6.1.
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Notation 2.6.5 Using Notation 2.5.1, we set for £ € N:

1
3 - 2+k
P+ Ugﬂk;,g;B;% : 0<pn<1?(}:+1) P |g|k’§’BR (kt1)p
3
h = §+k h .
pi U Hk,;,B/ 0<;£13)§+1) | lkéyB;{ (k+1)e A

For the almost tangential derivatives, we find the analogue of Proposition 2.6.3.

Proposition 2.6.6 Let L and the boundary operators T;, D; have analytic coefficients.
We assume that estimate (2.47) holds for any u € HS(VR*,B}Q*). Then there exists a
constant A > 1 such that for all k € N, for all R € (0, R,], and for all u € H*(Vy)
there holds

k
3
[Jul] 42,2V = Z AR (p* |Lu|]E,O;VR +pi “T“He LBl

19

1

+PEUDUH&%mJ-FAHJE:HUHMWh.(26$
£=0

Proof:  The proof of Proposition 2.6.3 goes through in the present situation if we add
boundary terms in some of the formulas. Thus, equation (2.57) reads now

d—

3
Ad-1-¢ 5
|u| d,2;Vg — Z <p* |Lu”d—2,0;vR +pi “Tqu—z%;B%
/=0
1

+ pf ['Du|i|d—27%;B3%> + Ad_l Z UUH@,E;VR . (266)
£=0

In eq. (2.58), we have to add the terms ||x0% D;ul| 5. inthefirst sum and X0 Tyu| 1
2 / 29 /
in the second sum on the right hand sides. ) )

In eq. (2.59), the corresponding extra terms on the right hand side are p™2 | Djul| and

1
p~ ([ T;ull

k2B
127 R
r ively.

k1B, espectively

In equation (2.60), the extra boundary terms on the right hand side are

3 1
P2 T + p*"2|| Du

1.pr 3.pr
ka§7BR/ kvi’BR/

and, finally, in equation (2.61), we have to add
3 1
E T / 3 D c !
p U u”k,%;BR—i_p |:| u|:|k,%;BR

in the parenthesis on the right hand side. 0
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The main result on the analytic a priori estimates is the analogue of Proposition 2.6.4.

Proposition 2.6.7 Let L and the boundary operators 1, D; have analytic coefficients.
We assume that (2.47) holds for any u € Ha(Vg,, BY.) and that (2.50) holds for the
principal symbol L? (x; §) of L forall x € By, . Then there exist two constants A, B > 1
such that for all k,m € N with m < k, for all R € (0, R,], and for all u € H*(Vy)
there holds

k min{¢,m}
UUH k+2,m+2; Vg S ZAI‘:'H_E{ Z Bm+1_V pz |:|Lu|:|E,V;VR
=0 v=0

3 1
+ pml <pf UTuH&%;B;{ + p2 [\Du\h%;%)}
+ Ak—HBm—H Z UUH

<1

oy, (267)

Proof:  The proof of Proposition 2.6.4 can be repeated in the case of inhomogeneous
boundary conditions almost without change. The only place where boundary terms appear is
in the induction hypothesis, equation (2.63), where one has to add

K 3 1
Brtl ZAKH—K (pf UTUHK,%;B}, + pi UDUH@,%;B;)

=0

on the right hand side. O

Remark 2.6.8 For later reference, we note that the constants A and B in estimates (2.62)
and (2.67) depend continuously on R,, on the constant Ag in (2.47), on the maximum
of the coefficients of the matrix M 1(x) in (2.64) and on the analyticity modulus of the
coefficients of L and D;, T; on V, and B _» compare Remark 1.6.5 and (1.50). A

2.7 Analytic regularity up to the boundary

Our preparation for the proof of the analytic version of Theorem 2.3.2 is now complete.
Let us recall that A(€2) denotes the class of N -component analytic functions on Q. The
analytic shift theorem states that the solutions of an elliptic boundary problem with ana-
lytic data are analytic. Analytic data means analytic domain, coefficients and right hand
sides. For our general class of “mixed” boundary value problems A = {L,T, D} with
T = (T5)ser and D = (Ds)sc.» , we understand by analytic boundary data g = (g )sc.o
and h = (hg)sc.» vector functions such that all components of g, and hg are analytic.

Theorem 2.7.1 Let ) be a domain in R™ or, more generally, in an analytic manifold M
of dimension n. Let (0s§2)sc.» be the connected components of 0S). Let I' be an analytic
part of the boundary of ). Let L be a N x N system of second order operators with
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analytic coefficients over QUT'. Let C = {T, D} be an admissible set of boundary oper-
ators, cf. Notation 2.2.20, on ', with analytic coefficients. We assume that the boundary
value system A = {L, T, D} is elliptic on Q UT (cf. Definition 2.2.31).

(i) Let two bounded subdomains €)1 = U; NS) and Qs = Us NS) be given with Uy and
Uy openin M and Uy C Uy. We assume that Ty := 0Qy N O is contained in T.
Then there exists a constant A such that any solution u € H2<Qg) of (2.43) satisfies
forall k € N, k > 2 the improved a priori estimates ( “finite analytic estimates”)

k—2

1 1
luly g, < AT S (10, I8l ot Il )+l g, - 268)

=0

If in addition the right hand sides f, g = (8¢)sc.r and h = (hg)sc.» are such that
f € A(Qy) and all components of g, and hg are in A(I'y N 0s(Y), then u belongs to
A(Qy).

(ii) If 2 is bounded and I' = O0X) and if the right hand side is such that f € A(Q)
and all components of g, and hg are in A(Os)), then any solution u € H*(Q) of
problem (2.44) belongs to A(S).

Proof:  The key point is the proof of the analytic estimate (2.68). Let {2 be a domain in
an analytic manifold M, and Q,, =U,, N, m = 1,2 with U; C Uy. Let Xy be a fixed
point in €.

e If xo belongs to €, it is an interior point: There exist two neighborhoods Uf;(x,) and
Us(xo) of Xg, such that U;(Xg) C Ua(xg) C Q2 and a positive constant Ay, so that there
holds the local estimate (1.54), shown at the end of the proof of Theorem 1.3.3:

k—2 1

1 kil 1

11 W < A8 (0 3 10y T D ) 260
=0

e If xg belongs to 0f2, then by assumption, X is in I" which is an analytic part of the
boundary 0f). There exist a neighborhood Us(Xg) of Xo in the manifold M, Us(x¢) C Us,
a ball Bg, in R™ and an analytic map ¢ from Usz(xo) onto Bpg, such that ¢(Us(xg) N 2)
is the half-ball Vz, and ¢(Ua(xo) NOSY) is the n — 1 dimensional ball B}, . We can assume
that the projector-valued functions I17 and IIP are diagonalizable on Us(x) (see (2.39)).
The boundary value problem (2.43) is transformed into

Zv}ﬁ:finVR* with lop=uandfog =T,

%

with boundary conditions 7;i = g; and D;u = h; on B} . The operators L, T}, D; have
analytic coefficients and form an elliptic system.

By Corollary 2.2.16, estimate (2.47) holds in Vr. Moreover, condition (2.50) at 0 is a
consequence of the ellipticity of L. We can then choose a sufficiently small positive number
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Ry and apply Proposition 2.6.7 which implies that here exist positive numbers A and B so
that the following estimate holds for all R < Ry and all k e N, k > 2

k ¢
[4]],, 1y, < A B A B L],

Simplifying, we can write this with a constant A as

=

~ ER
Uﬁl]k,k;VR = AkH{ Z P2 (|Lul] Love TP UTUHZ,;,B'
=0

3, R)+Z[|ﬁ|]&WR}. (2.70)

Similarly as the inequalities (1.53) for the case of the ball, we have estimates for the half-
ball linking the weighted semi-norms on Vx and the semi-norms on Vi and Vg/o. We also
have the analogous estimates on the boundary between the weighted seminorms defined in
Notation 2.6.5 and the standard Sobolev norms, namely:

1o g

p< |:|g|]g7%;33% < (2(£1)) Hg“ug;Bg )
IRy, < () IR

Px LBy = \ae+D) +1By

Therefore,~with the help of the Stirling formula, we deduce from (2.70) that, with a new
constant A independent of k£ and of R < Ry, we have:

Rk . k—2 Re 1
- k+1 £ - o -
il < AT 2 (1, 18l s+ Bl ) + Dl -
{=0 (=0

Note that for this kind of estimate, the precise powers £ + 1/2 or ¢ + 3/2 and the question
whether we used Sobolev seminorms or norms on the boundary, do not play any role.

The constants A and Ry may still depend on the point Xo in Q1. We fix R = R(xq) <
min{ Ry, R.} and denote by U (Xo) the pull-back ¢~*(Bp(x,)/2). Combining the above esti-
mate with the estimate (1.22) on the analytic change of variables, which holds by interpolation
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correspondingly also for the boundary Sobolev norms in the trace spaces, we obtain

o
[\

1 k+1
= Iul A 5 (Flyornn + 181l pinon
0

k; Uy (x0)N$2 S

~
Il

1
+||h||€+%;l/2(xo)089> + Z |u|€;1/l2(x0)ﬂQ } (271)
=0

Here Ay, is a positive number independent of k£ and u.

Letting finally xg vary over Qy, we can extract a finite covering of the compact set [ by
open sets U (Xg). The proof of (2.68) then follows by combining a finite number of estimates
(2.69) and (2.71).

The remaining statements of Theorem 2.7.1 are obvious consequences of (2.71). U

2.8 Extended smooth domains

Until now, we have considered domains ) that are smooth in the usual sense. By includ-
ing also subdomains of smooth manifolds, we have, in fact, covered a rather large class
of examples that goes substantially beyond the class of smooth bounded subdomains of
R™. There exists, however, a class of domains in R" or in a fixed smooth manifold M
(the sphere S"~! being an important example later on) for which all the elliptic regularity
results of this chapter are valid in an obvious way, but which are not adequately described
by this standard notion of smoothness. They are not even Lipschitz domains. To recog-
nize their smoothness, one has to embed their boundary in a manifold different from the
one that contains {2 as a subdomain. Let us give an example in R?:

Let © be the domain between the curve I' in R? described by the equation

y? = ot — 4
and the circle of radius two (see Figure 2.5(a)). The (analytic) curve I" has a double point
at the origin, and therefore {2 is not a smooth domain in the usual sense, because it does
not lie locally on one side of its boundary. In order to embed (2 as a smooth domain into
a smooth manifold, we have to count the origin as a double boundary point, thus moving
out of R?. It is clear, however, that in doing so, we recover all the regularity results,
including analytic regularity, presented in this chapter.

In the specific example, we can explicitly exhibit a manifold that contains 2 as a
smooth subdomain, namely one that is a double cover of a neighborhood of the origin
and smooth in a neighborhood of 2, for instance the Riemann surface of the function
V1 — 222, In more general cases, a more intrinsic construction, involving only an ex-
tended definition of the boundary of €2, is desirable, and one can do it as follows:

We assume that € is a bounded domain (i.e. an open and connected set) in a complete
Riemannian manifold M. We equip {2 with the metric of the intrinsic geodesic distance
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(a) (b)

Figure 2.5: Extended smooth domains: analytic (a) and € (b)

d defined by
d(x,y) = inf{ length of v | v € Cyxy} (2.72)

where Cy is the set of all curves of finite length connecting x and y inside (2. In the
case of M = R™, one can take the infimum over polygonal lines.

This metric space (€2,d) has a completion, defined in the usual way as the set of
equivalence classes of Cauchy sequences.

Notation 2.8.1 Let 2 be a domain in R" or in a smooth manifold. We denote

* by Q" its geodesic completion, defined by Cauchy sequences for the intrinsic geodesic
distance d in €2 (2.72),

* by 0.2 its unfolded boundary, i.c.

0,.0=0"\0Q
\ A

We will now discuss some of the properties of the geodesic completion. As this dis-
cussion belongs to the field of elementary topology, we leave most of the details to the
reader.

Since the intrinsic geodesic distance d dominates the ordinary distance in M, the
Cauchy sequences defining QO converge also in M, and thus there is a natural projection
7:Q — Q which is the 1dent1ty inside {2 and which is continuous (Lipschitz continuous
with Lipschitz constant 1) on Q. In the general case, there hold the inclusions

Qcr cQ. (2.73)

If € is a Lipschitz domain, then the geodesic distance in €2 and the ordinary distance
are equivalent, hence in this case the geodesic completion coincides with the closure and
the unfolded boundary coincides with the ordinary boundary.

On the other hand, it is easy to construct examples, even in R?, showing that the
following possibilities exist:
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0,82

Figure 2.6: Local diffeomorphisms ¢y, , ¢y, for points xq, x such that 7(xo) = 7(xq).

* A bounded domain 2 which is unbounded with respect to the geodesic distance d,
% A bounded domain ) for which " is not compact,

* A bounded domain €2 for which both inclusions in (2.73) are strict, so that m(0,(2)
1s not closed,

* A bounded domain {2 and a boundary point x € 9€2 with infinite multiplicity: The
set of preimages 7 !(x) is infinite.

All of these are pathologies that we do not want to consider for our smooth domains.
We will therefore make the general assumption that Q" is compact. This does not yet
imply that all boundary points are of finite multiplicity, but as soon as some regularity
assumption is added, finite multiplicity will follow.

The definition of smoothness that we shall adopt basically states that Q" is a smooth
manifold with boundary.

Definition 2.8.2 We say that the subdomain €2 of the smooth manifold M is smooth in
the extended sense if () is compact and for any point X, in the unfolded boundary 8,
there exists, ct. Figure 2.6,

* aneighborhood Uy, of Xy in Q) ,

* anumber R > 0 defining the ball By centered at 0 with radius R, the half-ball
Ve = BgrN {SCn > O} and B}Z = GVRﬁ{xn = 0},

* a “smooth local diffeomorphism” ¢, which sends bijectively Uy, onto Vi U B,
and Uy, N 02 onto BY,, and so that ¢y, (xo) = 0.

Here “smooth” means that all derivatives of the inverse ¢, ! have continuous extensions
from the open set Vi to Vi U B}, and “local diffeomorphism” means that the Jacobian
matrix V ¢y ' (X) is invertible for any point X € Vi U Bj;.

e If moreover ¢y can be chosen analytic on Vi U By, for all x, € 9.2, we speak of
analytic regularity of (2. Note that in this situation, the neighborhood Uy, N 0,52 of xq in

the unfolded boundary is an analytic submanifold of R" or M .
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Note that prior to this definition, the completion Q" did not have a differentiable struc-
ture, only its interior §2 did. This is the reason why we have to use the inverse diffeomor-
phism in Definition 2.8.2, because gzﬁx_ol is defined on the set Vz U B, which does have a
differentiable structure.

This notion of smoothness still allows examples of domains that have an infinite num-
ber of isolated multiple points on the boundary, in addition to whole subcurves of the
boundary consisting of multiple points (see Figure 2.5(b)). In the smooth case, however,
the multiplicity of a point on the boundary is at most two. This can be seen as follows:

Suppose that x;, j = 1,2, 3, are distinct points in 7~ *(x). Let py be their minimal
mutual geodesic distance. Then using the local diffeomorphisms ¢, with the half-balls
Vg, and choosing some p such that

0 < p <min{py/2, Ry, Ro, R3},

we obtain that the three open sets ¢, 1(V,) of R™ (or M) are disjoint, they have a common
boundary point x, and each one has smooth boundary in the neighborhood of x. This is
clearly impossible.

For our extended smooth domains, all the elliptic regularity results shown in this
chapter remain valid. One can see this on one hand by revisiting the techniques used
in the proofs, and noticing in particular that our definition of Sobolev spaces on general
domains in Chapter 1 was already given in an intrinsic way well adapted to the definition
of the class of extended smooth domains. See in particular the definition (1.5) of fractional
Sobolev-Slobodeckii norms. Thus tools like trace theorems and trace liftings will be
available in an obvious way.

On the other hand, a more global argument can be made that uses the fact that our
domains that are smooth in the extended sense can also be considered as domains that are
smooth in the standard sense if one embeds them into a larger manifold. One can construct
the double Q! of the manifold with boundary Q" and give it the structure of a smooth or
analytic manifold (see for example [94, §5.12] for a presentation of the boundaryless
double of a manifold with boundary). Then 2 is a smooth compact manifold without
boundary, {2 is a smooth subdomain whose closure in Q is Q" and whose boundary is the
unfolded boundary 0,2. This implies immediately the validity of the regularity results of
this chapter.

The problem with the abstract point of view needed for this global argument is that it
implies the construction of another manifold, even if the original domain was a subdomain
of R" or of a standard manifold like S"~!. It is in particular this latter situation that will
be considered later on in Part II where smooth domains G in S"~! will appear as bases
of smooth cones. It is then preferable, as we are proposing here, to stay inside the sphere
S"~! and simply introduce a generalized notion of boundary in the form of the unfolded
boundary 0,G, instead of introducing an abstract manifold providing a double cover of
some parts of S"71.

In any case, with the definition of the differentiable structure on the manifold ?2*,
it is now clear what the space ¢ (?2*) of smooth functions on O means. Let us end
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this discussion with the remark that the Sobolev imbedding theorem implies that with our
definition of the Sobolev spaces, for any domain {2 smooth in the extended sense there
holds

¢>(Q) = H¥(Q) = [ H™(Q). (2.74)

m>0
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Chapter 3

Variational formulations

Introduction

Many stationary or periodic physical systems can be modeled by elliptic equations in
variational form. Such a form provides a unique solution to the problem, in general,
and, consequently, a natural way of discretizing these equations by a Galerkin formu-
lation, too. Variational forms are defined on variational spaces which, in the situation
of second order equations, are subspaces of H'(Q2). Boundary conditions arise from two
sources: The definition of the variational space may contain boundary conditions (“essen-
tial boundary conditions”), and further conditions may appear from integration by parts
(“natural boundary conditions”).

Under a simple condition on the variational form (the coercivity) the set of these
boundary conditions is complementing the equations inside the domain. In this chap-
ter, we recall these notions and link them to the interior estimates and estimates up to the
boundary which are proved in the previous chapter. The main issue is how to go from the
variational regularity, which is simply H', to the basic local H? regularity which is the
starting point of our analysis in Chapters 1 and 2. For the same reason (the discrepancy
between standard basic regularity and variational regularity) the results of [4, 5] cannot
be applied to variational solutions right away.

Plan of Chapter 3

81 Sesquilinear forms and variational spaces, essential and natural boundary condi-
tions.

§2 Coercivity and strong coercivity. Ellipticity and covering condition for boundary
value problems issued from a coercive variational formulation.

83 Solvability of coercive variational problems.

§4 Regularity of variational solutions: The H? regularity for L* interior right hand
side allows to deduce from Chapter 2 higher Sobolev and analytic regularity for

113
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solutions of coercive variational problems with sufficiently smooth data. Lower
Sobolev regularity (H® with 1 < s < 2) is proved for less regular data.

85 Extension to Robin type boundary conditions.

Essentials

The boundary value problems which were considered in Chapter 2 are determined by the
data of an interior system L inside the domain and operators (7', D) on its boundary. The
variational problems which we consider now are a subset of these problems: They are
determined by

e an integro-differential sesquilinear form a of order 1 with smooth coefficients

(u,v :Z Z Z/ x) Og u;(x) 07v;(x) dx, (3.2)

=1 j=1 |a|<1 |7|<L1

defined for u and v in H'(Q) = H(Q)V

e asubspace V of H'(Q) determined by essential boundary conditions
V={ucH(Q): I°yu=0 on 99}, (3.b)

where I1° is a smooth field of orthogonal projection operators CV — CV.

For a right hand side q given in the dual space V' of V, we denote by (q,v)q the
extension of the duality pairing (q,v) — [;,q-vdx of L*(Q) x L*(Q) to V' x V. The
associated variational problem is written as

Find weV suchthat WweV, a(uv)=(q,v)g. (3.c)

From the determination of a and V, we deduce the following expressions for interior
and boundary operators

e the interior operator

L= (Lij), ey With L= > (=DMt (x) 9, xeQ @3.a)
S la|<1 |y|<1
e the operators on the boundary
Du = HD%u and Tu=1II"Bu. 3.e)

with the trace operator 7y, the complementing projector

nr=1-11°, (3.9
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and the associate N X N conormal system at the boundary, B,

B = (Bij),; ey With By=) "> n(x)a(x)d, x€d (B

lal<1 |y|=1

Here for any multiindex v = (71,...,7,) of length 1, n?(x) is the component
¢ = {(7y) of the unit outward normal n(x) to Jf2 at the point x, where ¢ is the
unique index such that v, = 1.

The operators (7', D) enter our general framework in Chapter 2, see (2.1): Here the super-
dimensions No and Nl are both set to N, D = I, II7 is defined by (3.f) and T = B.
The relation with the general boundary value problems considered in the previous chapter
is given in the following lemma.

Lemma 3.A In the framework above, let f be given in L*(Q) and g = (g1, ..., gn) be
given in H_%(aQ). Let (f,v)q denote the hermitian product in L*(Q) and (g, w)aq the
duality pairing in H*%@Q) X H%(ﬁﬁ). The expression

(@, v)g = (F,v), + (g ITyv),,, WEV, (3.h)

defines an element q of V. If u is a solution of the variational problem (3.c), then u
solves the boundary value problem

Lu = f in ),
I"Bu = II'g  on 09, (3.1)
Pyu = 0 on Of).

As particular cases we have
e the Dirichlet problem when I1° =T (thus TI” = 0 and V = H}(Q));
e the Neumann problem when I1° = 0 (thus II” =T and V = H'(Q)).

More generally, the boundary conditions I1Pyou = 0 and II"Bu = II'g are called
essential and natural boundary conditions, respectively.

The form a is said coercive on V if there exist positive constants ¢ and C' such that
2 2 .
YueV, Rea(u,u) zc||u|]1;Q—C’Hu||O;Q. (3.))

The form a is said strongly coercive if C' can be set to 0 in (3.)).

If a is coercive on V, then problem (3.c) is solvable by the Fredholm alternative. The
connection with elliptic boundary value problem is simple to state (cf. Theorem 3.2.6):

Theorem 3.B If a is V-coercive, the system L (3.d) is elliptic and is covered by the
system of boundary operators (T, D) determined by (3.e)—(3.g).
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In order to bridge the H' variational regularity with the basic H? regularity required
as an assumption in Theorem 2.D, we prove the following theorem (cf. Theorem 3.4.1)

Theorem 3.C Let §) be a smooth bounded domain and a be a coercive form on V| with
coefficients in €*(S)). Let u € V be a solution of problem (3.c) for a right hand side q
defined by (3.h) with f € L*(Q) and g € H%(GQ). Then u belongs to H*(Q) with the
estimate

lully g < C(IF,q + &l oo+ Il o )- (3.K)

Therefore, solutions of a coercive variational problem satisfy the same local and global
regularity properties than H? solutions of elliptic second order systems with covering
boundary conditions. In particular, if {2 has an analytic boundary, the form a and the
projection operators II° have analytic coefficients, then any variational solution u of
problem (3.c) for a right hand side defined by (3.h) with f € A(Q2) and g € A(09),
belongs to A(£2).

The question of lower regularity of variational solutions (in H® for 1 < s < 2) makes
sense. For this, we introduce a couple of notations: For any s > % let HY (€2) denote the
space

HY(Q) = {u € H*(Q), TT°y5u = 0 on 99}, (3.

and for s > 1, s # %, we define RHY,(Q2) differently depending on whether s < % or
not:

e If s €[1,3), RHY(Q) is the dual space of HY *(Q2).

o If s > 2, RHY(Q) is the space of q € V' for which there exists a couple (f,g) €
H* " 2(Q) X [l ITH2(35Q)N such that the representation (3.h) holds (with
obvious extensions of the duality pairings (-, )q and (-, -)s0).

We note that the operator u — (v — a(u,v)) is continuous from HY(€2) into

RHY(Q) forall s > 1, with s # 2. The elliptic shift result for 1 < s < 2 takes the
form (see Theorem 3.4.5):

Theorem 3.D Let ) be a smooth bounded domain and a be a coercive form on I with

coefficients in €*(Q). Let s € (1,2), s # 3. Let u € V be a solution of problem (3.c)
for a right hand side q € RHY,(Q2), then u belongs to H*($2) with the estimate

lull, g < e(l1al oy + 0,0 ) (3.m)

The main results of this chapter can be extended to variational problems based on
more general sesquilinear form a containing a lower order term on the boundary

5(“7") = a(ua V) + / (ZPYOU) ) 70v dO', (31’1)
oQ
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with a sesquilinear form a given by (3.a) and a smooth function Z defined on 0f) with
values in N x N matrices. The new variational problem is

Find uweV suchthat Vv eV, a(uv)= <q,v>§. (3.0)
With a variational space V given by (3.b), we have the equivalence (Lemma 3.5.1)
a coerciveonV <= a coerciveon V.

If q has the representation (3.h), then solutions u of problem (3.0) are solutions of the
elliptic boundary value problem (of Robin type)

Lu = f in €,
O'Bu+1"Zyu = II'g  on 99, (3.p)
IPyu = 0 on 0f}.

Since problem (3.p) is a lower order perturbation of (3.i), we can easily show that all
regularity results proved for solutions of problem (3.c) still hold for solutions of (3.0).

3.1 Variational spaces and forms

Let €2 be a bounded domain in R™ (or in a smooth manifold of dimension n). Whereas
a big part of the material presented in this chapter is valid under rather weak smoothness
assumptions, we will leave the discussion of some classes of non-smooth domains to later
chapters and assume here that the boundary 052 is smooth.

3.1.a Sesquilinear forms

Let N > 1 be the dimension of the system. We consider a sesquilinear form a of order 1
defined for u and v in H'(Q)Y = H'(Q) by

N N
(u,v) = Z Z Z/ x) Og u;(x) 07v;(x) dx, 3.1)
i=1 j=1 |a|<1 |7|<1

with complex valued coefficients aw , smooth up to the boundary of 2. As soon as the
coefficients are bounded on €2, the form a is continuous over H'(€2):

a(uv)] < Clull, o IV, o (3.2)

The second order N x N system L associated with a is obtained by integration by
part against any test function v in °(Q)":

L= (Ly) ey With L= > (-)"90a](x) 35, xe€Q. (33

|| <1 |v|<1
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Here 0]a;;'0g is the second order operator u + 05 (a;; (x)0gu). The system L has
smooth coefficients and there holds

a(u,v) = (Lu, v) Yu € H'(Q), v € H{(Q). (3.4)

(OB

Here (, )q is the duality pairing between H™'(Q) and H}(Q).

For any multiindex v = (,...,7,) of length 1 there exists ¢ such that v, = Jg:
then we define n”(x) as the component ¢ of the unit outward normal n(x) to 02 at the
point x. The associate N X N conormal system at the boundary B, is defined as

B=(By),; ey With By= > > n'(x)a(x)d5, xe€d. (3.5)

<1 |y|=1

Integrating by parts for u € H*(Q2) and v € H'(Q), we find
a(u,v):/Lu-de+/ Bu -v do. (3.6)
Q 09

Let H'(Q; L) denote the maximal domain of L
HY(Q; L) = {uc H'(Q) : Lu € L*(Q)}. (3.7)
Formula (3.6) allows to extend the continuous mapping:
H2(Q) > u+— Bu € H2(9Q)

to a continuous mapping
B:HY(Q;L) — H2(09). (3.8)

Here H2 (09) is the dual space of Hz (092). We denote by (, )sq their duality pairing.
The continuity (3.8) is easily seen as follows: Let 7, : Hz (9Q) — H() be a continuous
right inverse (“lifting”) of the trace mapping ~,. Then we can write (3.6) as

(Bu.g),, = alu.5ie) — [ Lu-75g dx

and we see that the right hand side defines a continuous sesquilinear form on H'(Q; L) x
Hz (012). Thus we obtain

a(u,v) = / Lu -V dx+ (Bu,yv),,, YueH'(Q;L), ve H(Q). (3.9)
0

Definition 3.1.1 Let a be a sesquilinear form of order 1 according to (3.1).

(i) A variational space V = V() is a closed subspace of H'()) which contains
H) ().
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(ii) The variational problem associated with the sesquilinear form a and the space V is
formulated as

Find ue€V suchthat Vv eV, a(uv)= <q,v>§, (3.10)

for q given in the dual space V' of V. Here (q,v)q denotes the extension of the
duality pairing (q,v) — [, q-Vdx of L*(Q) x L*(2) to V' x V.

(iii) For V = H(2), (3.10) defines the Dirichlet problem for the system L.

(iv) For V = H'(Q), (3.10) defines the Neumann problem associated with the system
L by the sesquilinear form a.

We have the classical distributional expressions of Dirichlet and Neumann problems:
Lemma 3.1.2 (i) If V = H, (%), for any q € H™(Q) the problem (3.10) can be written

as
{Lu:q in Q

u =0 on 0f). (3.11)

(ii) If V. = H'(Q), for a right hand side q given by the L* scalar product against an
element f € L*(Q) : (q,v)g = [, f -V, the problem (3.10) can be written as

{Lu:f in

Bu = 0 on 0f). (3.12)

Proof: (i) is quite obvious: Let u be a solution of problem (3.10) with V = Hg(€2). The
boundary condition u = 0 is provided by the space H}(£2), and the equation Lu = q in
is an equality in H_I(Q) which is a direct consequence of (3.4): There holds

a(u,v) = <Lu, v>Q = <q,v>§, Yv € H(Q).

(ii) Let u be a solution of problem (3.10) with V = H'(£2) with q given by (q, v)g = |,

fv
Q 1
with f € L*(Q2). Formulation (3.10) gives, in particular

a(u,v) = / f-v, WeHQ).
Q

With (3.4), this gives the equality Lu = f in LQ(Q). Thus u belongs to HI(Q; L) and
(3.9) yields with (3.10) that

/Lu-de+<Bu,%v>aQ:/f-V, v € H'(Q).
Q 0

Since Lu = f, we simply obtain

(Bu,yv),, =0, YveH(Q),

which means that Bu = 0 as an element of H*%(ﬁQ). O



120 CHAPTER 3. VARIATIONAL FORMULATIONS

Remark 3.1.3 The Dirichlet problem depends on L only and not on the sesquilinear
form a such that relation (3.3) holds. In contrast, Neumann conditions depend on a and
not only on L. We give examples of this in the next chapter, Section 4.8. JAN

3.1.b Essential and natural boundary conditions

In many applications, the variational space V intermediate between H(€2) and H' (1)
is determined by pointwise restrictions imposed on the boundary traces. Such essential
boundary conditions can often be described by the vanishing of some vector components
of the trace, or equivalently by the inclusion of the trace in some subspace of CV, where
this subspace can vary from point to point. Typical examples of such conditions are the
vanishing of the tangential or of the normal components of a vector field if N = n.

From a mathematical point of view, this type of essential boundary conditions could
be described by the introduction of some vector bundle on the boundary, the condition
being that the trace of the solution is a section of this bundle. In order to make this idea
precise, one would have to cope with the fact that the variational solutions in H'(£2) do
not have well-defined pointwise traces, so that one would have to study distributional
sections of such vector bundles.

We choose to introduce a less abstract, but not less general, variant of this idea, based
on the description of the essential boundary conditions by fields of projection operators.
This variant turns out to work well with the definition of natural boundary conditions by
integration by parts and, most importantly, it will let us subsume the class of our elliptic
problems in variational form under the general class of elliptic boundary value problems
the regularity of which we studied in Chapters 1 and 2. The only additional (but not really
restrictive) requirement that we now make about the projectors is that they have to be
orthogonal and, of course, that the first order boundary operators 7" are defined by the
natural boundary conditions corresponding to the essential conditions defined by the zero
order boundary operators D.

We assume therefore that we are given a smooth mapping I1° from the boundary 952
to the space of orthogonal projection operators CY — CV:

I°: 00 3 x— P (x), MP(x)oIP(x) =11°(x), MOP(x)* =T1I1°(x). (3.13)

The rank of the operator II” may vary with the index s describing the connected com-
ponents (95Q)sc.» of Q). We may write 12 for the restriction of 1P to Q2. In com-
ponents we have I1°(x) = (m; (x))ij:1 _ with smooth ("> or analytic) functions 7;;
on 0f). o

We see that the multiplication by T1°(-) defines a projector I1P : H*(9Q) — H*(9Q)
for all s € R with the orthogonality property

VG e H*(09), geH(09): (11°G.g),, = (G,11%g),, = (II°G,1I°g),,,.
Therefore, with the complementing projector I17 := I — II?, we have

(Bu,yv),, = (II" Bu, 1" yov) ., + (I1° Bu, ITPyv) , ., (3.14)
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forany u € H'(Q; L) and v € H'(9).

Definition 3.1.4 Let [1° be a smooth field of orthogonal projection operators C¥ — CV.
The associated variational space V is the subspace of H' () defined as

V={ucH(Q): I°yu=0 on 9Q}. (3.15)

Note that if TI? = T, the space V coincides with H}(Q), corresponding to the Dirich-
let problem, whereas if IIP = 0, V coincides with H'(2), defining the Neumann prob-
lem. More generally than given in Lemma 3.1.2, the distributional formulation of problem
(3.10) writes as follows:

Lemma 3.1.5 With the variational space (3.15) and 11" := 1 —11P, for a right hand side
q given by the L* scalar product against an element f € L*(R)), the variational problem
(3.10) can be written as:

Lu = f in <)
H"Bu = 0 on 0S) (3.16)
IPyu = 0 on 0f).

Definition & Notation 3.1.6 The conditions I1P~ou = 0 are called essential boundary
conditions whereas the conditions I1" Bu = 0 are called natural boundary conditions.
We denote D and T the boundary operators

Du=1Pyu and Tu=1I"Bu. (3.17)

Proof of Lemma 3.1.5:  Let u be a solution of problem (3.10). The interior equation
Lu = f is obtained like in the Neumann case. Combining (3.14) with (3.9), we obtain

v € H'(Q).

a(u,v) = / Lu-vdx+ <HTBu, HT70v>BQ + <HDBu, HD’yov>aQ,
)

Using formulation (3.10) in V, this becomes

/QLu -V dx 4 (117 Bu, I yov), = /Qf v, Vv & HY(Q) such that TIPv = 0,
and since Lu = f
(1) (" Bu, " yv),, =0, Wv e H () such that T1Pev = 0.

Let us prove that, in fact, the above equality holds for all v € H'(2). Let v € H'(Q2),
and consider g = I17yov € H%((’?Q). Let v/ € H'(Q) be a lifting of the traces g. Thus
IPyv = 0 and TI7yov' = TITov. Therefore (II7 Bu, 1T yov')pq = 0 implies that
<HTBU, HT’}/OV>3Q = 0.



122 CHAPTER 3. VARIATIONAL FORMULATIONS

Since I17 is a self-adjoint projection operator we deduce
(II" Bu,yov),, =0, YveH(Q),

which yields that TI” Bu = 0 as an element of H_%(GQ). O

In components, the boundary conditions in (3.16) read:

Z —m;(x))(Bu);(x) = 0 i=1,...,N
=1 (3.18)

ij(x)uj(x) =0 i=1,...,N.

This boundary system has 2N equations, which are not independent, however. It has
the form of the general boundary systems considered in Chapter 2 with N, = Ny = N,
see Definition 2.2.20. By using a local diagonalization of the projectors as in Subsection
2.2.c and in particular Lemma 2.2.25, we see that they are equivalent to a system of N
independent equations like those in Definition 2.2.4. Let us recall this in more detail.

We note that the continuity of x — II?(x) implies that the rank of II1°(x) is constant
on each connected component Js{2 of 0€2. Therefore for any x, € 0f2 there exists a
neighborhood U of x, such that on I/, we can find smooth bases in im II? and ker IT°:
There exists No € N, Ny < N and d;; € €*(U), i,j =1,..., N such that the vectors

{(dij(x))j:1 Nii=1 No} span im I1°(x)

-----

=1,...,

Then we define
x):ZdNo-i-i,k(x)Bkj izl,...,leN—No, jzl,,N

Thus the boundary system (3.18) becomes, for x € U, equivalent to

N
Y tiui(x) = 0 i=1,...,N
j=1

N (3.19)
Zdij(X)Uj(X) = 0 izl,...7NQ.

Thus, locally, we find the standard form of our boundary system (2.16) in Chapter 2.

A typical example which shows that the transformation between (3.18) and (3.19)
cannot be done globally on 02 is the following: Let {2 C R™ and N = n. Let

(u,v) ZZ/@ U 05,0 dx.

=1 j=1
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With the unit outward normal vector n and the normal derivative 0, = n-V, the standard
Green formula is

a(u,v):/—Au~vdx—l—/ Ogu - vdo.
Q o9

We define the normal component u, = (u-n) n and the tangential component uy = u—u,,
of a vector u. Now let

V={ucH(Q) :u =0 on 90N}

This is a natural choice in electrostatics, for example. Then the boundary value problem
(3.16) becomes

—Au = f in €
Ohup, = 0 on 0f) (3.20)
u = 0 on 0f).

If Q is a ball in R3, then it is well known that one cannot find a basis of the tangent
space smoothly on all of 0€2. Therefore one cannot, in general, write the boundary sys-
tem in (3.20) with only N = n linearly independent boundary operators with smooth
coefficients.

Remark 3.1.7 ker [1°(-) and im I1°(-) define vector bundles on 952, subbundles of the
bundle 9Q x CV. But while the latter is trivial, the former two are only locally trivial, in
general. A

3.2 Coercivity and ellipticity

The solvability of the variational problem (3.10) is ensured by the following classical
condition on the sesquilinear form a, in relation with the variational space V:

Definition 3.2.1 The form a is said coercive on V (or V -coercive for short) if there exist
positive constants c¢ and C' such that

YueV, Rea(uu)>dlul ,—Clul - (3.21)

The form a is said strongly coercive if C' can be set to 0 in (3.21).

Before stating in the next section the precise consequences of the V-coercivity of
a on the solvability of problem (3.10), let us mention several results giving criteria of
V -coercivity.

Definition 3.2.2 Let a be a sesquilinear form, as given by formula (3.1).
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(i) The form a is said strongly elliptic on () if there exists ¢ > 0 such that for all
xeN, &€= (&,...,&) eRand g = (n1,...,ny) € CV there holds

N N N
Red > D> > ai (& nm = cléf ) Iml (3.22)
=1

i=1 j=1 |a|=1]|=1

(ii) Using the principal symbols LZF-’; (x; &) of the terms of the associate N x N system
L (3.3), the above condition can be written as

N N N
Red D> LY &)mmi > cléld ] |l (3.23)
=1

i=1 j=1

and is the definition of the strong ellipticity of the system L.

It is clear that condition (3.23) is stronger than the standard ellipticity of the system L
which only requires the invertibility of the matrix (Lf; (x; & )) for non-zero £. This con-
dition guarantees that the Garding inequality (3.21) holds, see [36] or [76, Ch.3, Th.7.3]:

Lemma 3.2.3 [f the sesquilinear form a is strongly elliptic on ), then it is coercive on
Hy ().

Thus, the strong ellipticity yields the V -coercivity for the Dirichlet problem, but does
not ensure the coercivity for other boundary conditions. The stronger condition of “for-
mal positivity” given below implies the V-coercivity of a on any variational space V
contained in H'(Q):

Definition 3.2.4 The form a, given by (3.1), is said formally positive if there exists a
constant ¢ > 0 such that for all x € Q and v® € C,i=1...,N, |a| = 1, there holds
the estimate

N N N
ReD S N S e wewl > >N ur (3.24)
=1

J=1lal=1|y=1 =1 |a|=1

Taking ¥¢ = £€°n; we see immediately that the formal positivity of a implies its
strong ellipticity. There holds, see [76, Ch.3, Th.7.5]:

Lemma 3.2.5 [f the sesquilinear form a is formally positive on 2, then it is coercive on
H'(Q).

In another direction, an important fact is that the V-coercivity of a implies the ellip-
ticity of the boundary value problem (3.16):

Theorem 3.2.6 Let a be a \ -coercive sesquilinear form with smooth coefficients on €,
with a space \ defined by the essential boundary conditions 11Pu = 0 on 02, cf. (3.15).
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Then the system A = {L, T =11"B, D = 1P} defining the boundary value problem
(3.16), is elliptic on <) (cf. Definition 2.2.31).
Proof:  We have to consider separately interior and boundary points.

a) Let xg € 2. We have to prove that the principal part LP"(xo; Dy) of L frozen at Xq,
satisfies

(1) LP"(x¢; &) invertible V& # 0.

By homogeneity it suffices to prove (1) for |£| large enough.

We start with a scaled Poincaré inequality: Let us consider the Poincaré inequality (1.10) for
m = 1 on the unit ball By:

lully, g, < crmfuly o, Vue Ho(B1).

Using the dilation x — Rx we deduce immediately that there holds on the ball Br = Br(xo)
of radius R

lully, . < crpRlul , , Yu € Ho(Br). (3.25)
Combining this with the coercivity estimate (3.21), we find that
() 3Ry>0,3c>0, Rea(u,u)>colul; , VR <Ry, Vu e Hy(Bp).

Let a}; denote the principal part of the form a frozen in xg:

a(uv) =) >y > /Q a5 (xo) 0°u;j(x) 077;(x) dx.

i=1 j=1 |a|=1 y|=1

Using the regularity of the coefficients a%v, we find that there exists a positive constant C}
such that

r 2
la(u, u) —aff (u,u)| < Ci(Rlull , + Il llull,, ) Vo€ Hy(Brg).

1;Bgr

The scaled Poincaré inequality (3.25) then yields another positive constant C] such that
2
a(u,u) — o (u,u)| < CR|ull}

Combining with the improved coercivity estimate (2), we find that it is valid for af :

2

(3) 3R >0,3c; >0, Reaf(uu)> cllu\l;BR

VR < Ry, Vu € Hé(BR)

Since, now both members are homogeneous with respect to dilation, we deduce that (3) is
valid without condition on R: In particular

(4) Je1 >0, Reaf (u,u) > cl|u|iB1 Yu € Hi(B)).
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At this point we can note that c; does not depend on Xxy. Therefore, by continuity of
coefficients, (4) is still valid for xq in the boundary of 2.

Let us prove (1) for |£] large enough. Let ¢ € €5°(B1), ¥ =1 on Bjjo. We use (4) with
the special functions

(5) u(x) = ¥(x)e*¢n, necCv.

Examining both members of (4), we can prove

r 2 r
(6) Re afy (u,u) < [0, Re (L” (xo; &), m) + C2l€[Im]”
and
2 2
™ o2 = 012, 6Pl — calélinf.

for two positive constants Cy and ¢y independent of £ and 1. Combining (6) and (7) with
(4) we find that there exists p > 0 such that

(8) Re (L™ (xo; €)n,m) > S c1|€f|n|* V&, €] > p, ¥n € CV.

This obviously implies the invertibility of LP"(xo;&). Note that we even prove that L is
strongly elliptic, i.e. that (3.23) holds.

b) Let xg € 0f2. We have two conditions to verify: The ellipticity of the interior operator and
the covering condition for the boundary operators. All these conditions have to be checked
on the “tangent” operators L, , T, and D, introduced in Definition 2.2.30.

X!

As already noticed by virtue of formula (2.25), the ellipticity of L, is equivalent to that of
LP"(xq; Dy). Since the strong coercivity estimate (4) also holds for X in the boundary of €2
by continuity, we deduce the ellipticity of LP"(xq; Dx) by the above arguments in part a) of
the proof.

In order to check the covering condition, we first notice that the essential boundary condition
[IP~ou = 0 writes mx, M (x)u = 0 in a neighborhood of xg, with the invertible N x N
matrix M appearing in Lemma 2.2.25. Let us smoothly extend the matrix valued function
x — M (x) to a neighborhood of Xy inside €2, keeping the property of invertibility of M .
The change of unknown
(%) = Muo g /(x), V(%) =Mvo g, (%),

allows to transform the essential boundary condition I1Pyou = 0 into TNy Yo = 0. Let ay,
be the sesquilinear form defined by the identity

v

ax, (0, v) = a(u,v).

The coercivity of a on V implies the coercivity of 3y, on V(Vg) (see Definition 2.2.17 for
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Vr and Bj) with
V(Vg) ={uecH (V) : ayu=0on By and u=0 on 0Vy\ By}

Let af be the principal part of a,, frozen at 0. Like in the step a) of the proof, we can
deduce from the coercivity of a,, on V(Vg) that there exists a positive constant ¢; such
that

“pr 2
(9) Re af (u,u) > cl|u|1;VR Yu e V(Vg),

compare with (3). By the same argument of homogeneity we obtain that (9) is still valid for
any value of R > (0. We deduce that ay, still satisfies a coercivity inequality like (9) on the
half-cylinder X, := B} x R,:

“pr 2
(10) Re a} (u,u) > Cl’u‘1;z+ Yu e V(X,),

with the space V(X)) of functions u € H*(X,) satisfying the boundary conditions

mnu=0o0n B and u=0on dB; x R,.

We can check that the interior and boundary operators associated with the principal part 55;
frozen at 0, are simply L, o M (xo)™", T, o M(xo)~" and D, o M(xo) .

X0

As a result, we have reduced our problem to the homogeneous case with constant coefficients

on the half-cylinder ., and we have to check the covering condition at 0. Thus we can
rename af with a, L, o M(xo)~", T,, o M(xo)~" and D, o M(xo)~"', with L, T and
D, respectively.

Let & € R"! be different from zero. According to Definition 2.2.6, we have to prove that
the boundary operator (T, D)(£¢',D;) induces an isomorphism from 90, [L; &'] onto CV.

By homogeneity, it suffices to prove this for [£'| = 1. So, let us pick up & in the unit sphere
S™72, and let us prove that (T, D)(&',D;) is injective over 9, [L; &].

Let s — U(s) belong to the kernel of (T, D)(&',Dy) in M [L;&']. Then for any p > 1,
the function U, : ¢t — U(pt) belongs to the kernel of (T, D)(p€&’,D;) in M [L; p&']. We
set, with a cut-off function 1) € €5°(B}) such that ¢y =1 in Bj ,, cf. (5):

u(x) = (x) eX U (pt), x=(X,1).

Since DU = 0 on t = 0, the same holds for u on B/ . Therefore estimate (10) holds for u,
which we write

(11) Re a(u,u) > cl|u|jZ+

Like in (7), we find

2 2 2 2 2
(12) ol 2 00 IS, + U5 ) — eanlUl
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where U, = D,;U,, = p(D,U),. Since U belongs to M, [L; £'], there holds L(eX*€U,) =
0, and we find that
ILull,. < Ca(olU, .+ U, ).

Since T'(&,D;)U =0 on t = 0, there holds T'(¢*#¢'U,) = 0 on B, . Integrating by parts
we find finally that, cf. (6)

2
(13) Re a(u,u) < Co{pl|U, 2, + U, [Ull,, +1U,(0)}
For the term |U,(0)|* we use a Gagliardo-Nirenberg type estimate:
(14)
U,OF = = [ DU, Pt = ~2Re [T U000 < 2001, 101,

Putting (11)—(14) together, we obtain

2 2 2 2
(15) ¥l (PNl + UGl ) < 04{,oHupH]R+ HIU Mg, Ul }
Coming back to U, we immediately deduce from (15)
2 2 2 2
I (U1 + V12 ) < CalIUI + U, Il )
2 2
<C(IVIE + U2 ).

Since this is true for all p > 1, we conclude that U = 0.

It remains to prove that the space 90t [L; E/] has the dimension /N. From the injectivity we
deduce that dim M, [L; £'] < N. We prove that dim90t_[L; ¢’] < N by noticing that the
space of conjugates of MM _[L; &'] is equal to the space M, [L;&’], which is associated with
the sesquilinear form 2, itself coercive. Since

dim M, [L; &'l + dim M _[L; ¢'] = 2N
we conclude that dim 9, [L; ¢'] = dim9M_[L;&'] = N. O
Remark 3.2.7 As a consequence of the above statements, we note that the Dirichlet con-
ditions cover any strongly elliptic operator L. In contrast, Neumann conditions depend

on a and not only on L, and so does the coercivity on H'(£2), see Section 4.8 for an
example. A

3.3 Variational problems and solutions

As already mentioned, a variational problem over (2 is determined by the datum of a
variational form a and of a variational space V: Let a be a variational form according to
(3.1) and V be a variational space according to (3.15). We recall the associated variational
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problem (3.10), formulated with a right hand side q given in the dual space V':
Find u € V such that Y eV, a(u,v) = (q,v).

By the Riesz theorem, we can introduce A as the continuous operator from V into V'
defined for any u € V by

Yv eV, <Au, v>ﬁ =a(u,v). (3.26)

The function u solves the variational problem (3.10) if and only if q = Au. We note that
the adjoint A* of A is also defined from V into V', and satisfies

VueV, (u A'v)s=a(u,v).

Theorem 3.3.1 Let Q) be a smooth bounded domain. Let a be a coercive sesquilinear
form on the space . Then the operator A is Fredholm of index 0 from V into V', i.e.,
its kernel and cokernel are finite dimensional and have the same dimension. Moreover
the condition of solvability of problem (3.10) for a given q € V' is

Y eker A", (q,v)5=0. (3.27)
There holds the estimate
Jull,. < C(lally, + lull, o )- (3.28)

with a constant C' independent of u and q.

Proof: Let A be given, A > C', with the constant C in the coercivity estimate (3.21).
We define the sesquilinear form ay by

a(u,v) =a(u,v) + )\/ u-vdx.
Q

The operator associated with ay is A + ALL. Since there holds the strong coercivity estimate:

2

Vu eV, Reay(uu)>clul ,,

as a consequence of the Lax-Milgram lemma, A+l is an isomorphism from V onto V. Since
the embedding of V into L*(Q) is compact, A is a Fredholm operator and the alternative
of Fredholm is true. ([l

Example 3.3.2 The Dirichlet problems for the Laplace and Lamé operators define in-
vertible operators from HJ(£2) onto H™'(2). The Neumann problem for the Laplace
operator has constant functions c as kernel and cokernel, whereas the Neumann problem
for the Lamé system has the space of rigid motions ¢ +d x x (c, d in R™) as kernel and
cokernel, acting from H'(€2) into H'(£2)". A
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We summarize now the results on the interpretation of the variational problem (3.10)
as an elliptic boundary value problem. As a consequence of standard distributional argu-
ments, cf. proof of Lemma 3.1.5, and of the extension to H! (Q; L) of the conormal trace
B, cf. (3.8) we find:

Lemma 3.3.3 Let a be a bounded sesquilinear form (3.1). Let 1IP be a smooth field of
orthogonal projection operators C¥ — CV, and 11T = 1—1IP. Let V be the variational
space defined by (3.15).

Let f be given in L*(Q) and g = (g1, ..., gn) be given in H 2 (0R2). The expression
(V) = / Fvdxt (g 1170v),,. W e H(Q),
Q

defines an element q of V'. If u is a solution of the variational problem (3.10), then u
solves the boundary value problem

Lu = f in ()
I[I"Bu = Il'g on 0f) (3.29)
IPyu = 0 on 010,

with the trace operator 7y on 0S) and the conormal system B associated with a.

Remark 3.3.4 If, in addition, we give h = (hq,...,hy) in H%(aﬂ), and, for a lifting
uo of h in H'(Q), we set the variational problem

Find uw, €V suchthat WYv eV, a(u,v) = (q,v)5—a(ug,v),

then its solutions u; define solutions u = uy + u; of problem (3.29) with the non-
homogeneous essential boundary condition

MPvu =T"h on 09.

The right hand side here is of the form (3.30) below if h € H%(ﬁQ) and u, € H*(Q). A

3.4 Regularity of variational solutions

Our task in this section is to prove that the elliptic regularity results of Chapter 2 extend to
variational solutions. We have to take into account that such solutions belong by definition
to H', and not a priori to H*>. We have also to consider the possibility of less smooth right
hand sides.
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3.4.a H? and analytic regularity

If we consider u solution of problem (3.10) where the right hand side q is defined by
smooth data f and g, we can see immediately that the gap is the H? regularity of u,
which is the ground regularity in Theorems 2.3.2. Therefore we have to prove that if f
belongs to L? and g to H:2 , then the variational solution is H?, which is the object of the
next theorem.

Theorem 3.4.1 Let ) be a smooth bounded domain and a be a coercive sesquilinear
form (3.1) on a subspace V of HI(Q) according to Definition 3.1.4. The coefficients of
the form a are assumed to belong to €*(Q). Let u € V be a variational solution of
problem (3.10) for a right hand side q defined by

(q,v)g = / f-vdx+ (g, yv),, (3.30)
0
with £ in L*>(Q) and g in H%(ﬁQ). Then u belongs to H*(2) with the estimate

lully g < C(IFlq + 181, oo+ Il o )- (3.31)

Proof: (i) Localization. Let X, € €. Let B be a ball centered at x, such that B C ) if
Xo is inside €2, or contained in the domain of a local map of the boundary if xq belongs to
0. Let By and By be two smaller balls centered in Xq, with By C By and By C B, and
X be a smooth cut-off equal to 1 in B; and 0 outside By. The difference

a(XU, V) - <Xq7 V>§

is a sum of terms of the form
[0 0w ax i <.
Q

If |v| =1, integrating by parts, we find that the above expression is equal to

—/a’y<buj)@1 dX+/ buj@n”’ do.
Q oN

Since u belongs to H'(€), the first part has the form [, f' -V with f' € L*(Q), while
the second term can be written in the form [, g’V with g’ in H%(GQ). Moreover, since
elements v of V satisfy II"v = v, this boundary integral is equal to (g’, 11" yv)sq. As a
consequence,

a(xu,v) = (xq,v)5 + (q',v)5,
with q’ defined like q, cf. (3.30).

(ii) Local maps. Using a local map supported in B in the case when Xxq belongs to 0f2, we
can assume that ) coincides with the periodic half space T? in B. The projection operators
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ITIP and II7 are now defined on OT” N B. We perform a change of trial and test functions
so that for all x € T} N B, the projection operators are trivialized

N

Zu] Je; € im(IIP(x)) and ) u;(x)e; € im(IT7(x)).

Jj=No
Then, with a new coercive form, still denoted by a, defined on the new variational space

(1) V={ueH'BNT): u,...,un,=00n T2 NB and u=0ondB\ T},

and a new localized solution, still denoted by yu, we are in the situation where the Dirichlet
conditions are u; = 0 for j = 1,..., Ny. Also, we still denote by q the corresponding right
hand side, which has still the form (3.30), so that

(2) a(yu,v) = <q,v>§ Yv e V.

(iii) Difference quotients. In the case when X, € 02, thanks to point (ii) we can consider
that ) coincides with a subdomain BN T?} of the periodic half-space and that xu is zero
outside a smaller subdomain B, N T".. So we can use the difference quotients AJ, with
|h| < ho small enough, for £ = 1,...,n — 1, cf. proof of Lemma 1.3.6 (p.42). We notice

that Al (yu) still belongs to the variational space V given in (1), and that using (2) we
obtain

a(A}(xu),v) = (Afq,v)g + (ai.v); WeV.

Thanks to the € regularity of the coefficients of a, we can see that q? is uniformly bounded
in V' as 1 tends to 0:

(el v)al < Clull, o Il 1Al < ho.

The representation (3.30) of the right hand side yields that

/ gj Ae_h v, do.
o0

are uniformly bounded by ||v/||

N

(A}q, v>f— / f-A v dx +
Q

j=No+1

Since HAZthO;Q and HAZhUjH,l/Q;aQ Lo

sides v — (A%q, v)g are also uniformly bounded in V' as h tends to 0, with the estimates:

18%ally, < C (Il o+ gl 0 )-

Estimate (3.28) then gives

|AF Ol g < C (1ALl + latlly, + 1A%ul, ).

the right hand
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In the limit as h — 0, we finally find for £ =1,...,n — 1:

0: 0l g < C (11l + gl 5 e+ lull, g ):

In the situation where X is inside {2, we can use difference quotients in all directions and the
proof of local estimates ends here.

(iv) Normal derivatives. Using test functions in 65°(2)Y, we find that Lu = f as distri-
butions in 2. The coercivity of a implies the ellipticity of L. Therefore, in particular, the
boundary {x,, = 0} is not characteristic for L, i.e. (2.50) and (2.53) hold. Thus we find

n—1
0Ol g < C (I, + Do OO, ):
=1
This ends the proof of the theorem. ]

Owing to Theorem 3.2.6, we can apply elliptic regularity Theorems 2.3.2 and 2.7.1
to boundary value problems issued from a coercive formulation. Combining them with
Theorem 3.4.1 we find optimal regularity results in Sobolev spaces and analytic classes.
We state the analytic case first:

Theorem 3.4.2 Let §) be a bounded domain and a be a continuous coercive sesquilinear
form on the subspace VI of H'(Q) characterized by the essential boundary conditions

IPu=0 on 09Q.
Let u € V be a variational solution of problem (3.10) for a right hand side q defined by
(3.30) with f € L%(Q) and g € HZ (99).

(i) Let two subdomains )y = U; NQ and 2y = Us NS) be given with Uy, C Usy. We set
Ty := Oy NIQ and assume that Ts is analytic, that 11° is analytic on Ty, and that
the coefficients of the form a are analytic up to the boundary of €)s. If £ belongs to
A(Qy) and g to A(T's), then u belongs to A($2y) with the estimates for all m € N:

m—2

1 . 1

Ll <A (L (9,0, + el +§j|u1m) (3.32)
=0

(it) We assume that () is analytic, that the coefficients of the form a are analytic on
Q and those of the projection operator 1P are analytic on 9. If f € A(Q) and
g € A(09Q), then u belongs to A(S2).

3.4.b Lower Sobolev regularity

Concerning regularity in the scale of Sobolev spaces, we see that the combination of
Theorems 3.2.6 and 3.4.1 with Theorem 2.3.2 and Corollary 2.3.3 gives optimal regularity
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for solutions u of coercive variational problems in Sobolev spaces H*(€2) for all real
exponents s > 2. Nevertheless it can be also of some importance to consider less smooth
data q, which would correspond to solutions in H*(2) for 1 < s < 2.

Thus we have to make precise the definition of what we understand for such data:

Notation 3.4.3 Let V be a subspace of H'() characterized by the essential boundary
conditions I1Pyou = 0 on 9. We define source and target spaces as follows.

(i) For any real number s > 1, let HY () denote the space
HY () = {u € H¥(Q), I°you = 0 on 90}. (3.33)

(ii) For a real number s > 1, s # 2, we define RH;/ () differently depending on
whether s < % or not:

x If s € [1,2), RHY/(Q) is the dual space of Hy *(9).
* If s > %, RHY (Q) is the space of q € V' for which there exists a couple

(f,g) € H2(Q) x L. IITH2(8,Q2)N such that
(. v)g = (Fv),+ (g yv),, WYWeV. (3.34)

(iii) If V is a subdomain of €2, we define Hy, (V) and RHY, (V) by the same formulas,
starting from the convention that on the “side” 0} := 9V \ 92 of V, we impose
full Dirichlet boundary conditions Hg =Iy. VAN

Remark 3.4.4 Let u € V be solution of problem (3.10).

(i) If 9 € RHY(Q) for s < 2, we define a distribution f € H*7?(Q) by restricting q
to HZ*(Q2) which is continuously embedded in Hy *(Q2), and we find that Lu = f.

However, the conormal trace I17 Bu does not make sense in general in this situation.

(ii) In contrast, if we are given a more regular f, namely if f € L*((2), the expression
(3.34) makes sense for any element g € [[,. . II7Hs=2(3:2)Y, for any s € [1,2], and
defines an element q of RHY,(€2). In this case, u solves problem (3.29). A

We note that the operator u — (v — a(u,v)) is continuous from HY(€2) into
RHY(Q) for all s > 1, with s # 2. Conversely, we have the following general shift
result.

Theorem 3.4.5 Let () be a bounded domain and a be a continuous coercive sesquilinear
form on the subspace VI of H'(Q) characterized by the essential boundary conditions

IPvu=0 on 09.

Let u € V be a variational solution of problem (3.10) for a right hand side q € V' .
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(i) Let two subdomains Q0 = Uy N and Qy = Us N QY be given with Uy, C Us,. We
set Ty := Qy N O, Let k > 2 be an integer. We assume that T's is of class €*,
that the coefficients of the form a are €*~1(Qy) and those of 1P are in €*(I'y).
Let s € (1,k], s # 3, be a real number. If q belongs to RHY,(5), then u belongs
to H*($)y) with the estimate

ul, g, < el g0 + 0,0, )- (3.35)

(ii) If the assumptions of (i) are satisfied on the whole domain $) and its boundary 0,
then there holds for all real number s € (1,k], s # 32,

qERH{(Q) = ueHQ). (3.36)

Proof:  With Theorems 3.2.6, 3.4.1, 2.3.2, and Corollary 2.3.3 at hands, it remains to prove
the above statement for s € (1,2). We follow the same four steps as in the proof of Theorem
3.4.1. The first two steps (i) and (ii) are the same. Thus we are left with the situation of a
compact support solution u of a coercive variational problem on the periodic half-space T’}

(or on the periodic space T™). We use difference quotients, based on the new notations, for
oc=s—1€(0,1)

fx+h) — f(x)

1 AM7 F(x) = ., hWeT 1,
( ) f( ) |h/|o.+%_%
for the situation of the periodic half-space, and
h) —
(2) Ah,o‘f(x) — f(x + ) f(x> h c Tn)

A

for the interior case. Obviously from the definitions of the spaces with Sobolev-Slobodeckii
norms, there hold the following characterizations: For any f € L*(T%),

(3) feH (T L%(Ry)) <= h — ||A"f| . belongs to L2(T" ),

05T
and, for any f € L*(T"),

(4) fEHI(T") <= hw A" belongs to L*(T™).

0;T™

After localization around a boundary point, our variational space takes the form
V={ueH BNT): uy,...,un, =00n dTF NB and u=0ondB\IT}}

and we can start with the localized solution yu of the variational problem

(5) a(XU,V) = <Q7v>§ VV c V,

where q belongs to RH\1/+J(B N T7%). Now we use the difference quotients AM7 | with
|h'| < hg small enough. The term A7 (xu) still belongs to the variational space V and
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solves a variational problem of the form
a(A"7 (yu),v) = <Ah""q,v>§+ <th"’,v>ﬁ Yv e V.

The coercivity of a yields the following estimates, with a constant C' independent of h' €

T=1 W] < hy:

© 1AW, g, < C(1A7ally, + 0y, + A 7wl )

We note that

1. The L2 norm of the function h’ — ||Ah,’UUH is estimated by ||ul|

0; BNT? 1;BAT?
2. The €' regularity of the coefficients of a yields that the L2 norm of the function

h' — ||qh'7°'|]v, is estimated by |[ql|,,, -

3. The L2 norm of the function h’ — HAh,"TqH is estimated by |/q|

\4 RHT7(BNT?)

With estimates (6) and characterization (3), we conclude that all first order derivatives of

xu belong to H?(T™"% L?(R)). This implies the H” regularity for tangential first order
derivatives of yu:

(7) Vo with o] =1and o, =0, 9%xu e H(BNTY).

It remains to prove that the normal derivative of yu also belongs to H7 (BN T" ). For this,
we are going to prove that

Va, |a| =1, 9*0,xu € H ' (BNT%).

From (7), we see that 0%yu € H ' (BN T") for all |a| = 2, except if a,, = 2. Now,
we end the proof like for Theorem 3.4.1, using the fact that J,,xu can be obtained as a
combination of Lyu, which belongs to Hafl(B N ']I‘:i) as a consequence of the regularity of
q, and all other second order derivatives, modulo lower order terms. 0

As a corollary, we obtain optimal regularity for variational solutions of problem (3.29)
if f € L*(Q) and g € H” forall o € [-1, 1], including o = 0:
Corollary 3.4.6 Let ) be a bounded domain of class €* and a be a continuous coercive
sesquilinear form on the subspace \I of H'(Q) defined by the essential boundary condi-
tions TIPu = 0 on 0N). We assume that the coefficients of a are €*(Q) and those of 11°
11

are in €°(0SY). Let o0 € [—3, 3] be a real number. Let u € V be a variational solution

of problem (3.10) for a right hand side q € " of the form (3.34) with

fel’(Q) and ge [JITH (0.0)". (3.37)
s€¥

Then u belongs to Hot2 (Q) with corresponding a priori estimates.
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Proof: In view of Remark 3.4.4, this result is a simple consequence of Theorem 3.4.5 when
o # 0 (take s = a—i—%). We end the proof for the case o = 0 by an interpolation argument:
We can make the form a strongly coercive by the addition of a term of order 0, which does not
alter regularity properties. Thus we can assume that the solution of problem (3.10) induces
an isomorphism B : u +— q from V onto V'.

For o € [—3, 3], 0 # 0 we define the continuous operator

Ry © L2(Q) x [T, ITHO (BN — HT3(Q)
(f.g) — u=B"q

where q is given by formula (3.34). Interpolating between —o and o for a fixed positive o
gives the continuity of Rg). O

3.5 Robin type boundary conditions

There is another type of boundary conditions, not covered by our formalism introduced
in Section 3.1, which can also be written in variational form: Robin type boundary condi-
tions, also called boundary conditions of the third kind. They specify a linear combination
of a field value and its normal derivative. A simple example is the boundary value problem

—Au = f in €,
ou+au = g on Of).
This boundary condition can, for instance, describe heat conduction by convection on the

surface. A variational formulation of this problem requires the addition of a boundary
integral to the standard variational form a, see §4.1.c for specifics of this example.

For a more general setting, we use the framework of Section 3.1 but introduce an
additional bilinear form

b(u,v) = /m(Z%u) YoV do, (3.38)

where Z is a smooth function from 92 into CV*¥ . With the sesquilinear form a defined
by (3.1), we now consider the new sesquilinear form a = a + b:

a(u,v) = a(u,v) + / (Zou) - v do. (3.39)
20

We use the variational space V C H'((2) defined by essential boundary conditions as
in Definition 3.1.4 and can then consider the problem (compare with (3.10))

Find ueV suchthat YweV, a(uv)=(qv);, (3.40)

for q given by
(q,v)g = / f-vdx+ (g,70v),, WeV, (3.41)
Q
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with f € L(Q) and g = (g1, ..., gy) € H 2(39).

The additional sesquilinear form b is of lower order and therefore the coercivity (in
the sense of Definition 3.2.1) of the sesquilinear form a is equivalent to the coercivity of
the principal part a, as the following lemma shows.

Lemma 3.5.1 The sesquilinear form a is coercive on V, i.e. there exist Cy, Cy > 0 such
that

VueV, Rea(uu) > Cillul}q — Callulq.

if and only if the sesquilinear form a is coercive on V.
Proof:  We use the well-known trace inequality, valid for all u € H'(Q),

2
Iroully, 00 < cllully,q llull, g, - (3.42)

For lack of a good reference, we sketch a proof of (3.42): By using the density of C’l(ﬁ)
in Hl(Q) and employing a partition of unity and local diffeomorphisms, we can reduce the
problem to the case where () is the half-space R} and u € C}(IR™). For this case, we get
(3.42) from the Cauchy-Schwarz inequality with a constant ¢; = 2:

2 _ / 21,/ Ooi I 2 '
||70u\|0;39_4n_1|u(x,0)\ dx' — /R/O (jux 0))dr dx

= —2Re /R" u(x)0,, u(x)dx < 2||u||0;Q ||8ggnu||0;Q :

+

A consequence of (3.42) is the estimate
2 2 _ 2
1) Iroull’ o < 1 (< ull’ o+ ul )
for any € > 0. Using (1) and the smoothness of Z, we find c2 and c3 such that
2 _ 2
@ bl w)] < coe ull”  + o= u

holds for all € > 0.

Now if we suppose that a is coercive on V, we get ¢, C' > 0 such that
Rea(u,u) > c|ull; , — Clu, -
Together with estimate (2)this implies
clul?q < Rea(u,uw)+eellull; , +cse ul, o, + Clull;

for all € > 0. Choosing & small enough (take coe = 7), we finally obtain the coercivity of a
in the sense defined above.

The converse follows from the same arguments. 0
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As a consequence of this Lemma we find that if a is coercive on V, then the operator
A associated with 3 is Fredholm of index 0 from V into V'. This follows from the same
arguments as in the proof of Theorem 3.3.1.

A direct consequence of Green’s formula (3.9) is the following characterization of the
boundary value problem solved by any solution u of (3.40), compare with Lemma 3.3.3.

Lemma 3.5.2 Let a be the bounded sesquilinear form defined by a = a + b, with a
defined by (3.1) and b by (3.38). If u € V is a solution of the variational problem (3.40),
then u solves the boundary value problem

Lu = f in
H"Bu+11"Zyu = II'g  on 09, (3.43)
IPyu = 0 on 051,

where we recall that B is the conormal system associated with a and defined by (3.5),
IIP is the projection operator defining I according to (3.15) and 117 = Iy — IIP.

From this Lemma (or from the definition of b), we see that the regularity of a solution
of (3.40) is a direct consequence of the regularity of the solution of the associated standard
problem (3.29), since the boundary condition

O"Bu+11"Zyu=1II"g on 09,
can be equivalently written
N"Bu=01"g—-1I"Zvyu on 5.

Hence if u is a solution of the variational problem (3.40), then u solves problem (3.29)
with interior datum f and boundary datum g — Z+ou € H: (012). Furthermore if g €
H%(('?Q) , then g — Z~you belongs to H? (02) as well, due to the continuity of the trace

operator from H'(€2) into H%@Q) (cf. (2.1)). Applying Theorem 3.4.1, we obtain the
following regularity result.

Theorem 3.5.3 Let () be a smooth bounded domain and a be a coercive sesquilinear
form (3.1) on V. Assume that the coefficients of the form a belong to € (Q)) and that
the coefficients of the matrix Z are in €' (0R). Let u € V be a variational solution
of problem (3.40) for a right hand side q defined by (3.41) with f in L*(Q) and g in

H%(GQ). Then u belongs to H*(Q) with the estimate (3.31).

Higher order regularities are obtained without any efforts since the principal part of
the operator B + Z~, is the same as the one of 5. Then by combining Theorem 3.5.3
with Theorems 2.3.2 and 2.7.1 we find the following global regularity result, in Sobolev
spaces and analytic classes:
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Theorem 3.5.4 Let the assumptions of Theorem 3.5.3 be satisfied. Let u € V be a

variational solution of problem (3.40) for a right hand side q defined by (3.41) with f
1

in L*(Q) and g in H2(09).

(i) Let k be a non-negative integer. We assume that Q is of class €**2, that the coef-
ficients of the form a are in €*T1(Q) and those of the matrix Z are in €*+1(09).
IfFfcHY Q) and g € Hk+%(89), then u belongs to H*?(Q).

(ii) We assume that §Q is analytic, that the coefficients of the form a are analytic up to

the boundary of ), and that the projector 11° and the matrix Z are analytic on
o0 If f € A(2) and g € A(ON2), then u belongs to A(S2).



Chapter 4

Examples

Introduction

In this chapter, we introduce various equations or systems occurring in particular in phys-
ical modelling, and which enter our general framework of second order elliptic boundary
value problems. This gives the opportunity of defining the classical examples which we
will address all along our work, and also to explain how the assumptions on ellipticity and
covering can be verified. All mathematical results in this chapter are well known, with
the exception of the results about the variational solution of the impedance problem (see
Section 4.5.d), which are new, as far as we know.

Plan of Chapter 4

g1
82
83
84
85

§6
§7

88

The Laplace operator A, with Dirichlet, Neumann or Robin boundary conditions.
More general second order scalar operator in divergence form.

The Lamé system, for linearly elastic isotropic materials.

More general elasticity systems for anisotropic inhomogeneous materials.

Regularized Maxwell equations (in one-field formulations using the electric field
only, or the magnetic field only for perfectly conducting boundary conditions). Two
field formulations for impedance boundary conditions.

The Reissner-Mindlin plate model, which is an asymptotic model for thin plates,
formulated on their mid-surfaces.

The piezoelectric system, where the equations of linear elasticity are coupled with
an electric potential.

Conclusion about the influence of variational formulations on natural boundary con-
ditions: We investigate distinct variational formulations corresponding to the same
second order system, but to distinct boundary conditions and, accordingly, distinct
covering properties.

141
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4.1 The Laplace operator

In this section we consider the Laplace operator A = 92 + ... + 92. It is elliptic because
its symbol is equal to — (&7 + ... + &%) = —|€|? and is therefore different from zero if
£ # 0. Clearly —A is even strongly elliptic.

As boundary conditions, we consider the classical ones, namely the Dirichlet and
Neumann conditions.

4.1.a The Dirichlet problem
We start with the Dirichlet problem:

Au = f i Q w“n
u = 0 on Of). '

We prove that this system forms an elliptic boundary value problem: As described
in Chapter 2, the tangent system (L ,) associated with (4.1) at a boundary point xg

=X0? =X

represents the Dirichlet problem on the half space R’} for the operator

L, = Dy JyyJi Dx

L x0 Yxq

where Jy, is the Jacobian of the local diffeomorphism ¢y, in the point x(, see (2.34) in
Definition 2.2.31. This will again be the Laplacian if Jy, is an orthogonal matrix which
can always be achieved by a suitable choice of basis in R". Thus we are reduced to the
problem (4.1) set in R’} .

According to Definition 2.2.6, the covering condition is satisfied if the system

{ IE2U-82U = 0 in Ry, w2

U‘t:o = H,

has a unique exponentially decaying solution U for all non-zero £ € R""!. As the two
linearly independent solutions of the differential equation |&'|?U — 92U = 0 are e~ €*
and el€*| the unique exponentially decaying solution of (4.2) is

Ut) = He &1t
Note finally that (4.1) enters into the variational setting of Chapter 3 by taking
V o= Hi(Q), (4.3)
a(u,v) = /QVU -Vodx, Yu,v€eV. (4.4)
The Poincaré inequality (1.10) guarantees the strong coerciveness of a on H}(€2), namely
there exists ¢ > 0 such that

Yu € Hy(Q),  a(u,u) = Julig > cllulli .
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By the Lax-Milgram lemma, this further implies that the associated operator A defined
by (3.26) is an isomorphism from H}(€2) onto H(Q).

As all the assumptions of Theorem 3.4.5 are satisfied for problem (4.1), the shift
theorem in standard Sobolev or analytic spaces is valid. More precisely we have the

Theorem 4.1.1 Let ) be a smooth bounded domain and a be the sesquilinear form de-
fined by (4.4) on Hi(Q). For f € HY(Q) let w € H{(Q) be the unique variational
solution of

a(u,v) = (f, v), Vv € H)Q).

(i) Let k be a non-negative integer. We assume that ) is of class €**2. If f € HE(Q),
then u belongs to H*2(0Q).

(ii) We assume that <) is analytic. If f € A(QQ), then u belongs to A(€2).

4.1.b The Neumann problem

Here we consider the following problem

{—Au = f inQ

O,u = g on 09, (4.5)

where 0,u = n - Vu is the normal derivative of .

As before this system forms an elliptic boundary value problem: Again if the local
Jacobian J,, is orthogonal, the tangent system is still problem (4.5) set in R’!. Then
indeed (cf. Definition 2.2.6) the covering condition is satisfied since the system

{ IE2U - 02U = 0 in Ry,

4.6
atU‘tZO - H, ( )

has a unique exponentially decaying solution U for all non-zero ¢ € R"! given by

H /
Ut) = ——c €,
€]
The variational formulation of (4.5) consists in taking the sesquilinear form a defined
by (4.4) but on V = H!(Q). This form is coercive in the sense of Definition 3.2.1 because

a(u,u) = M%Q = ||U||%Q - HquQ
Denote by A, the operator associated with a defined by (3.26). It is easy to check that
ker A = ker A* = C, since

a(u,u) =0 <= wis a constant function.

By the Lax-Milgram lemma, this implies that A is an isomorphism from H!(Q)/C onto
{f eH Q) :(f, 1) =0}.

Again all the assumptions of Theorem 3.4.5 are satisfied for problem (4.5) and there-
fore the shift theorem in standard Sobolev or analytic spaces holds:
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Theorem 4.1.2 Let ) be a smooth bounded domain and a be the sesquilinear form de-
fined by (4.4) on H'(Q). Let u € H'(Q) be a (unique up to a constant) variational
solution of problem

a(u,v):/vadx—l—/anvda, Vo € HY(Q),

with f € L2(Q) and g € H2(09) such that Jo fdx+ [oq9do=0.

(i) Let k be a non-negative integer. If Q) is of class €2, f € H¥(Q) and g €
H2 (09), then u belongs to HET2(Q).
(ii) If we assume that ) is analytic, that f € A(Q) and g € A(ON), then u belongs to

A(Q).
4.1.c Robin boundary conditions

Now we consider the Laplace equation with Robin boundary conditions

{ “Au = f inQ,

4.7
ou+au = g on 012, “.7)

where « is a complex number such that Rea > 0.

According to the framework studied in Section 3.5, this system forms an elliptic
boundary value problem whose principal part is the Neumann problem (4.5). Moreover
its variational formulation consists in taking the sesquilinear form a given by

a(u,v) = / Vu-Vodx+ a/ YouyoU do.
Q o9

The assumption Re > 0 guarantees that a is strongly coercive on H!(2), in the sense
that there exists ¢ > 0 such that

Vu € H(Q), Rea(u,u) > cllulli o

Indeed by a contradiction argument and the compact embedding of H*(2) into L*(Q),
one readily shows that

Vu € H'(Q), Rea(u,u) = |U|%Q + Re 04|70U’§,aﬂ > CHUH%Q
Hence by the Lax-Milgram lemma, there exists a unique solution u € H'(Q) of
a(u,v) = / fo dx+/ gvdo, Vv e HY(Q), (4.8)
Q o9
with f € L2(Q) and g € H2(09).

Since the assumptions of Theorem 3.5.4 are satisfied for problem (4.7), the shift the-
orem in standard Sobolev or analytic spaces holds:
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Theorem 4.1.3 Let ) be a smooth bounded domain and a be the sesquilinear form de-
fined above on H'(Q). Let uw € H'(Q) be the unique solution of problem (4.8) with
f e L) and g € H2(09).

(i) Let k be a non-negative integer. If Q is of class €**2, f € H¥(Q) and g €
H*+2(092), then u belongs to H¥2(Q).

(ii) If we assume that ) is analytic, that f € A(Q) and g € A(0S?), then u belongs to
A(Q).

Note that the condition Rea > 0 can be weakened. Let Rea < 0 and Im« # 0.
Then, as we will show, the statements of Theorem 4.1.3 remain valid. Only the case
Rea < 0 and Im o = 0 gives rise to a non zero kernel.

The trick consists in representing « as

a=lale® with —T<f<T

and defining the sesquilinear form

With such a choice, the new form 3y is strongly coercive on H'(Q) in the above sense
and by the Lax-Milgram lemma, there exists a unique solution u € H'(Q) of

56(u,v):e—’9/fvdx+e‘i9/ gvdo, Vv e H(Q),
Q onN

with f € L2(Q) and g € H2(99). This is the same problem as (4.8).

4.1.d The Helmholtz operator

All the regularity results of the above subsections can be generalized to the Helmholtz
operator A + k%, with k € C, since its principal part is the Laplace operator. The only
difference concerns the kernel of the associated operator A, defined by (3.26), when the
sesquilinear form is clearly given by

a(u,v) = /(Vu - Vo — k*uv) dx.
Q

If k? is not an eigenvalue of the operator Ay, then ker Ay = ker A} = {0}. On the other
hand, if k? is an eigenvalue of the operator Ay, then ker A;, = ker A% is equal to the set
of eigenvectors of A, associated with the eigenvalue k2.
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4.2 Second order scalar operator

We here concentrate on the case of a general second order scalar operator in divergence
form:

L = —div(AV) Z O (AMy),

k(=1

where A(x) = (A*(x))1<k¢<n is areal positive definite nxn matrix depending smoothly
on x, i.e., the mapping x + A(x) is a smooth function on Q with values in the space
of positive definite n x n matrices. Without loss of generality we may assume that A is
symmetric. Its principal part frozen at a point x, is given by

Ly (D Z AY (x0) 010
k=1

Its symbol is then

LY (&) = > AM(x0)&-

k=1

Due to the positive definiteness of A(xy), we have

Z A (x0) &l > cl€], (4.9)

k=1

for some ¢ > 0. This shows that L is elliptic at any point of ) (it is even strongly
elliptic). In dimension n = 2, L is properly elliptic because

LY (&, 1) = a11(€)? + 2a128'T + agT?,

where for shortness we have set ay = A*(x). The positive definiteness of A(xq) is
here equivalent to the condition

0= &%2 — 11029 < 0 and aq; > O, as > 0.

Therefore for ' # 0, the roots 71 of LY (¢',7) = 0 are of the form

—Qa19 + i\/ —0 f/

a22

T+ —

In other words, the equation L{' (&', 7) = 0 has exactly one complex root with a positive
imaginary part (in fact it has two conjugate complex roots).

In €2, we can complement L with either Dirichlet or Neumann boundary conditions.
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4.2.a Dirichlet boundary conditions

The problem is then

(4.10)

—div(AV)u = f in Q,
u = 0 on Of).

Using the local diffeomorphism ¢y, at a point x, of the boundary of (2, we obtain
a tangent system of the same form as (4.10) but set in R’} . In detail, we have with the
components (¢¢)—1.... of ¢x,

n

LXO(DX)U = — Z dkﬁk@gv = fu‘ in Ri,
k=1
v = 0 on ORY,
where the coefficients a, are given by

n

are =Y A (%0) (O dr) (%0) (Do) (Xo)-

K0 =1

Accordingly the ellipticity condition has to be checked for the symbol

n

L&)=Y A"(x0)(0wdr) Ordn)eule = > A (xo)mwme,

kt=1Fk 0=1 K 0=1

where n = JXT0 &, the matrix J,, being the Jacobi matrix of ¢y, :

91 .. 9¢1
ox1 Oxn
‘]Xo = .
9n .. O¢n
ox1 Oxn

Since L, (&) = L& (J,. £), the ellipticity of L, is a consequence of (4.9).
According to Definition 2.2.6, the covering condition is satisfied if the system

{Lx(,(s',%at) = 0  inRy

“4.11)
U’t:o = H,

has a unique exponentially decaying solution U for all non-zero & € R""!. The two
linearly independent solutions of the differential equation L, (&' %&) = 0 are e'™' and
et where 7. are the two roots of the equation

L.(&,7)=0.

_xO

For a fixed non-zero ¢’, the above equation is of the form

a+ 20T + dmﬂ'? =0,
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where o and 3 depend on &’. As in the 2D case, the positive definiteness of A implies
that « > 0, @, > 0 and 0 = 32 — ady, , < 0. Therefore, the two roots are

:—ﬁ:ti\/—_d

«

T+

and the unique exponentially decaying solution of (4.11) is then U (t) = H e'™".

The variational setting of (4.10) consists in taking V = H}(Q2) and
a(u,v) = /QAVU -Vodx, VYu,veV. (4.12)
The positive definiteness of A and its continuity imply that there exists o > 0 such that
a(u,u) = / AVu - Vudx > a/ (Vul? dx, Yu € HY(Q). (4.13)
Q Q

Invoking the Poincaré inequality (1.10) we deduce the strong coerciveness of a on H}(Q),
i.e., the existence of ¢ > 0 such that

a(u,u) > CHU”%Q, Yu e V.

By the Lax-Milgram lemma, the associated operator A defined by (3.26) is an isomor-
phism from H}(Q2) onto H(Q).

We have checked all the assumptions of Theorem 3.4.5 for problem (4.10), conse-
quently the shift theorem in standard Sobolev or analytic spaces is valid. This means that
all the results stated in Theorem 4.1.1 hold in this more general case.

4.2.b Neumann boundary conditions

The problem is here

{ —div(AV)u = f in Q, 4.14)

(AVu)-n = g on 0f).

Passing to the corresponding tangent system at a point X, of the boundary of {2, we
obtain a system of the same form as (4.14) but set in R” , namely

n

LXO(DX)U = —deg(?k@w = f in Rﬁ,

k=1
n

> GO = §  on IRY,

k=1
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where the coefficients ax, are given as in the previous subsection. The ellipticity being
already checked, we can directly pass to the covering condition. It will be satisfied (cf.
Definition 2.2.6) if the system

on (6/7 %at) =0 in R+7

n—1
y .o (4.15)
( ; aknfllﬂv + amﬁ@tv) ‘t:O = H,

has a unique exponentially decaying solution U for all non-zero & € R""!. As in the
previous subsection this unique exponentially decaying solution is given by

H
n—1y / v ’
2 k=1 @kn€f + ATy
the denominator being non-zero because the imaginary part of 7, is positive.

For the variational setting of (4.14) we take the sesquilinear form (4.12) defined on
V = H(Q). Using (4.13), we directly get

Ut) =rke™" with k=

a(u,u) > ofuli g = allull o — allullg o,

which means that a is coercive in the sense of Definition 3.2.1. Let A be the operator
associated with a via (3.26). Using the above estimate we directly deduce that ker A =
ker A* = C. Again by the Lax-Milgram lemma, this implies that A is an isomorphism
from H'(Q)/C onto {f e H}(Q) : (f, 1) = 0}.

Since all the assumptions of Theorem 3.4.5 hold for problem (4.14), the shift theorem
in standard Sobolev or analytic spaces is valid, i. e., all the results stated in Theorem 4.1.2
hold in this more general case.

4.3 The Lamé system

Here we consider the Lamé system that corresponds to linear elasticity with an isotropic
material law, which is a classical system of mathematical physics [71, 21, 33, 35, 77]. It
is a n X n system that can be written as

L(Dy) = —pAL, — (A + p)Vdiv. (4.16)
This means that the components L;; of L are given by
Lij(Dx) = —pdi A — (A + 1) 0:0;.

The coefficients A and p are called the Lamé coefficients. They are linked to the Poisson
coefficient v and the Young modulus £ by the formulas

3A+2
and E = u
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Conversely A and p are determined by v and E by

Ev E

A aronow) ™ P say

(4.18)

“Real” materials satisfy £ >0 and 0 <v < 1/ 2,! that is, equivalently:
>0 and A >0.

We will see below that this condition is sufficient, but not necessary to guarantee the
ellipticity assumptions, and, in fact, leads to the strong ellipticity of L.

Coming back to the ellipticity of L, we need to check that its symbol is invertible.
Here this symbol is equal to the matrix L(§) = (L;;(&))1<i j<n, Where

Li;(€) = 6| €17 + (A 4 p)&i&;-

First we remark that ;o cannot be equal to zero. Indeed if 1 = 0, then L;;(§) = A\¢;&; and
therefore each line is a multiple of the vector &, consequently L(&) is not invertible. In

the case p # 0 setting v = % = ﬁ, the matrix L(&) can be equivalently written
€7 +760 16 . Y&16n
Y162 €17 + 63 e Y26
L&) =pu (4.19)
751571—1 s ’5‘2 + 75721—1 7€n—1€n
7£1£n s ’anflfn ’5‘2 + 75721

We can show by induction that the determinant of this matrix is equal to

det L(&) = p"(1 +7)I€[*",

and therefore L(€) is invertible if and only if v # —1 and p # 0 or equivalently if and
only u # 0 and A # —2u.

To show the strong ellipticity of L, we need to show that the matrix L(&) is positive
definite: For any & # 0 and 7 € R", we consider the expression

n'L&n = Y Lij(@mn; = wlélPnl® + A+ p) Y &&min

6,j=1 ij=1
= pléPnf® + A+ p)(&-n)’
= € m*(u+ (A + p) cos? 0)
= [€]In]*(usin® 0 + (A + 2p) cos®6),

where @ is the angle between £ and 7). From this last identity, we see that if ;. > 0 and
A+ 2u > 0,then n" L(¢&)n > 0 and " L(¢)n = 0 if and only if n = 0. It is also easy

'The limit v = % corresponds to incompressibility.
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to check that these two conditions are necessary for the positive definiteness of L(£). In
other words L(&) is a positive definite matrix if and only if 1 > 0 and A + 2u > 0.

For the Lamé system, the classical boundary conditions are the hard clamped and
stress free ones [71, 20, 21, 33, 35, 77]. We further consider less standard conditions
involving normal or tangential components of the displacement field.

4.3.a Hard Clamped boundary conditions

The problem is

Lu = f in €,
{ (4.20)

u =0 on 0Of).

If we assume that 4 > 0 and A > 0, then this system is an elliptic boundary value
problem as a consequence of the coerciveness (proved below) of the sesquilinear form
associated with this problem, by virtue of Theorem 3.2.6. On the other hand if x> 0 and
A+ 2u > 0, then the Lamé system is strongly elliptic and we can alternatively invoke
[4]. Let us now consider the general case in dimension 3 in order to obtain the largest set
of values of A and p guaranteeing the covering condition. First we may remark that the
elasticity system is invariant by rotation by using the Piola transformation. Namely if we
perform the rotation y = Rx, and set

v(y) = Ru(x), gly) = Rf(x),
then we see that u satisfies

pAxu + (A + p)Vydiveu = f,
if and only if v satisfies

pAW + (A + 1) Vydivyu = g,

Consequently we are reduced to checking the covering condition in the half-space ]R:j’r . In

this case for any &' = (£;,&) € R?, the associated operator L(&', D;) takes the form

&')? + &7 — 07 7612 —17£10;
L&, Dy) =p 76162 &'12 + &5 — 07 —17&20;
—i7§10; —i7§20, €17 — (1+7)07

Hence if ;1 # 0 and ~y # 0, the set M, [LP"; £'] of stable solutions is obtained using the
classical theory of ordinary differential systems. After some calculations one finds that it
is spanned by the functions U9 = vOe-l€lt j=1,2,3, with (see [53, §4.2.5])

§a &1 &it
vii=1| -6 |, v¥=| & | V&= Eat
0 ilg'| 2yt + 1+ 1€)

2If 41 # 0 and ~ = 0, then the system reduces to the vector Laplace operator and therefore the Dirichlet
boundary conditions cover it.
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Hence for &' # 0 the mapping
ML €] — C° - U —U|_,
is an isomorphism if and only if the matrix

S & 0
& & 0
0 &) 2y +1)

is invertible. Since its determinant is equal to i(2y~'+1)|&’|?, we deduce that the covering
condition holds if and only if p # 0 and v # —2 or equivalently if and only x # 0 and
A # —3u.

In conclusion, the system (4.20) is elliptic on €2 if and only if

w#0, XN#—=2u, and \# —3u (4.21)

The fact that the Lamé system in dimension 3 is not covered by its 3 Dirichlet boundary
conditions when A + 3p = 0 was first pointed out in [63].

Now in the remainder of this subsection we assume that ;2 > 0 and A > 0.
The variational formulation of problem (4.20) is quite standard. We take

V = Hy(Q), (4.22)

n

a(u,v) = /Q <2,u Z €i;(u)e;;(v) + Adivudiv \7) dx, Vu,veV, (4.23)

1,j=1

where the strain tensor €(u) = (¢;;(u))1<; j<n, is defined by €;;(u) = %(@-uj + 0ju;).

Here and below we shall use the Korn inequality (see [33, 35, 20] for smooth domains
and [40] for a bounded domain with a Lipschitz boundary) which asserts that there exists
¢ > 0 such that

ulto < e [ 3 el dxt fufig). va e H(@), (424)

i,7=1

This estimate and the compact embedding of H!(€) into L?(£2) implies that there exists
¢’ > 0 such that

ulig < c’/ Z le;j(W)]? dx,  Yu € Hy(9). (4.25)
Q

ij=1

This implies that the form a defined by (4.23) is strongly coercive on H(l)(Q). By the
Lax-Milgram lemma, the associated operator A defined by (3.26) is an isomorphism from
H;(Q) onto H1(Q).

We have checked that all the assumptions of Theorem 3.4.5 are satisfied for problem
(4.20), and therefore the shift theorem in standard Sobolev or analytic spaces is valid for
this problem.
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4.3.b Stress free boundary conditions

The problem is

Lu = f in §, 496
Lo 0

un = 0  on OS.

Here the boundary conditions are the natural ones associated with the sesquilinear form a
from (4.23) defined on V = H'(Q): There holds for all u € H*(Q), v € H'(Q)

a(u,v) = /QLu-\_ldx+ aQ{a(u)n}-\_/da (4.27)

where the stress tensor o(u) = (0y;(u))1<; j<, is defined by
Oij(U) = 2,U Eij(“) + Adivu 51']',
and the traction o(u)n is the vector with components » . oimn;, @ = 1,...,n. Thus

(4.27) shows that {o(u)n}| o, defines the associated conormal system B applied to u.

By Korn inequality (4.24), this form a is coercive on H'(Q) if 4 > 0 and A > 0, see
also [76, Ch.3] (Prop. 7.2 and Th. 7.9). Denote by A the operator defined by (3.26). We
have ker A = ker A* = R, where R is the set of rigid motions:

R={u:x—c+dxx:c,deR"}.
Indeed it is well known that, see for example Lemma II.1 of [46],
a(u,u) =0 <= wueR

By the Lax-Milgram lemma, A is an isomorphism from H'(2)/R onto its dual space
{feH Q) : (f, r)=0, Vr e R}.

Again all the assumptions of Theorem 3.4.5 are satisfied for problem (4.26) — with
non-zero boundary data g — and therefore the shift theorem in standard Sobolev or ana-
lytic spaces holds:

Theorem 4.3.1 Let ) be a smooth bounded domain and a be the sesquilinear form de-
fined by (4.23) on H'(Q). Let u € H'(Q) be a (unique up to a element in R) variational
solution of problem

a(u,v):/f-vdx+/ g-vdo, YveHY(Q),
Q o0

with f € L*(Q) and g € H%(ﬁﬁ) such that [ f-rdx+ [, g-rdo =0, forall r € R.
(i) Let k be a non-negative integer. If Q) is of class "2, f € H*(Q) and g €
Hk+%(8Q), then u belongs to H*"(Q).

(ii) If we assume that Q) is analytic, that f € A(2) and g € A(0N), then u belongs to
A(Q).
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4.3.c Simply supported boundary conditions

Here we consider the problem

Lu = f in €,
u = 0 on 0f), (4.28)
(c(un)-n = 0  on 09,

where we recall that u, is the tangential component of u, namely uy = u — (u - n)n.
Introducing the projection I1°u = u,, its variational formulation consists in taking the
sesquilinear form a from (4.23) defined on the following closed subspace of H'(€2):

V=HyQ)={ucH(Q) :T°u=0 on 00}

By Korn inequality (4.24), this form is strongly coercive on H} (Q) if z > 0 and
A > 0 because Lemma 4.3.2 below shows that any r € R satisfying the tangential
boundary condition

r.=0 on 00

is equal to zero. This means that the operator A defined by (3.26) is an isomorphism from
H}, (Q) onto H(Q)".

Again all the assumptions of Theorem 3.4.5 are satisfied for problem (4.28) and there-
fore the shift theorem in standard Sobolev or analytic spaces holds.

Lemma 4.3.2 If r € R satisfies the homogeneous tangential boundary condition
rr=0 on 01,
then it is equal to zero.

Proof:  We use an argument which is related to the construction of finite elements of
Whitney or lowest order Nédélec type, where the finite element space is exactly R, with
degrees of freedom related to the tangential components of the vector fields on the boundary
[74, 67]. Using Green's formula, there holds

/curlr(x)dx:—/ rxndo =0,
Q )

by assumption. Since r(x) = ¢ +d x x for some ¢, d € R", we get curlr(x) = (n — 1)d
and therefore d = 0. This means that r(x) is the constant vector ¢ € R™. Finding two
points on the boundary such that the two tangent hyperplanes generate all of R™, we deduce
that r = 0. ]
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4.3.d Soft Clamped (sliding) boundary conditions

Here we consider the problem

Lu = f in ,
u-n = 0 on 02, (4.29)
(c(un)y = 0  on 0N.

For the variational setting of this problem, it suffices to consider the sesquilinear form
a from (4.23) defined on (closed subspace of H'(2)):

V=H,(Q)={ucH(Q):TTPu=(u-n)n=0 on 0Q}.

As above by the Korn inequality (4.24), this form is coercive on H3() if x> 0 and
A > 0. Its strong coerciveness is, in general, not valid, but it holds under some geometric
assumptions on the domain €). As a counterexample, if {2 is axisymmetric with respect to
the z,, axis, then the rigid motion r(x) = (0,0, ...,0, 1) x x satisfies the normal boundary
condition
rr-n=0 on 0

and defines therefore a solution of the homogeneous problem associated with (4.29). For
the general case, we simply notice that the operator A defined by (3.26) is an isomorphism
from H(Q)/ker A onto {v € H3(Q)" : (v,r) = 0,Vr € ker A}, where ker A is
obviously a subspace of R.

Again all the assumptions of Theorem 3.4.5 are satisfied for problem (4.29) and there-
fore the shift theorem in standard Sobolev or analytic spaces holds.

4.4 The anisotropic elasticity system

The anisotropic elasticity system corresponds to the linear elasticity with anisotropic ma-
terial law. More precisely it is a n X n system that can be written as

L(x, Du = —(>_ 9;0i5(w)) ;.. (4.30)
j=1
where the stress tensor is here given by Hooke’s law

7y() = 3 Ciprn(emn(w)

m,n=1

the elasticity moduli C;;;,,,(x) are real valued smooth functions that satisfy the symmetry
relations

Oijmn(x) = Cmnij (X) = Cjimn<x) = Cijnm(x)a (431)
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and the strong ellipticity condition: there exists M > 0 such that

n n
V(Eij)lgi,jgn S R;L;;:, Vx € Q, Z C’ijmn(x)eijemn Z M Z ’61']"2, (432)
i,7,mn=1 1,7=1

where RE7T is the space of symmetric n X n matrices.

Obviously we recover the Lamé system from the previous section if
C@'jmn(X> = u(&,mfsnj + 5mj5nl) + )\(Sij(smn,

which satisfy the above assumptions if ¢ > 0 and A > 0.

Note that due to the symmetry constraint in (4.32), the sesquilinear form correspond-
ing to the operator L defined in (4.30) is never formally positive in the sense of Defi-
nition 3.2.4. Indeed, thanks to the symmetries (4.31), rigid motions again belong to the
kernel of the operator.

Like for the Lamé system, we can complement the anisotropic elasticity with hard
clamped boundary conditions (system (4.20)), stress free boundary conditions (system
(4.26)), simply supported boundary conditions (system (4.28)) and finally soft clamped
boundary condition (system (4.29)). The variational settings of these systems are exactly
the same as the corresponding ones for the Lamé system, where now the sesquilinear form
a can generally be written as

a(u,v) = /Q Z oij(u)€;(v)dx, Vu,veV.

ij=1

Due to the ellipticity assumption (4.32), the relevant properties of this sesquilinear
form on the variational spaces V are in close analogy with the corresponding ones for the
Lamé system and therefore the same regularity results hold.

4.5 The regularized Maxwell system

A rich source for examples and counter-examples of elliptic boundary value problems is
provided by the equations of electrodynamics. In their simplest form, the time-harmonic
Maxwell equations for electromagnetic waves in a bounded domain €2 of R? filled by an
isotropic homogeneous material can be written as a symmetric first order 6 X 6 system

curlE—wH=0 and curlH+iwE=J in Q.

Here E is the electric part and H is the magnetic part of the electromagnetic field, and
the constant w corresponds to the wave number or frequency. The right hand side J is
the current density which — in the absence of free electric charges — is divergence free,
namely

divd =0 in Q.
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If the frequency w is different from zero, we can eliminate H by the first relation
H= i curl E and therefore the second one yields the second order system

curlcurl E — w?E = iwl) in Q.

Since J is supposed to be divergence free, we deduce that E is also divergence free.
Consequently, the solutions of this system are also solutions of the regularized Maxwell

system
L. s(Dy)E = curlcurl E — sVdivE — w’E = iwJ in , (4.33)

where s is an arbitrary parameter. Conversely, any solution E of the second order system
(4.33) defines via H = curl E/(iw) a solution of the original first order system, provided
E is divergence free.

The principal part of the second order system (4.33) is

Ly s(Dx) = curlcurl —sVdiv = —I3A + (1 — )V div.

It is clearly strongly elliptic if s > 0, which we will assume from now on.

Note that this system can be obtained as a particular case of the Lamé system with
i =1and A = s — 2. Nevertheless, the standard sesquilinear form a associated with the
regularized Maxwell system (4.33) is, cf. [23, 45, 31]

aus(u,v) = /(curl u-curlv + sdivudivv — w?u - v) dx, (4.34)
Q

and its principal part ag , is distinct from the Lamé sesquilinear form (4.23), even with
the right choice of parameters ¢+ = 1 and A = s — 2. This fact leads to distinct natural
boundary conditions, in general, see §4.8 for more comments.

Another distinct (and sometimes disturbing) feature of the regularized Maxwell sys-
tem, when written in variational form, is that variational spaces are not naturally subspaces
of H'(Q), but of the larger functional space

X(€) = H(curl, Q) N H(div, Q) (4.35)

where H(curl, ) and H(div, Q) are the spaces of fields u in L*(Q2) with square inte-
grable curlu and div u, respectively. Its natural norm is

2 2 : 2
ull o o + [l curlull o + [ divul[ . (4.36)

2
lullyg = |

Lo (Q), but never in H'(9), see [39].

However, in contrast with elastic displacements, electric and magnetic fields E and
H are always supposed to satisfy some essential boundary conditions on the boundary
0f). There are several of them. We can quote: the perfectly conducting conditions, the
perfectly insulating conditions, and, more generally, impedance or transparent boundary
conditions.

The space X(2) is contained in H;
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From the mathematical point of view of elliptic boundary value problems, one can, of
course, associate the second order system (4.33) also with Dirichlet boundary conditions,
i.e. require that all components of E vanish on 0{2. This obviously defines an elliptic
boundary value problem if s # —1, see (4.21), so that one can apply all the elliptic
regularity theory of the previous chapters in this situation. Unfortunately, in this case one
will not be able to prove that E is divergence free, so that one does not get a solution of
the original non-regularized Maxwell system. What one rather obtains is just a solution
of an elasticity problem with hard clamped boundary conditions.

In the next subsections, we consider in more details the perfectly conducting condi-
tions, and then the impedance boundary conditions. We show in both cases how they can
be made to enter our general framework of elliptic boundary value problems in coercive
variational form, leading to optimal Sobolev and analytic regularity results.

4.5.a Perfectly conducting electric boundary condition

This condition specifies that the tangential component E x n of the electric field is zero
on 0f). The variational space is then

Xn(2) ={ue X(): uxn=0 on 900}

In this definition, the boundary condition has to be understood in the weak sense. For
u € X(9), the tangential trace u x n can be defined as an element of H™'/?(Q) by means
of the Green’s formula

Ve € HY(Q), /(u-curlcp—curlu-go) dx = (u x n,go>89 (4.37)
Q

similarly to the way we defined the weak conormal derivatives in the previous chapter,
equation (3.8), see again [39]. The vanishing of this trace is then equivalent to the validity
of the Green formula

v e H'(Q), /(curlu-v—u-curlv)dx:().
Q

In this part we consider domains with smooth boundaries: Namely, if 0f2 is of class
%* (in fact, as soon as we have H? regularity of the Dirichlet problem for the Laplacian,
see [14]), the space Xy () is included in H'(€2), thus coincides with the space H}, ()
introduced in §4.3.c. Thus, in the case of smooth domains we are back to our general
framework of Chapter 3 with the variational space

V = H\(Q).

It is known (see [23]) that the sesquilinear form a, is strongly coercive on H}(9), in
other words, there exists ¢ > 0 such that

a0.s(u,u) > cllulig, Vue Hy(Q).
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By the compact embedding of H}, () in L?(§2), there holds the Fredholm alternative for
the variational problem

Y e HY(Q), au.(u,v) = / f - vdx. (4.38)
Q

By virtue of Theorem 3.4.5, for f € L*(Q) any solution u € H}(Q) is more regu-
lar, namely u € H?*(Q2). In order to determine the natural boundary condition, we use
integration by parts like in the general formulas (3.6) and (3.14), and obtain, with the
tangential component vy = n X (v X n) of v,

aus(u,v) = /L%su-\_/dx
Q

+ / ((curlu) X n) - vy + sdivu (v - n) do, (4.39)
o0

this identity being valid for all u € H*(Q2) and v € H'(Q). Note that formula (4.39)
shows that the associated conormal system B is given by

Bu = {(curlu) x n+ s(divu) "HaQ' (4.40)

Thus we see that the strong form (3.16) of the variational problem (4.38) is (compare
with (3.16) in the general case)

L,su = f in €,
divu = 0 on 0f), (4.41)
uxn = 0 on 0f).

Since all the assumptions of Theorem 3.4.5 are satisfied for problem (4.41), the shift
theorem in standard Sobolev or analytic spaces is valid for this problem.

Let us finally show a specific property for the regularized formulation that allows us
to go back to the original first order Maxwell system if w # 0, namely the divergence
free property of u under the condition that the right-hand side has the same property:

Lemma 4.5.1 If the right-hand side f € L*(Q) is divergence free:

divf=0 1in €,
and —w?*/s is not an eigenvalue of the Laplace operator A with Dirichlet boundary
conditions, then any solution u € Hy(Q) of problem (4.38) is divergence free as well,

ie.,

divu=0 1in Q.
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Proof:  Taking test functions v in (4.38) in the form v = V@, with an arbitrary ¢ €
H2 N H{(Q) (this directly implies that v € H (), we get

Vi € HXNH(Q), s/divu divVgpdx—wQ/u-Vgpdx:/f-Vgpdx.
Q Q Q

This right-hand side is equal to zero as a consequence of Green's formula and the divergence
free property of f. Therefore u satisfies

Vi € H2 N H(Q), / divu (sA + w?)p dx = 0.
0

Now assume that divu is not zero. This means that the operator defined by the elliptic
boundary system with the strongly elliptic operator sA+w? and Dirichlet boundary conditions
is not surjective from H? N H{(2) to L*(Q). According to Theorems 2.2.39, 3.3.1 and
4.1.1, this operator is Fredholm of index zero. Since it is not surjective, it is not injective
either, and this means that there exists an eigenfunction ¢ € H? N H}(£2) of the equation
(sA+w?)p =0, and hence —w?/s is an eigenvalue of the Laplace operator with Dirichlet
boundary conditions, contrary to the assumption. 0]

4.5.b Perfectly conducting magnetic boundary conditions

This condition specifies the normal component H - n of the magnetic field H to be zero
on the boundary of the domain. The variational space is then

Xr(2) ={ue X(Q): u-n=0 on 00Q}.

The weak definition of the boundary condition u - n = 0 means in this case:
Y € HY(Q), /(divugo+u-Vg0) dx=0. (4.42)
Q

Like in the electric case, if J(2 is of class €2, the space X7 () is contained in H'(Q);
it coincides with the space H}(Q) introduced in §4.3.d. Thus, in the case of smooth
domains we are back to our general framework with the variational space

V = H;(Q).

Since the magnetic field satisfies the same second order system as the electric field
(with a different right hand side and different boundary conditions), for the problem in
magnetic field formulation we can take the same sesquilinear form (4.34), now defined on
H}.(Q2). Like before this form is coercive on Hy(Q2), cf. [23].

Thus, for f € L*(Q2), we consider solutions u € HX.(Q) of the problem

au.s(u,v) :/f-vdx, Yv € HL(Q). (4.43)
Q
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We know that there is at most a finite number of linearly independent solutions u, and
Theorem 3.4.5 then yields that u € H?(€2). Using the Green formula (4.39), we find that
u solves the problem in strong form

L,su = f in §,
(curlu) xn = 0  on0Q, (4.44)
u-n = 0 on 0.

Like in the electric formulation, since all the assumptions of Theorem 3.4.5 are satisfied
for problem (4.44), the shift theorem in standard Sobolev or analytic spaces is valid for
this problem.

As previously, let us show how H? regularity results for the Helmholtz equation can
be used to prove the divergence free property:

Lemma 4.5.2 If the right-hand side f € L*(Q) is divergence free and satisfies f -n = 0
in the weak sense on 052, that is

/f-Vgpdx: 0, Vo e HY(Q),
Q

and if — w?/s is not a non-zero eigenvalue of the Laplace operator A with Neumann
boundary conditions, then any solution u € H1.(Q) of problem (4.43) is divergence free.

Proof: Like in the proof of Lemma 4.5.1, the main idea is to show that div u is orthogonal
in L2(£2) to all right hand sides in the Neumann problem for the operator sA+w? on H*(Q).
For this, consider

(1) ¢ € H*(Q) satisfying 9,0 =0 onodf.

We see that then v = V¢ is in HL(€2) and can be used as a test function in the variational
formulation (4.43). This gives with (4.42)

(2) /divu(sA+w2)¢dx:s/divu divvdx—wQ/
Q Q

u-vdx:/f-Vgpdx:O.
Q Q

Now if —w?/s is not a Neumann eigenvalue, then thanks to the Fredholm alternative, the
operator SA + w? is an isomorphism from the space of ¢ satisfying (1) onto L%(€2). We
can therefore find a ¢ € H?((Q2) that satisfies

(sA+whp = diva in Q,
O = 0 on 0N).

If w =0 (which is a Neumann eigenvalue), we still can find such a ¢: In this case, the right
hand sides do not fill all of L*(2), but only the subspace L§(Q2) = {g € L*(Q) : [,g9dx =
0}, see Theorem 4.1.2. But divu belongs to this subspace, as we can see from (4.42) by
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taking a constant test function. Therefore, unless —w?/s is a non-zero Neumann eigenvalue,

we find from (2)
/ |divul?dx =0,
Q

and hence u is divergence free. 0

4.5.c Regularity of the electromagnetic field with perfectly conduct-
ing boundary conditions

Relying on the ellipticity of the electric and magnetic problems (4.41) and (4.44) we are
now able to deduce regularity results for the electromagnetic field (E, H) solution of the
harmonic Maxwell system with the perfectly conducting boundary conditions

(4.45)

curlE—iwH=0 and curlH+iwE=J in €,
Exn=0 and H-n=0 on 0.

We can drop the condition div J = 0, replacing it by regularity assumptions on div J.

Theorem 4.5.3 Let 2 be a smooth bounded domain. Let (E,H) € H(curl; Q)? be so-
lution of the harmonic Maxwell system (4.45) with a non-zero frequency w and J €
H(div; ).

(i) Let k be a non-negative integer and let ) be of class €**2.
* If J € H¥(Q) and div ) € H*1(Q), then E € H*"(Q) and H € H*T1(Q).
x If moreover curl ) € H*(Q) and J x n € H**2(0Q), then H € H*2(Q).

(ii) If we assume that ) is analytic and J € A(R2), then E and H belong to A(S2).
Proof: Since divE = % div J, we deduce that divE & LQ(Q). Since, moreover, E €
H(curl;2) and E x n = 0 on 052, we have E € Xy(£2), and, as 2 is smooth enough,

E € Hy(Q). With the form a,,, defined in (4.34), the electric field E is solution of the
variational problem

VE' € Hy(Q), a,,(E E)= / iw) - E' + £ divJ div E’ dx
Q
= / (iwd — £V divJ) -E’dx+/ = divJ E' - ndo,
Q o0
which writes in distributional form, cf. (4.41)

L,;E = iwd—2=2Vdiv] in Q,
divE = i div J on 0f),
Exn =0 on Of).
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As already mentioned, this problem satisfies the assumptions of Theorem 3.4.5, therefore
E c H**?(Q) if J € H*(Q) and divJ € H**1(Q). The regularity of H comes from the
equality H = % curl E.

If curlJ € H*(Q), we use the magnetic formulation: H € H1L.(Q) solves
YH € H;(Q), a, (H,H) = / J - curl H' dx
Q

:/curlJ-ﬁ’dx—l—/ (Jxn)-Hdo
Q o9

which gives
L,sH = curll in €,
(curlH) xn = Jxn on 02,
H-n = 0 on 0.

and satisfies the assumptions of Theorem 3.4.5 as well, and deduce that H € H*"(Q).

The analytic regularity is a direct consequence of Theorem 3.4.5. 0

4.5.d Imperfectly conducting or impedance boundary conditions

This condition, also called Leontovich boundary condition, specifies that the tangential
component E; = n x (E x n) of the electric field is proportional to H x n (tangential
component of the magnetic field rotated by 90° clockwise) on 0f2, more precisely it
imposes that H x n — AE; = 0 on 0f2, where the impedance A is a smooth function
defined on 0f satisfying

A:0Q2 — C, suchthat Vx € 0Q, A\(x) #0, (4.46)

see for instance [75, 67]. The case A = 1 is also called the Silver-Miiller boundary
condition [12].

So we are now interested in properties of solutions of the Maxwell system with
impedance boundary conditions

curlE—iwH=0 and curlH-+iwE=J in Q,
(4.47)

Hxn—AE,=0 on 09,

Eliminating H by the relation H = % curl E, we can write the impedance condition
in the form:
(curlE) x n —iwAE; =0 on 09. (4.48)

We can see that, at first glance, this boundary condition enters the framework of gen-
eral Robin boundary conditions (3.43) BE + ZyE = 0 with ZE = —iw\E,, since in
our case BE = curl E x n + (div E)n, see (4.40).
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The new difficulty is that the space X(£2) (4.35) without any boundary condition is
not included in H'(€2), and does not give sense to a Robin type boundary term. This is
the reason for the introduction of the new variational space associated with this boundary
condition

Ximp(Q2) = {u € X(Q) : you, € L*(09)},
equipped with the natural norm

2

2 2 . 2
) = llullg, o + [Feurluf| o+ [[divul o+ [[rouell;, o,

2
lully, @

Assuming that J € H(div; ), and introducing a positive regularizing parameter s, we
can prove that the electric part E of any solution (E, H) € H(curl; Q)? to system (4.47)
is solution of the variational problem

Find E € Xinp(Q2) such that VE' € Xinp(Q2),
a,s(E,E') — z'w/

AE:-E,do = / iwd - E + =div) divE dx. (4.49)
o0 Q

Here a, ; is the sesquilinear form (4.34). The variational problem (4.49) is similar to
problem (3.40) with the general sesquilinear form (3.39).

But, even if we take a domain with smooth boundary, the space X;mp(Q) 1S not em-
bedded in H'(€2). The best which can be proved within the scale of standard Sobolev
spaces is the embedding of Ximp(©2) in H'/?(€) [22, Theorem 2]. It is known however
that H'(Q2) is a dense subset of Xinp(€2) [19, 29].

Moreover, there is no hope of applying the theory of elliptic boundary value problems
to (4.49): With the second order operator L,, ; introduced in (4.33), problem (4.49) writes
in distributional form

L,sE = iwd—2=2Vdiv] in €,
(curlE) x n —iwAE;, = 0 on 012, (4.50)
divE = % div J on 0f),

its principal part is problem (4.66), which is not elliptic, as explained in §4.8.
Note that the variational formulation for the magnetic field H € X;,,,(£2) uses the
same space and reads

1 — _
VH' € Ximp(Q),  aus(H,H) — iw/ X H; - H; do = / J-curlH dx, (4.51)

o0 Q
which does not define an elliptic problem either.

A much better idea, inspired by [75, §5.4.3], is to consider a coupled regularized
formulation for the full electromagnetic field (E, H), using the variational space

V = {(E,H) € (H(curl,Q) N H(div,2))*: Hxn=AE on 0}, (452
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considering now the impedance condition in (4.47) as an essential boundary condition.
The new sesquilinear form a(E, H; E’, H') is now the sum of the sesquilinear forms ap-
pearing in (4.49) and (4.51). Thus a has the Robin form a + b with

a(E,H;E' H') = a, (E,E') +a, (H,H) (4.53a)

where a,, ; is the sesquilinear form (4.34), and

b(E,H;E' H') = —iw/ H. - H; do. (4.53b)

- 1
)\Et-E;da—iw/ -
20

BQ/\

The derivation of the following lemma is standard:

Lemma 4.5.4 Any solution (E,H) € H(curl;Q)? of the full impedance problem (4.47)
belongs to the space V defined in (4.52), and solves the variational problem

Find (E,H) € V such that V(E',H’) € V,
a(E,H;E' H) :/ (z’wJ-E’—l—%divJ divE’) dx+/J-cur1ﬁ’ dx, (4.54)
Q Q

with the choice (4.53) for a = a + b.

The new fact is that V is embedded in H'(Q2) x H'(€2) and that the sesquilinear form
a is coercive on V. We prove these two assertions in the following statements.

Lemma 4.5.5 Ifthe boundary of ) is of class €* and the impedance function \ satisfies
(4.46), the space \ defined by (4.52) is contained in H' () x H'(Q).

Proof: Let (E,H) € V. Let us prove that E € H'(Q). The proof for H is similar. Since
for any 1 € €°(Q2), (YE,yH) also belongs to V, we can assume that € is topologically
trivial.

There exists a vector potential w € Xx(€2) such that, cf. [7]
curlw = curlE in (.

Thus, there exists a potential ¢ € H'(w) such that

(1) Vo =E—w.

Since € is smooth enough, Xy (€2) C H'(Q). Therefore, as a consequence of div E € L(Q)
we find that

(2) div Vi € L*(Q).

The trace E; coincides with V¢, where V is the tangential gradient. But by the impedance
condition, H x n = AE;. As H belongs to H(curl;2), its trace H X n belongs to
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H~/2(div; 8Q), [75, Theorem 5.4.2], and so does AE;. Finally
dive AWVep € H72(99).

Since A is smooth and never 0 on OS2, the operator divy AV, is a scalar elliptic operator on
0f) which is a smooth manifold without boundary. By elliptic regularity we obtain that

(3) 0|, € H2(09).

Now, using the elliptic regularity for ¢ solution of the Dirichlet problem (2)-(3) on €2, we
find ¢ € H?(2). Coming back to (1), we have obtained that E € H'(Q). O

Theorem 4.5.6 If the boundary of Q) is of class €* and the impedance function \ sat-

isfies (4.46), the sesquilinear form a (4.53a) is coercive on V in the sense of Definition
3.2.1, i.e., there exists C > 0 and ¢ > 0 such that for all (E,H) € V

2 2 2 2
Re a(E, H:E,H) > c(|E[%, + [HI% ) — C(IEIL , + [HI,).

Proof: It relies on the following formula which holds for any u and v in Hl(Q), cf. [30,
Lemma 2.2], [75, Lemma 5.4.2] and the earlier reference [23]:

/Vu:Vv—curlu-curlv—divu divvdx =
Q
—/ diviug (v-n) + (u-n) divpvg +tr & (u-n) (v-n) + Bu - vy do  (4.55)
EXY)

In (4.55) A is the second fundamental form of the surface 02 and divy uy is the surface
divergence of u;: There holds diviu; = divu — Jau, — Uy (liivn, with u, = u-n. This
surface divergence is the operator which defines the space H™ 2 (div; 0Q):

(1) H_%(div;ﬁﬂ) ={ue H_%(OQ) cu=u and diviu € H_%(GQ)}.

Let (E,H) € V. Since by Lemma 4.5.5 E and H belong to H'(Q), we can use (4.55) for
u=v =E and u =v = H and sum up the obtained equalities: We find that

2

2 2 2
) IEI o + IHIF, ¢ = [Elly o) + Hlyq, + D

where the difference term D can be estimated as

D[ < || dive Et||_%;8Q HEHH%;BQ + || dive Ht”_%;ag ||Hn”%;ag
2 2 2 2
FIBallg o0 + Hallg a0 + [1Eellg a0 + [Hllg o0

Here E, and H,, are the normal component E-n and H-n of E and H, respectively. With
the help of inequality (3.42), we find that the last four terms can be estimated by

CIEll o, 1EI o + HIl, o IHI, )
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while, with definition (1) the first two terms are estimated by

IE[,, o+ Hell -3

(HEtHH*f (div;09) (div;09) ”HHlQ)

We need the impedance relations H x n = AE; (and E x n = —\"!H, which is equivalent)
1
in order to bound E; and Hy in the norm H™2(div; 02): We find

1B, 40 SIHxA]

2 (div;00) 2 (div;00)

and

IHell - SIIExn] -4

2 (div;00) 2 (div;00)

We use the continuity of the trace v — (v X n ‘89 from H(curl; 2) into H_%(div;aQ)
[75, Theorem 5.4.2] and find finally that

D1 S 1El g Il o+ TH 0 1M1 g + Hyconsn TN o + TElgennnn 1H
We deduce that for all € > 0
2 2 - 2 2
D1 S (I g+ IHIZ, ) + e UEN ry + I )

Coming back to (2) and choosing € small enough we finally find that there exists C' > 0
such that for all (E,H) € V,

2 2
() [N o+ IHI} o < CIEl 0 + I, )

Using the definition of the sesquilinear form (4.53a), we see that (3) yields the desired coercivity
estimate. U

It is clear now that, thanks to Theorem 4.5.6, the regularity Theorem 3.5.4 for ellip-
tic Robin-type boundary value problems can be applied directly to this case, providing
Fredholm properties and optimal elliptic regularity for solutions of problem (4.54):

Theorem 4.5.7 Let ) be a smooth bounded domain. Let w # 0 be the frequency and \
be an impedance factor satisfying (4.46). Let (E,H) € H(curl;Q)? be an electromag-
netic field solution of the harmonic Maxwell system with impedance boundary conditions
(4.47) for data J € H(div; Q).

(i) Let k be a non-negative integer. If Q) is of class €**2, and J € H*(Q) is such that
divJ) € H*1(Q), curld € H*(Q) and J x n € H*"2(9Q), then (E,H) belongs
0 Hk+2(Q)2.

(ii) If we assume that ) is analytic and J € A(R2), then E and H belong to A(S2).

Now we use the general tools from Section 3.5 to obtain the strong formulation of the
variational problem (4.54). This is then the standard second order elliptic boundary value
problem satisfied by the solution of the Maxwell impedance boundary value problem.
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According to Lemma 3.5.2 we have to identify the projectors IT1°, II" and the conor-
mal system B together with the matrix Z defining the Robin-type boundary condition.
The zero order boundary condition is then just the essential boundary condition, in our
case the one defining the space V.

The projector I1° is the orthogonal projector in C® the kernel of which is the subspace
defined by the impedance condition:

V(u,v) € C° 0 IP(u,v) = (1+ [AP) ' (JAPug — Av x n, ve + Au x n)
Therefore the complementary projector II7 = I — IIP is given by
V(u,v) € CO 1 I (u,v) = (uan,van) + (14 |A) 7 (ug+ Av x n, [APvy —Auxn).
The conormal system is given as in (4.40) by
B(E,H) =y ((curlE) x n + s(divE) n, (curlH) x n + s(divH)n) .
Thus the principal part of the first order boundary operator is given by

117 B(E, H) = 70{ (s(div E)n, s(div H)n) +
(14 [A*) 7" ((curl E) x n — X (curl H);, [A]*(curlH) x n+ A (curl E),) }
From (4.53b), we deduce that the operator Z defining the sesquilinear form b accord-
ing to (3.38) is given by
Z(E,H) = ( —iw)Ey, —iw% H.)

and, therefore,

w A - 9
Trpp( A B TH X —TH o+ Exn)}.

We recall that the natural boundary condition of a general Robin-type problem is given
by II" BBlu + 117 Z~,Blu = I1"g. In the case of problem (4.54) we have for g

g ==((divd)n, 0) + (0,J x n),

7 Z7(E, H) = 7 {

which gives for I17g
M7g = = ((divd)n, 0) + (1+ A7 (= A, [A2I xn).

Putting all this together, we obtain the following elliptic second order boundary value
problem for the two vector functions E, H:

([ curlcurlE — sVdivE —w’E = iw)—=2Vdiv) in Q,

curlcurlH — sVdivH — w?H = curlJ in Q,
Hxn—-)\E, = 0 on 0f2,
divE = Ldiv) on 09, (4.56)
divH = 0 on 0f),

IA|?(curl H) x n + A\(curl E),
—iwAH; +iwA?Exn = [A2) xn on 0.
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Note that, using the impedance condition in the form H; + AE x n = 0, the last
boundary condition becomes

IA?(curl H) x n + A(curl E); + iw|A]°E x n — iwAH; = |A\|?J x n
or, equivalently
McurlH + iwE) x n 4 (curl E — iwH), = AJ x n (4.57)
which clearly displays a linear combination of the harmonic Maxwell equations in (4.47).

For the sake of completeness, we address now the question of knowing whether our
coupled regularized formulation (4.54) allows us to go back to the original first order
Maxwell system (4.47).

Let us start with the divergence properties of E and H: We prove that the identities
valid on the boundary for div E and div H in (4.56) are, in fact, valid inside €.

Lemma 4.5.8 [f the right-hand side J belongs to H(div; Q) and —w?/s is not an eigen-
value of the Laplace operator A with Dirichlet boundary conditions in H*(Q), then any
solution (E,H) € V of the variational problem (4.54) satisfies

divE = i div) and divH=0 in Q. (4.58)

Proof:  In (4.54) we first take test functions in the form (V,0) with an arbitrary ¢ €
HZ N H(Q). This directly implies that (V @, 0) belongs to V, and therefore we get

Vi € HXNH(Q),
s/divE divapdx—wQ/E-Vgodx:/ (z’wJ-Vgo—i—idivJ divVgo) dx.
Q Q Q

We then conclude as in Lemma 4.5.1 that E — iJ is divergence free.

Similarly choosing test functions in the form (0, V@) with an arbitrary ¢ € H? N H}(Q)
(which belongs to V), we have

Vi € H2 N H(Q), s/diVH diVVgodx—wQ/H-Vgodx:O.
0 Q

This leads to the divergence free property of H. [

It remains to see whether any (E,H) € V solution of (4.54) satisfies the harmonic
Maxwell system (4.47).

Lemma 4.5.9 Let w # 0. Assume that the conjugate homogeneous first order Maxwell
system with impedance condition

(4.59)

curlEy +iwHy =0 and curlHy—iwEy =0 in Q,
Hoxn—)\EQt:O on 89,
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admits (Eg,Hy) = (0,0) as only solution in H(curl;Q)?, and that —w?/s is not an
eigenvalue of the Laplace operator A with Dirichlet boundary conditions. If the right-
hand side J belongs to H(div; Q)), then any solution (E,H) € V of (4.54) satisfies (4.47).

Proof:  Taking (4.57) and (4.58) into account we see that (4.56) reduces here to

curlcurlE — w?E = iwl in Q,
curlcurlH — w?*H = curll in €2,
) divE = %diVJ in Q
divH = 0 in Q,
Hxn—-)\E, = 0 on 0f),
\ Mcurl H 4 iwE) x n + (curlE —iwH); = AJxn  on 0.

Let us set
(2) U=curlE—-iwH and T =curlH —J+wE.
From the first two equations from (1), we write

Ww?E +iwl) = curlcurlE in ©Q,
w*H = curl(curlH —J) in Q.

Therefore, taking the curl of U and T we get

curlU = W?E + iwJ —iwcurlH
curl T = w?H +iwcurl E.

(3)
Identities (2) and (3) give immediately
(4) curlU+iwT =0 and curlT —iwU=0 in Q.
Now we notice that the boundary condition

AcurlH + iwE) x n+ (curl E — iwH); = AJ x n on 9%,
from (1) is fully equivalent to

AT xn+U,=0 on 09.

Taking the conjugate of this identity, we get AT x n+ U; =0, which is equivalent to

(5) Uxn—AT,=0 on 00.

The equalities (2) and (5) show that the couple (T, U) is solution of the impedance problem
(4.47) with J = 0 and w replaced with —w, i.e. problem (4.59). The assumption of
uniqueness yields that (T, U) = 0, which proves that the couple (E, H) satisfies the original
impedance problem (4.47). U
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4.6 The Reissner-Mindlin plate model

The system of Reissner-Mindlin is a standard engineering model describing the bending
of elastic structures of small to moderate thickness. More precisely, this model describes
the bending of a plate P = ) x (—¢,¢) in equilibrium subject to transverse loading, in
terms of the deflection w of its midplane € C R? and of the rotation ¥ = (11,,)"
of fibers transverse to this midplane [65, 82, 84]. Both unknowns are assumed to be
independent of the transverse variable x3. They are then determined as solution of the
system

{ Sl +pk(Vw+p) = %p  in Q, (4.60)

—pk(Aw +divey) = &?p3  in Q,

where 2¢ is the thickness of the plate, L is the two-dimensional Lamé system (in the
plane stress model) given here by (compare with (4.16))

L(Dy) = —pAL, — (A + p)V div,

with \ = /\2%2)‘” the homogenized Lamé coefficient, £ > 0 is the shear correction factor
and finally p and ps are loadings related to the volume and traction forces applied to the
three-dimensional plate. The associated system of partial differential operatorsisa 3 x 3

system with constant coefficients given by

—= (uA + (N + 1)0?) + pik —Z (A + 11)010: 11k,
L(Dy) = S (A + )10, —S (WA + (A + p)03) + pk pkdy
— ko — k0o —pkA
Its principal part is
—= (uA + (A + 1)3?) — (A + )10 0
LP'(Dy) = —= (A + )00, —S (A + (A + p)d?) 0
0 0 — kA

and splits into the Lamé system for the first two variables and to the Laplace operator
for the third one up to some negative factor. Therefore this system is strongly elliptic
provided ;1 > 0 and A+ i > 0, or equivalently, provided p > 0 and 3/\’\j22: > 0.

Eight canonical boundary conditions can be considered on the boundary of €2 [65, 82,
84], corresponding to the 4 types of boundary conditions of the two-dimensional Lamé
system described in section 4.3 and to either Dirichlet boundary condition for w or to a

Neumann type boundary condition:

qn = pk(¢p +Vw)-n=0 on 0.
In other words, with the stress o (1) given by

Tas(th) = 2 eap(th) + Adivep dag, a,8=1,2,
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we can have either hard clamped boundary condition
Pp=0; w=0 on 0N,
or soft clamped boundary condition
PYp-n=0; (c(@)n)-t=0; w=0 on 00,
or hard simply supported boundary condition
PY-t=0; (o(¢)n)-n=0; w=0 on 09,
or soft simply supported boundary condition
o(¥)n=0; w=0 on 09,
or frictional I boundary condition
Yv=0; ¢q,=0 on 09,
or sliding edge boundary condition
Pp-n=0; (c(®)n)-t=0; ¢,=0 on OS2,
or frictional II boundary condition
Pp-t=0; (o(¢)n)-n=0; ¢ =0 on 09,
or stress free boundary condition
ocypn=0; ¢,=0 on 09,

It was shown in Lemma 4.2 of [84] that each of these 8 boundary conditions covers the
system (4.60) on 02 provided i > 0 and 33;“22" > 0. Note that this covering condition
also follows from the variational formulation below and Theorem 3.2.6.

The variational formulation of problem (4.60) with each of the 8 boundary conditions

is easily deduced from the natural energy functional associated with the RM model:

V = {(3,w) € H(Q) satisfying the essential boundary conditions},
2
(@) (62) = 5 [0S con)cas(3) + Al v ) dn
a,B=1
4 /Lk/Q(VuH—tb) (VZ+%) dx.
This form is coercive on V in the sense of Definition 3.2.1 under the above assump-

tions on ;4 and A: Indeed, invoking the ellipticity assumption (4.32) and the Korn in-
equality (4.24), there exists o > 0 such that

a(¥, w), (¥, w)) = a|Yliq — [¥[5.0) + 1k VW + P[5 o
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Now using the triangular inequality, we may write

Vwlgo < (IVw +loe + [¥loe)* < 2(Vw +liq + [¥[5.0)-

This estimate in the previous one directly yields

k
(¥, w), (¥, w) > alplig+ %|’w|ig — (a+ k)95 .0,

which leads to the coerciveness property.

For the injectivity property of the operator A associated with a by (3.26) we look for
a pair (¢, w) € V such that

a((,w), (p,w)) = 0.
In view of the form of a this means that
€ap(P)=0; divyp=0; Vw+y=0 1inQ,

for all o, 5 = 1 or 2. Hence % is a rigid motion, in other words, there exist a,b,c € C
such that

(w1, 29) = (a,b)" + c(—zg,21)".

As Vw = —1p, we then find that v} is curl free, hence ¢ = 0, and w must be of the form
w = —ar; — bry +d,
for some d € C. We thus have found that
ker A=V N{(a,b,—ar, —bry+d)" : a,b,dc C}.

This implies that ker A = {0} for the first four boundary conditions. On the other hand,
for the stress free boundary condition one readily sees that

ker A = {(a,b, —ax; — by +d)' : a,b,d € C},
while for the remaining three, we have

ker A = (0,0)" x C.

The Lax-Milgram lemma then furnishes an isomorphism between V/ ker A and {p €
V: (p, r) =0, Vr € ker A}. Hence shift results in Sobolev spaces or spaces of analytic
functions are valid in the same form as in Theorem 3.4.5.
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4.7 The piezoelectric system

Smart structures made of piezoelectric and piezomagnetic materials are gaining interest in
applications since they are able to transform the energy from one type to another (among
magnetic, electric and mechanical energy), allowing to use them as sensors or actuators.
Commonly used piezoelectric materials are ceramics and quartz. The mathematical model
of this system starts to be well established [13, 34, 51, 81] and corresponds to a coupling
between the elasticity system and Maxwell equations. A full mathematical analysis is
not yet done, except in some particular cases [50, 60, 62]. Usually, the electric field E
is assumed to be static, hence curl free, i.e., E = V&, where ® is an electric potential.
After this reduction, the obtained system is a coupling between the elasticity system and
a second order scalar equation.

If we restrict ourselves to the 3-dimensional case, it is a 4 x 4 system involving the
vector valued function u, corresponding to the displacement field and the scalar valued
function ®, corresponding to the electric potential. It can be written as

L(Dy) ( o ) = ( (=T oy 0), ) ,

551 0iD;(u, @)

where the stress tensor is here given by generalized Hooke’s law (actuatoric effect)

3 3
Uij(“? (I)) - Z Cijmnemn(u) + Z ekij8k<1>,
k=1

m,n=1
and the electric displacement D = (D;, Dy, D3) is given by (sensoric effect)

3

3
Di(“? q)) = Z eimnemn<u) - Zgikakq),
k=1

m,n=1

where the elasticity moduli Cjj,,,,, are here supposed to be real constants that satisfy
the symmetry relations (4.31) and the strong ellipticity condition (4.32); the permittiv-
ity constants ¢;;, form a positive definite 3 X 3 matrix, and finally the piezoelectric tensor
(€imn)1<imn<s3 satisfies the symmetry relation:

€imn = €inm, \V/Z, m,n = 17 27 3.

Here for the sake of simplicity we complement this system with Dirichlet boundary
conditions. In other words, we consider the problem:

L(u,®) = (f,¢9)7 in Q,

u = 0 on 0f), (4.61)
d =0 on 0f).
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The variational formulation of problem (4.61) is naturally associated with the above
physical tensors: We simply take

V = H\(Q) (4.62)

3 3

a((u, @), (v, ¥)) = /Q(Zaij(u,q))eij(\_l)—ZDi(u,q))@i\If) dx. (4.63)

ij=1 i=1

The strong coerciveness of a on V follows from the ellipticity assumption (4.32), the
Poincaré inequality (1.10) and the Korn inequality (4.24) because one readily checks that

a((u, @), (u,®)) = /Q < 23: Cijmn€ij(0)€mn(u) + 23: gijai@a@) dx.

i,,m,n=1 i,j=1

4.8 Influence of the weak form on the natural boundary
conditions

In this last section we want to give examples for the phenomenon already mentioned
before that different sesquilinear forms belonging to the same differential operator can
lead to different natural boundary conditions. Let us illustrate the phenomenon for the
Lamé system.

We have seen in subsection 4.3.b that the sesquilinear form a defined by (4.23) on
V = H'(Q) leads to the Lamé system with stress free boundary condition, problem
(4.26).

Let us now exhibit two other sesquilinear forms that lead to the Lamé system L given
in (4.16) but with different boundary conditions. The first one is defined by

aj(u,v) = / ( Z Ou;0,0; + (A + p) divudivv) dx, Vu,v € H'(Q).
Q

ij=1
Let u € H'(Q) be a solution of problem

al(u,v):/f-vdx, vv € H'(Q),
Q

with f € L*(Q). Then by integration by parts, we see that u is a solution of

Lu = f in (2,
w(Opu)y = 0 on 0f), (4.64)
p(Opu) -n+ (A+p)divu = 0 on 09.
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We readily see that the above boundary conditions are different from the stress-free
boundary conditions o(u)n = 0 on 0f.

Note that for > 0 and A+ > 0 the sesquilinear form a; is formally positive in the
sense of Definition 3.2.4 and hence coercive on H'(Q2) (without making use for Korn’s
inequality). Therefore by Theorem 3.2.6, the system (4.64) is elliptic on €.

As a second example, let us take the form (compare with the sesquilinear form (4.34)
used for the regularized Maxwell system)

as(u,v) = / (pecurlu - curlv + (A + 2u) divudivv) dx, Vu,v € H'(Q). (4.65)
Q

Here if u € H'(Q) is a solution of problem
as(u,v) = / f-vdx, WYweH(Q),
0

with f € Lz(Q) , then by integration by parts we see that u is a solution of

Lu = f in €,
curluxn = 0 on 02, (4.66)
divu = 0 on 0f).

Once again these boundary conditions are different from the stress-free boundary con-
ditions. Note that these new boundary conditions do not depend on A and p and that
the sesquilinear form a, is not coercive on H'((2), since the boundary conditions from
(4.66) do not cover the Lamé system. This non-coerciveness property can also be checked
directly, since for any harmonic function ¢ in R", the function u = Vi (restricted to
2) satisfies as(u,u) = 0. This means that the kernel of the associated operator A from
H'(Q) into its dual has infinite dimension, hence a, cannot be coercive on H'(€2) due to
Theorem 3.3.1, and the system (4.66) is not elliptic.

Let us now compare the three sesquilinear forms if we impose an essential boundary
condition in the form of a smaller variational space

V =HL(Q).

In the case of the standard sesquilinear form a (4.23) corresponding to the elastic energy
for the Lamé system, this describes simply supported boundary conditions as discussed
in Section 4.3.c. The associated natural boundary condition is then given by the normal
traction (o(u)n) - n = 0, see (4.28), which can be written as

2u(0pu) -n 4+ Adivu=0. (4.67a)

In the second case of the sesquilinear form a; we get the natural boundary condition from
the last line in (4.64)
pw(Opu) -n+ A+ p)divu=0. (4.67b)
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In the third case of the sesquilinear form a; we get the natural boundary condition from
the last line in (4.66)
divu=0. (4.67¢)

Thus we have the three boundary value problems

Lu = f in €,
u; = 0 on 0f), (4.68)
One of (4.67a), (4.67b), (4.67¢c) on Of).

We have already seen that all three boundary value problems are elliptic. It is also not
hard to see that in general the three natural boundary conditions will be distinct, so that
the three boundary value problems will have different solutions.
Note, however, that in a boundary point near which the boundary is flat, we have for
uc Hy(Q)
divu = 0,(u-n) = (O,u) - n,
and therefore all three natural boundary conditions coincide there. This has the curious

consequence that if €2 is a polyhedron, then actually all three boundary value problems
have the same solution.
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Chapter 5

Transmission problems

Introduction

We devote this chapter to the class of elliptic transmission problems, which constitutes a
natural extension of the class of elliptic boundary value problems. A transmission prob-
lem is characterized by the presence inside a given domain of an interface, which is the
boundary of an internal subdomain. On each side of this interface, we have elliptic equa-
tions or systems which may be distinct, and across the interface we have a combination
of transmission conditions involving traces on both sides of the interface. This kind of
problems occurs in solid mechanics for instance when the body is occupied by different
materials. We consider in this chapter fairly general situations, namely
e we may suppose that the size of the system may be different on different parts of
the domain,
e we introduce general interface conditions combining boundary and transmission
conditions, which “cover” the system.
It turns out that the notion of covering transmission conditions can be bridged to the notion
of covering boundary conditions as presented in Chapter 2. Here we present local and
global definitions, natural regularity shift results, variational formulations and examples.

Plan of Chapter 5

81 Definition of elliptic transmission problems, with piecewise interior ellipticity and
covering interface conditions: They include transmission conditions across the in-
terface and internal boundary conditions.

82 Natural regularity shift in classes of piecewise smooth functions (Sobolev and ana-
lytic regularity).

83 Problems set in variational form (which is the most frequent setting for elliptic
transmission problems).

84 Various examples, from the case of piecewise smooth data for a standard elliptic
problem, to problems arising from physics where different materials interact.

179
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Essentials

For simplicity we consider a typical situation of an interface I between two domains €2
and Q_:
[=00, N0

in the configuration where €2, and (2_ are the interior and exterior subdomains, respec-
tively, of
Q=0_UluQ,,

as illustrated by Figure 5.1. The exterior boundary is 92 and we denote it by I'. Note
that
0, =1 and 00_=TUT.

We assume that I and I are smooth. In such a configuration, the transmission problems
which we consider consist of

e Two elliptic systems of second order operators L, (of size N, x N )and L_ (of
size N_ x N_) given on ), and )_ respectively; they are associated with the
unknown u, of size N, on 2, and u_ of size N_ on §2_,

e A system of boundary operators Cr = (T, Dr) which covers L_ on T',
e A system of interface operators Cy = (71, D;) which covers {L,L_} on I.

Let us explain what we understand by “system of interface operators”. We recall that
(after local trivialization) Cr is an N_ x N_ system of operators defined on I, of order
1 (Tr)or 0 (Dr), and Ct acts on the traces of u_ on I'. Likewise, Cf is a system of size
(Ny + N_) x (N4 4+ N_), whose coefficients are operators of order 1 (77) or 0 (Dy),
and Cf acts on the traces of u, and u_ on I. Obviously we can write

Ci(up,u_)=Ciu; +C_u_

and
Ti(up,u)=Tyuy +T u_, Di(uy,u_)=Dyu,+D u_

We define what is the covering condition for a system of interface operators in a similar
way as we did for boundary conditions in Chapter 2. Instead of the periodic half-space
T = T" ' x Ry, our model domain is the cylinder Q& = T"~* x R, that is

Q=TrUIUT:, with T} =T""xRy and I=T"" x {0}.

We denote by x’ the variable in T"~! and by ¢ the variable in R. Model transmission
problems are set on this model domain and are written as

L+u+ - f+ il’l Ti,
Lu = f_ in T™,
(5.a)
Tvu, +T u. = g on I,

Dyu,+D_u_ = h on I.
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As in (2.c), the model operators have constant coefficients. Taking their principal parts
and considering their symbols with respect to the variable x" as in (2.e), we define the
family of one-dimensional transmission problems:

LY (¢, Dyuy = 0 in R,
Lp“(é’,Dt)U, =0 in R_, (5.0)
Tpr(f DU, + T (&, D)U- = G in t =0, '
D,(¢,D)U, +D_(¢,D)U_ = H in t =0,

for ¢ € R™!. This leads to the definition of ellipticity as in Definition 2.A.

Definition 5.A In the case of a transmission problem {L,, L _,Cy = C, + C_} with
constant coefficients, let the second order Ny x N, systems L. be elliptic. The inter-
face operator C1 = C'y + C_ is said to complement or cover the operators (L, ,L_),
and the corresponding transmission problem is called elliptic, if for any £ € R"'\ 0

the boundary value problem (5.b) admits, for any (G,H) € CN+*"- a unique solution
(U, U ) € L2(R,)™ x L2(R)V-

If we make the change of variables ¢ — —¢ in R_, we transform problem (5.a) and its
symbol (5.b) into a boundary value problem {L* C*} of size (N, + N_) x (N, + N_).
Its ellipticity in the classical sense (Definition 2.A) is equivalent to the ellipticity of the
transmission problem {L,, L_,Cy = Cy 4+ C_} in the sense of Definition 5.A.

The ellipticity and covering conditions are defined in the variable coefficient case by
freezing the operators at each interface point.

The close relation between model transmission problems and elliptic boundary value
problems for systems allows to deduce from the results of Chapter 2 a variety of regularity
shift results in Sobolev and analytic classes, see Theorems 5.2.1 and 5.2.2. Note that the
correct notion of regularity is separate regularity for u, and u_ , using the spaces

PH*(Q) = {u= (u;,u_) : uy € H* Q)™ u_ e H¥(Q_)N-}.

All examples of transmission problems that we will consider originate from varia-
tional formulations. The general framework is, like in Chapter 3, to choose a sesquilinear
form a and a variational space V. In a two-domain configuration (), a takes the form

a(u,v) = ay (uy,vy) +a(u_,v_),

where a is defined on €2, like in (3.a), and V is a subspace of PHI(Q) defined by
essential boundary and interface conditions on I' and I, respectively. The associated
variational formulation is still written as

Find ueV suchthat YW eV, a(uv)=/{q,v), (5.c)

for any element q € V'.
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Let us give a generic example of definition for V in the case when the two dimensions
N coincide (we address a much more general case in Section 5.3). We set N = N, =
N_. For simplicity we consider

e Dirichlet conditions on the external boundary I'

e Essential interface conditions defined by only one smooth mapping II° from the
interface I into the space of orthogonal projection operators CV — CV.

The space V is defined by
V={ucPH(Q): u=0onT and I’y u, =11°y_u_ on I}. (5.d)
Here . denote the trace operators from H!(€2,) to Hz (I).

Lemma 5.B In the framework above, let f. be given in L?(Q4)Y, g; and g1 . be given
in H™2 (DN, The projector field 117 is defined as 1 — 1IP. The expression

(a,v) = <f+"’+>§z+ +(fovo) +

<g1,+> HT’Y+V+>I + <g17,, HT’Y—V—>I + <g1, HD’Y—V—>I (5.e)

defines an element q of V'. If u is a solution of the variational problem (5.c), then u
solves the boundary value problem

(

Liug = £ in Q4
Yu_- = 0 on I,
Py uy —MPy_u_ = 0 on 1, 5.0
H'Biu, = HTgLJr on I, ’
II"B_u_ = Il'g;_  onl,
°B u, +MIPB_u_ = TIIPg on L.

Here B are the conormal operators associated with the forms aL and the unit outward
normal fields ny(x) on the interface 1, cf. (3.2) and (5.10).

The above lemma is the analogue of Lemma 3.A. The four conditions on I are the
interface conditions, the first and last one being transmission conditions, the other two
ones being internal boundary conditions. If N, denotes the rank of II°, we see that
we have an essential interface condition of rank Ny, two independent natural internal
boundary conditions of rank N; := N — N, and one natural transmission condition of
rank N,.

Among the three interface terms in the right hand side of (5.e), we note that the first
two terms are on one side of the interface, whereas the third one lies equally on both sides
since for any element v of V

(&1, HDV—"—>1 = (&1, HD7+V+>1 :

Like in Chapter 3, we can prove various regularity shift results when the form a is
coercive on V, see Theorems 5.3.7 and 5.3.8.
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5.1 Complementing interface conditions

5.1.a Model case

Let us explain the setting we have in mind in the simple case of constant coefficients
operators defined on two half-spaces sharing one interface. For consistency with Chapters
1 and 2 we take as model domain with n > 2

Q=T""xR
“divided” into the two periodic half-spaces
T ={x=x,t): X €T, t>0} and T" = {x=(x,t): X € T"", t <0}.

The interface is OT7; N OT” that coincides with the boundary of the periodic half-space
I' from subsection 2.2.a. Here we prefer to denote it by I.

OTTNIT" =1={x=(x,0): x eT" 'L

On T7 (resp. T"), we assume given a N x N (resp. N_ x N_) system of sec-
ond order operators L, (resp. L_) elliptic with constant coefficients and without lower
order terms. On the interface I, we consider homogeneous 1 x N systems of operators
Ci+,k =1,..., Ny + N_ with constant coefficients and orders my, equal to 0 or 1 of
the form

Ny
— a o, a
Ck,ﬂ:U—E E byt Ok, bpi;€C
i=1 lal=m,

Our model interface problem is the system

L+U+ = f+ in Ti,
Lu = f  inT", 5.1)
Ck7+U++Ck7_U_ = bk on I, Vk = 17...,N++N_.

To define covering interface conditions, the main idea is to transform this system into
an equivalent larger boundary value problem, set on the half-space T} . Namely define

/ n—1 g/ o u+(Xl,t)
vx' e T, ¢t >0, u(x’t)_(u_(x’,—t) )

Set (with Dy = (—i0,, ..., —i0,_1) and D; = —i0;)
L.(Dy,Dy) 0
f _ + x'y Ut
L (Dx> - ( 0 L—(DX/7 _Dt) ) )

Cf = (Crs(Dw. D) Ci—(Dy,-Dy)).

and
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I'c o0

Figure 5.1: Typical smooth interface configuration with two subdomains.

Then we immediately see that (5.1) is equivalent to

w (5.2)
Crut = by on ') Vk=1,...,N,+N_.

{ Lwt = £ in T7,
Note that the ellipticity assumption on {L,, L_} is equivalent to the ellipticity of the
(Ny + N_) x (N; + N_) system L. Concerning the covering condition we define:

Definition 5.1.1 Under the above setting, the set C' = {C}, +,Cy, _,k=1,... , N, +N_}
of interface conditions is said to cover { L., L_} over the interface 1 if the equivalent set
of boundary conditions C* = {C% k =1,..., N, + N_} covers the system L} on T (cf.
Definition 2.2.6).

In fact, a direct definition in the spirit of Definition 2.2.6 provides an equivalent
condition: It is possible to consider the space 9, [L,, L_;¢'] of stable solutions over
R, UR_, and the condition of invertibility of the interface symbol B(¢’) from this space
onto CN++N-

5.1.b Smooth case

For a bounded smooth domain €2, we suppose that it is divided into two smooth sub-
domains €, Q_ such that Q, C Q (interior subdomain) and Q_ = Q \ Q, (exterior
subdomain) (see Figure 5.1). The interface (or transmission surface) is 92, = 99, N
0)_ which we denote by I. For the sake of simplicity, we only consider here the case
of two sub-domains, the extension to more general configurations of several subdomains
with smooth interfaces is straightforward, see Figure 5.2.
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Figure 5.2: Smooth interface configuration with 4 subdomains and 3 interfaces.

On (24, we assume given a N4 x Ny system of second order operators L. elliptic
in Q.. On the interface I, we consider 1 x N systems of operators C}, 1 of order my, 4
equal to 0 or 1, forall £k = 1,..., N, + N_. Finally on the exterior boundary Of}
denoted, later on, by I', we fix 1 x N_ systems of operators C}, of orders m; equal to 0
or1,forall k=1,... N_.

The transmission problem we have in mind is then

Liui = fi in Q:I:7
CkU, = bF,k on F, Vk = 1,...,N,, (53)
Ck’_;_u_‘_‘i‘Ck’_U_ = bLk on I, Vk = 1,...,N++N_.

The above boundary and transmission conditions can be shortly written as follows:

CFU_ = bp on F,
C[(U+, U_)T = bI on I,
where Cr = (Ck)g=1..n_ is the N_ x N_ system of operators whose lines are Cj;
Ct = (Cry Cr—)g=1,..n,+n_ is the (N + N_) x (N + N_) system of operators
whose lines are C, ,  C}, _; the right-hand side being defined accordingly.
The covering condition at a point of the interface I is now defined in a standard way as
in Section 2.2.c by introducing the corresponding tangent interface problem on T} UT” .
Let xo € I be a point on the interface. There exists a smooth local map ¢4, which
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Q_\ Q4
Br NRY
¢X0 0
— o Tp =10
Br NR"

I

Figure 5.3: Local diffeomorphism ¢y, : Uy, — Bg.

transforms a neighborhood U of x; in R™ into a ball B centered at 0 in R", so that
bxo (2 NU) =B NRY, ¢y (Q-NU) = Bp NRE.

This map allows to transform locally the problem (5.3) into a problem of the form (5.1),
except that the operators have variable coefficients and lower order terms. Taking the
principal part and freezing the coefficients at 0, we obtain the system

Lysus = f,  in T,
Ly u. = f_ in T, (5.4)
Crxg Ut T Chxo U = Gk onl, Vk=1,.... N, +N_.

Definition 5.1.2 Consider the transmission problem (5.3).

* Let xo € 1. The set of interface operators Cf is said to cover the system {L.,L_}
at xq if the system C, = covers {L, ., L, _} in the sense of Definition 5.1.1. The
system {L, L_,C}} is then called elliptic at X .

x  The set of interface operators C is said to cover (or complement) {L,,L_} on I
if Cy covers {L,,L_} at any point of 1.

* If Cr covers L_ onT', and Cy covers {L, L_} onl, the system {L, L, Cy, Cr}
is called elliptic on €2, U §2_, and the problem (5.3) is called an elliptic transmis-
sion problem.

5.2 Regularity through the interface and to the boundary

As the ellipticity condition at a point of the interface is reduced to the ellipticity at the
boundary of a larger system, all desired a priori estimates can be proved using those from
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Chapters 1 and 2. The only difference is that we need to use the following piecewise
Sobolev spaces: for & € N, we set

PH*(Q) = {u= (u;,u_) : up € H*(Q )N, u_ e HF (Q )N},
equipped with the natural norm:
ullp r0 = luslia, + lu-lo_.

Like for boundary operators, among the interface operators C 1, k = 1,..., N; +
N_, we distinguish the operators of order 1, which we denote by 7}, +, k = 1,..., N3,
and the operators of order O, written Dy, 4, k=1,..., Ny = Ny + N_ — Nj.

Finally we define the operator A

A : PH*(Q) — RPH*(Q)
u— (Lyu, Lu_ Tu_,Du_,Tiuy +T u_,Diu . +D_u_), (55)

where in a natural way we have set (compare with Notation 2.2.28)

RPHY(02) = HM2(0 )N x HF2(Q )Y
X HEE ()M HEE ()N s HE 3 ()N x W (1)Ye,

Here follows the statement corresponding to Theorem 2.3.2 for transmission problems
on two subdomains:

( Liug = f in Q4
Tu. =g on [’
Du_ = h on I, (5.6)
Tiuy +T u_ = g on [,
( Diu,+D_u_ = h; on I,

when (f,,f_, g, h,g;, h) belongs to RPH*(Q), or to its local analogue. In the following,
we denote as usual by boldface letters the spaces of vector functions, regardless of their
dimension when there is no confusion possible

Theorem 5.2.1 Let k be an integer k > 2. Let the following assumptions be satisfied:

a) The domain Q C R™ has a €* boundary and is divided into two sub-domains
Q. ,Q_ with a €* interface as explained above.

b) The system {L.,L_,C, Cr} is elliptic in Q, UQ_ in the sense of Definition 5.1.2,
satisfying regularity assumptions like in Definition 2.3.1.

Then we have the following local (i) and global (ii) regularity results and estimates:
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(i) Let Uy and Us be bounded subdomains of R"™ with U, C Us, and let Q; = U; N
and Qo = Uy N Q). The subdivision of §) induces natural subdivisions of 2, and
Qy by Qi,:t =U; N Q:t- We set 'y = an NI and 1y = an7+ N 8927_.

If u € PH?(Q) is solution of (5.6) and if

fePH"2(Q,), geH"2(Iy), heH'3(I,),
g € H*2(L), hre H3(ly),

then u € PH*(Q,), with the estimate

”uHPk;Ql S c <||f||pk_2;Q2 + ||g||k—%;f‘2 + ||h||k:—%;f‘2
+ il il + ullo g, ):

(ii) The operator A defined by (5.5) is Fredholm. If moreover the right hand side
(F.,f_ g h, g, hy) isin RPH¥(Q), then any solution u € PH?*(Q) of (5.6) belongs
to PH*(Q) with the estimate

||u||pk;Q S C <||f||pk_2;Q + ||g||k—%,f‘ + ||h||k—%,F

+ gl Ml s+l o )-

The analytic version of Theorem 5.2.1 can be stated as follows, cf. Theorem 2.7.1.

Theorem 5.2.2 Let the assumptions of Theorem 5.2.1 be satisfied. Assume furthermore
that
a) the boundaries of () and of ). are analytic,
b) the coefficients of L. (resp. T and D; Ty and D. ) are analytic on Q. (resp. on
I';yonl).
Then there holds
(i) Under the assumptions of item (i) of Theorem 5.2.1, any solution u € PH2(Q) of

(5.6) satisfies the following analytic type estimates: There exists A > 0 independent
of k such that
1 — 1
k+1
i1 e, < A2 G (o, 180y, + I,

=0

1
il Mull )+ D g, b 5
=0

(ii) If the right hand side (f,,f_,g h,g; hy) belongs to A(Q;) x A(Q2_) x A(T") x
A(T') x A(I) x A(I), then any solution u € PH*(Q) of problem (5.6) belongs to
PA(Q).
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5.3 Variational formulations

Like in the case of standard boundary value problems, many elliptic transmission prob-
lems occurring in modelization admit a coercive variational formulation. This guarantees
the existence of a (weak) solution provided a finite number of compatibility conditions are
satisfied. Moreover, if the right hand side has the required regularity, variational solutions
are piecewise H?.

For a bounded domain {2 subdivided into 2, and €)_ as before, we suppose given
two positive natural numbers N, and N_, that will correspond to the size of our system
in each sub-domain. Now we consider on PH'(Q), the sesquilinear form

a(u,v) =ay(up,vy) +a_(u_,v_), (5.8a)

where a. is defined on H'(€24) as (3.1)

N+ N4

ar(uv) =) "3 Y ) /Q ag, (x) 05 u;(x) 037;(x) dx, (5.8b)

i=1 j=1 |a|<1]|<1

with complex valued coefficients a;;, , smooth up to the boundary of (2. .
From this expression, we see that the second order N x N system L. defined on

() associated with a is given by (3.3) where the coefficients af}” are simply replaced by

ay
Q.
ij,%
As in Chapter 3, we now take the (compare with Definition 3.1.1)

Definition 5.3.1 A variational space V for the sesquilinear form a defined by (5.8) is a
closed subspace of PH'(Q) which contains Hj(€2,) x Hy(92_).

Here, due to the jump of the coefficients through the interface, we have more flexi-
bilities for a choice of a variational space for the form a. Obviously, the choice of full
Dirichlet conditions

up =0 and u_=0 on I

does not bring anything but two decoupled boundary value problems in {2, and €2_. The
same occurs if we take no condition at all on the interface: We then have two uncoupled
Neumann conditions on the interface.

This means that the most interesting spaces are spaces with some pointwise restric-
tions on the interface 1. If N, = N_, one classical choice is V = Hy(f2), which furnishes
the Dirichlet transmission problem (see also section 5.4)

Liui = fi in Qi,
u. =0 on [’ (5.9)
u,—u_ =0 on I, '

B+U+ + B_u_ = 0 on I,
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where the system B is the conormal system given by

Bi= (Bijs) ey, With Biye= Y > nl(x)aj.(x)d5, x€0Qu. (510

laf<1 |y|=1

Here, for v = (71, ...,7v,) with % = ke, nl(x) is the component ¢ of the unit outward
normal ny(x) to OS2, at the point x.

Of course more general choices are possible: A canonical choice related to the frame-
work of Chapter 3 is to suppose that we are given

e a smooth mapping I1° from the boundary I' to the space of orthogonal projection
operators CV- — CN-,

e two smooth mappings I1°* from the interface I to the space of orthogonal projec-
tion operators CV+ — CN+

IM°:T>x+——Px) and TI°F:0Q4 > x — MP*(x). (5.11)

As in Chapter 3 we set
= =1-1"*

Let us assume that N, < N_ (the converse situation is treated in a similar manner).
We further assume given a smooth mapping R_ from the interface I to the space of linear
operators CV- — CN+

R_:135x+— R_(x). (5.12)

Let vy and v be the trace operators
vo: H' () — H2(T) and ~y: H' Q) — H2(I). (5.13)

Definition 5.3.2 Let I1P, 1P+ and R_ be fixed as before. Then the associated varia-
tional space V is the subspace of PH'(Q) defined as
V={uePH'(Q) : T°ypu=0 onT and
% y,uy, —R.IOP "y u_=0 onl}  (5.14)

Note that in the case when N, = N_ [P+ =1,and R_ =1, the space V coincides
with H}(Q) if TIP =1, and with H'(Q) if I1° = 0.
In the above setting, we consider the following variational formulation

YWeV, a(uv) = /f-vdx+/g-HTfyovda
Q r
+ /g1,+-HT’+w‘/+ do—+/gL_ vv_do, (5.152)
I I

with
foe 2™, geH:()™, and g . cHz()™. (5.15b)

We give a distributional interpretation of the variational problem (5.15):
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Lemma 5.3.3 Let the sesquilinear form be defined by (5.8) on the space V from Def-

inition 5.3.2. Let u € V be a solution of problem (5.15). Then, with R, = R, u
satisfies

( Liuy = f4 in Q,
Pyu_ = 0 on I,
N'"B.u_ = Il'g on I,
P+y uy — R.IIP v u_. = 0 on I, (5.16)
RII°P*Biuy +1IP"Bu. = TP g on ],
I"*Byu, = MI'*g .  onl
L N""B.u. = HT7_gL_ on I

Remark 5.3.4 The last four equations are the interface conditions. The first two of them
are transmission conditions while the last two are boundary conditions. Note also that
problem (5.16) is a particular case of problem (5.6) with the dimension N, equal to the
rank of T1P+, A

Proof:  In (5.15) taking test functions v € 2(€, )N+ (extended by zero in Q_), we
directly get

L+u+ = f+ in Q+,

in the distributional sense. Exchanging the role of + and —, the similar identity is proved in
(2_. This implies that uy belongs to the maximal domain of Ly (see (3.7)):

uL € Hl(Qi; Li)

At this stage we can apply Green's formula (3.9) in €2 and therefore (5.15) implies

Y eV, <B+u+,v+>m+ +(Bou_,v_ ), = /Fg v do

+ /g1’+ * HT7+’}/+\_/+ dU + \/gL ' ’y_\_l_ dO_
I I

Taking test functions which are zero near the interface I and arguing as in the proof of Lemma
3.1.5, we obtain the requested natural boundary conditions on I".

Using these boundary conditions and inserting the operators II?* and II7**, the above
identity becomes

VV c V7 <HD7+B+U+, HD7+’Y+V+>I + <HT7+B+U+, HT’+7+V+>I
+ <HD’*B,u,, HD’*fy,v,>I + <HT’*B,u,7 HT’*V,V,>I

= /g1,+ : HT’+’Y+\7+ do + /gL_ -y_v_do.
I I
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Finally using in the first term the essential transmission condition
NP*~y v, =R TP "v.v_ on I

satisfied by v, and using the relation R, = R, we arrive at

WweV, (RIPTBu, +1I°" B u_II” y_v.),

+ (I Biug T vy + (T Bou Iy v ),

= /gl,-f- ‘ HT’+”Y+‘7+ do + /gL_ -y_v_do.
I I

Restricting this identity to those v € V such that v_ = 0, we find
(M7 Bruy Ty vy ) = /g1,+ M7 y,vy do,
I

for all v, € H'(€2,) such that Iy, v, = 0. Arguing like in the proof of Lemma 3.1.5,
we prove the equation 117" B u, = HT’JrgLJr on I.

Thus we are left with the identity

(RIPTByuy + TP B_u_ 1Py v_) + (II""B_u_, 1"y v_),

- /gl,— : 7—\_’— d0-7
I

which holds for all v_ € Hl(Q_). This identity shows the remaining natural transmission
conditions on 1. U

The coercivity needs here to be adapted as follows:

Definition 5.3.5 The form a is said to be coercive on V if there exist positive constants
c and C' such that

Yu €V, Rea(u,u) ZCHUH2 ;

Pl;Q_CHu”PO;Q' (5.17)

With this adapted notion of coercivity, the results of Theorems 3.2.6 and 3.3.1 remain
valid (with the piecewise H! norm instead of the H! norm). Moreover the V -coercivity
of a implies the ellipticity of the associated transmission problem, namely we can prove
as Theorem 3.2.6, the next result.

Theorem 5.3.6 Let a be a coercive sesquilinear form (5.8) defined on a subspace V' of
PH'(Q) according to Definition 5.3.2. The coefficients of the form a. are assumed to
belong to € (). If a is coercive on \ in the sense of Definition 5.3.5, then the system
(5.16) is an elliptic transmission problem.

Using difference quotient techniques similarly as in Theorem 3.4.1, we can prove
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piecewise H? regularity of variational solutions:

Theorem 5.3.7 Let a be a coercive sesquilinear form (5.8) defined on a subspace V' of
PHl(Q) according to Definition 5.3.2. The coefficients of the form ay are assumed to
belong to €*(Q4). Let u € V be a variational solution of problem (5.15). Then u
belongs to PH?(Q) with the estimate

0l < C(IFlpgq+ gl o+ el + el + ) G18)

Combining this result with Theorems 5.2.1 or 5.2.2, we get the following shift results.

Theorem 5.3.8 Let a be a coercive sesquilinear form (5.8) defined on a subspace V' of
PH'(Q) according to Definition 5.3.2. Let u € V be a variational solution of problem
(5.15).
(i) Let k be a non-negative integer. We assume that the boundary of Q) is of class
€2 and that the coefficients of the form ax are in €*+1(QL). If f € PH*(Q),
g € H*3(T), g, € H*"3(I) and g, € H*"3(1), then u € PH***(Q) with the
estimate

ullp g < C (1l 181y + I8l e+ 0l )

(5.19)

(ii) We assume that Q) is analytic and that the coefficients of the form ay are analytic

up to boundary of Q.. If f € PA(Q), g € A(T'), g1, € A(I) and g;_ € A(I),
then u belongs to PA(S).

5.4 Examples

5.4.a Piecewise smooth right hand sides

An interesting application of our analysis of elliptic transmission problems is the case of a
standard boundary value problem where the coefficients are smooth on the whole domain
but the right hand side f is only piecewise smooth. If the subdomains on which f is
smooth have a regular boundary, we are in the setting of Sections 5.1 and 5.2. It suffices
to take V. = N_ and as interface conditions the equality of traces of the solution and its
normal derivative on both sides of the interface.

We can then apply Theorems 5.2.1 and 5.2.2 to get regularity results in piecewise
Sobolev or analytic spaces provided the data are in the corresponding piecewise Sobolev
or analytic spaces.

In the remainder of this section, we will illustrate our general setting for some partic-
ular systems. For shortness, we mainly give the systems and the transmission conditions
(since these are our main concerns here). All chosen examples enter into the variational
setting and therefore we sometimes only give the essential transmission conditions.
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5.4.b Scalar operators with piecewise smooth coefficients

The prototype of scalar transmission problem is often written in a simplified way in di-
vergence form

div(aVu) = f
with a piecewise constant coefficient a which is equal to a+ on €).. This equation has
to be interpreted in the distributional sense, which means that it is associated with the
sesquilinear form

a(u,v) = /Q arVu - Vudx + / a_Vu - Vudx. (5.20)
+

The associated transmission problem is (here we omit external boundary conditions on
)

artAuy = fi in Q,
uy —u_ = 0 on I, (5.21)
a1 Op uy +a_0p u- = 0 on I.
Note that if we choose one normal field, e.g. we set n = n_ = —n_, the last transmission
conditions becomes
ayOpuy —a_Opu_ = 0.

If a. are smooth functions inside €., the form a is still defined by (5.20), the transmis-
sion conditions are the same as in (5.21) and the interior equations become

div aiVui = f:l: in Qi .

The natural generalization of this is the case of second order scalar operators in diver-
gence form with piecewise smooth coefficients in matrix form, cf. §4.2: This means that
we take

n
Li=-) 0/(A%0)),
ij=1
where Dy = (AY)1<; j< is a positive definite n x n matrix smooth up to the boundary
of Q1. As essential transmission condition, we take the constraint:

Uy =u_ on L.

For simplicity we impose Dirichlet conditions on the exterior boundary. Then this
problem enters in the setting of section 5.3 if we take the sesquilinear form (4.12) defined
on H}(Q) with A=A, on Q, and A = A_ on Q_. By the previous considerations, the
natural homogeneous transmission condition associated with this problem is

Z n,Afﬁajqu — Z ’I’LZAZ;ja]U_ =0 on I,

i,j=1 ,j=1

with the components 7; of the normal field n :=n, = —n_
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S5.4.c The anisotropic discontinuous elasticity system

We consider as in §4.4 the anisotropic elasticity system, now with piecewise constant
elasticity moduli Cjjy,.,,. Such a system represents a body formed by two different elastic
materials:

Li(X, Dx)u:l: = ( - Z 3jaij,i(ui))1gi§n’
j=1

where the stress tensor is here given by Hooke’s law in each material

n
0t (Us) = O Cijmnt €mn(us).

m,n=1

As previously, we fix a unit normal field on the interface n ;== n, = —n_.

The standard essential transmission condition is the continuity of the displacement
fields through the interface I [54, 80]

u, =u_ on L

For this choice, the natural homogeneous transmission condition is the continuity of the
vector of the normal traction:

oi(up)n—o_(u_)n=0 on I.

Since the unknowns u, are n-dimensional vectors, we may consider other types of
essential transmission conditions. For instance we can consider the continuity of the
normal component

u,-n=u_-n on [

i. e, TP uy = (ug - n)n.
The natural homogeneous interface conditions can be read from equation (5.f): If we

write t for the normal traction, t1 = o4 (us)n, then we get a transmission condition for
its normal component

t, - n—t_-n=0 on I,

and one-sided boundary conditions for its tangential component
t,—(t;'nn=0 and t-—(t_-n)n=0 on L

Another choice is the continuity of the tangential component. The determination of
the natural interface conditions for this case is left to the reader.
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5.4.d A simple vector-scalar coupling problem

We consider here a coupling between the elasticity system in {2_ with constant coefficient
and the Laplace equation in €2, . Namely we take on the one hand N_ = n for

L-(Dyu- = (= doy(u)), .. (5.22)
j=1

with

Uij(u,) = Z Cijmnemn(uf)a

m,n=1

the elasticity moduli Cjj,,,, being real valued, constant and fulfilling the standard sym-
metry and ellipticity conditions, and on the other hand N, =1 for

Liu, =—Auy.
We here take as essential boundary condition
u_=0 on I, (5.23)
and as essential transmission condition
u;— =ugp on L (5.24)

Then the obtained transmission problem is

( L_u. = f_ in €)_,
—Auy = [y in 0,
u =0 on [’
(5.25)
Uy = Uj_ on I,
RiBiu, +1I°"B_u. = I” g _  onl,
" Bu_. = I""g_  onl
where B.u_ =o(u_)n_, Biu, = Vu, -ng, IP7u = (u,0,...,0)", 1P =1, and
R_u=wu;. Then II""u = (0,uy,...,u,)", I™" =0,and R u, = (uy,0,...,0)".
Note that we would obtain the same essential transmission conditions with TI?— = T,
keeping the same R_. But in the latter case, since [I7-— = 0, the last two interface

conditions would be replaced with
Ry Biuy + B u_=g;_ on I

which is, in fact, equivalent.
The variational setting of this problem consists in taking

V = {(u_,u;) € H'(Q_) x H'(Q) satisfying (5.23), (5.24)},
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and
AU, ), (v, 0,)) = / S oy(u )ey(@ ) dx+ | Vu, Vo, dx.
—ij=1 4

Combining the results of our discussion of the stress-free elasticity system in §4.3.b
and the Neumann problem in §4.1.b, we see that this sesquilinear form is coercive.

5.4.e A fluid-structure interaction system

This example is taken from [68, 72]. It is a model of the vibrations in harmonic mode of
an elastic structure {)_ containing an incompressible liquid €2, . The displacement D of
the fluid 2, is supposed to be small, hence it is governed by the linearized Euler equation

prO2D+VP =0 in €,

where p; > 0 is the volumic mass of the constitutive material of €2, and P is the
pressure of the fluid. A time harmonic movement means that we assume that

D(x,t) = d(z)e™" P(x,t) = p(z)e™,

where w € R is the inverse of the frequency of the oscillation. Therefore the pair (d, p)
satisfies
—p+w2d + Vp =0 1in Q+,

or equivalently
1

P+

d:

Vp in Q.

2

Setting u, = ﬁ p, we then have

d=Vuy in Q.
The incompressibility assumption means that div D = 0 in {2, and therefore we get
Auy =0 in Q.

Moreover the elastic structure is supposed to be time harmonic (with the same frequency
as the one of the fluid), i.e., the displacement u_ of the body (2_ satisfies

L_(Dyu_ —p_w?u_=0 in Q_,

where p_ is a fixed positive constant that represents the volumic mass of the constitu-
tive material of 2_ and L_(D,,) is the elasticity system in 2_ defined by (5.22) in the
previous example.

This means that the principal parts of the systems of partial differential operators are
the same as the ones from the previous section. The transmission conditions, on the other



198 CHAPTER 5. TRANSMISSION PROBLEMS

hand, are different since the slip of the fluid along the elastic structure and the pressure of
the fluid on the elastic structure yield respectively

On = u_-n on [
{ . o (5.26)
ou)n_. = pywuyn,  on L

Note that these four transmission conditions are natural ones since they involve first order
derivatives of the unknowns. Finally on the exterior boundary, traction boundary forces
are applied, i.e.,

ou_)n_=g on I,

where g represents the external force acting on the solid body.
In summary the following transmission problem is obtained

(LD u_—p w?u. = 0 in Q_
Auy = 0 in 0,
olu_)n. = g on I, (5.27)
Op,uy —u_-ng = 0 on [
{ oc(u_)n_ —pyw?un, = 0 on L

This system is an elliptic transmission problem, because the principal part of the trans-
mission conditions is reduced to a“i for the first condition and to o (u_)n_ for the second
one. Hence the principal part splits up into the Neumann problem for u, and the stress
free boundary problem for the elastic component u_, for which we already checked in
Chapter 4 that they form elliptic problems.

The transmission conditions on I are of Robin type, cf. (3.43), hence for the varia-
tional setting of problem (5.27) we combine the general framework of section 5.3 and the
strategy of §3.5 by adding a boundary term in the sesquilinear form. Thus we take

V =H'(Q_) x H'(Qy),
and

é((u*>u+)> (V*>U+)) = a((u,, u+)a (V*’ U+)) + b((u,,qu), (V*>U+))7
where

a((u_,uy), (v_,vy)) = / ( Z oij(u)e; (Vo) — p_w’u_ -\L) dx

+ Vuy - Vo, dx,
Q4

b((u_,uy),(v_,vy)) = /I(u N_T4 + prw’uiv_-n_) do.

Hence the variational formulation of (5.27) consists in looking for (u_,u ) € V solution
of

a((u_,uy), (vo,vy)) = /Fg -v_do V(v_,vy) € V. (5.28)
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Indeed integration by parts shows that if (u_,u,) € V is solution of this last problem,
then it is a solution of (5.27).

Lemma 5.4.1 The sesquilinear form a is coercive on V in the following sense: there
exist Cy,Cy > 0 such that

V(u_,uy) €V, Red((u,uy), (u,up)) > Cill(us, ug)llp 1o — Coll (-, ui)[Bogq-

Proof:  The sesquilinear form a is coercive as we have seen in the previous section. The
coercivity of a follows from the coercivity of a as in the proof of Lemma 3.5.1. 0]

This coercivity property shows that problem (5.27) enters into our general framework
of elliptic transmission problems, and there hold the usual results, such as Fredholm al-
ternative and regularity in Sobolev spaces and analytic classes.

5.4.f The piezoelectric system coupled with the elasticity system

As discussed in section 4.7, the piezoelectric system modelizes sensors or actuators, and
in practice this system is coupled with the elasticity system. Here is an example coming
from an application to common-rail diesel engines [37]: It is a coupling between the
elasticity system in €2_ and the piezoelectric system in €2, . The problem considered by
theses authors corresponds (mainly) to the following variational setting:

{({us, @}, u) e H(Q)' < H(Q)? + @, =0 on I
up =u_ on [

u_ =0 on F},

a(({UJm i} us), ({ve, Wi V—)) =a;({uy, @} {vy, Uy }) +a(u_,v_),

where a, corresponds to the sesquilinear form of the piezoelectric system in €2, de-
scribed in section 4.7, while a_ is the sesquilinear form associated with the elasticity
system in {)_ defined in section 4.4.
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